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APPENDIX 1 — Indigenous and Local Knoweldge
Contributions

Contributing Authors on ILK (Appendix 1)

1. Vanesse Labeyrie
NCP Climate Regulation: Local knowledge on climate change, adaptation and mitigation

2. Matthew Lauer, Professor, Department of Anthropology, San Diego State University
NCP Hazards: Indigenous Knowledge, Hazards, and Extreme Events

3. Aibek Samakov, Fellow IPBES
NCP Soils: ILK on sediment retention, erosion control and soil formation.

Other contributions by Contributing Authors focusing on ILK (Appendix 2)

4. Lucia Chamlian Munari, Cristina Adams, Andreas Heinimann
NCP Food and Feed. Shifting cultivation (see Appendix 2, NCP Food and Feed)

5. Mathieu Salpeteur (see Appendix 2, NCP Food and Feed)
Contribution of food from pastoralism in general and nomad pastoralism to good quality of life
globally and across regions and social groups



1. Local knowledge on climate change, adaptation and mitigation
Contributing Author, Vanesse Labeyrie
CIRAD, UPR GREEN, F-34398 Montpellier, France, E: vanesse.labeyrie@cirad.fr

Indigenous people (IP) are approximatively 370 million people and occupy about
38 million km2 in 87 countries (Garnett et al., 2018), mostly in Africa, Asia, and Latin
America. IP are in majority settled in areas experimenting the strongest negative impacts
of climate change (Pachauri et al., 2014), i.e: arctic areas and tundra, tropical areas, coastal
areas and small islands. These impacts encompass temperature increase between +1 and
+2.5 °C over the period 1901-2012, rainfall decrease up to -100 mm/yr per decade,
increase frequency of extreme climatic events, sea level rise, and loss of biodiversity.
Climate change hence affects negatively IPs’ health through physical harms due to extreme
events (cyclones, flooding, and high temperature), increased prevalence of diseases, food
insecurity, decrease of water availability and quality, and it has psychological impacts
(Ford, 2012). Climate change impact on food security is especially a key issue for the
majority of IP, who are living in rural communities that base their livelihood on natural
resources. Their main activities are especially small-scale farming and herding, hunting,
fishing, and collecting timber and non-timber products, which are all deeply affected by
climate change (Pachauri et al., 2014). Small-scale agriculture is especially the pillar of IP
livelihoods in tropical regions. It represents about 380 million households in Africa, Asia
and Latin America and produces more than 70% of the food calories in these regions. It
also produces more than half of the food calories at the global scale (Samberg, 2016).
Small-scale fisheries are crucial in the livelihood of about 3.5 million indigenous people in
the coastal areas (Cisneros-Montemayor et al., 2016). Timber and non-timber products
support the livelihoods of about 1 - 1.7 billion people who rely on forest or agroforests,
among which 200 million of indigenous people depending primarily on natural forest
(Chao, 2012). Through its negative effect on these activities, climate change hence affects
the livelihood of millions of IP.
Nevertheless, these communities developed over time a deep knowledge to adapt to
climatic variations in the highly exposed areas where they live, with differences among
cultures (Adger et al., 2013). Such diversity of local knowledge is a key asset for improving
our understanding of climate change, and thus for the adaptation of human societies
(Reyes-Garcia et al., 2016). Local knowledge is especially instrumental in: i. limiting
biophysical and social exposure, ii. reducing sensitivity to change and variability, iii.
increasing adaptive capacity and adaptation processes (Naess, 2013). Local communities
first possess a large body of knowledge on weather and climate prediction based on the
observation of their environment, and these forecasts are instrumental for preparing to
climatic events such as droughts or heavy rainfalls (Kronik and Verner, 2010; Nyong et
al., 2007). They also possess deep knowledge on how to adapt to climate change, which
encompass a variety of domains that can be clustered under (Lebel, 2013): i. natural
resources management, ii. physical infrastructures, iii. livelihood strategies, and iv. social
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institutions (Agrawal et al., 2008). Local communities especially developed over time a
large body of knowledge on the management of the diversity of biological resources, being
in agroecosystems or more widely in landscapes (Altieri and Nicholls, 2013; Schippers et
al., 2015). For instance, agroforestry is largely practiced by rural communities in South
America (3.2 million km2), sub-Saharan Africa (1.9 million km2), and Southeast Asia (1.3
million km2), who manage complex associations of plants for increasing their resilience to
inter-annual climatic variations and adapt to temperature increase or rainfall decrease
(Verchot et al., 2007; Zomer et al., 2009). However, the extent and rapidity of climate
change now put at risk these adaptation strategies because disturbances of the annual
climatic calendar result in the disruption of the agricultural calendars (Kronik and Verner,
2010).

IP and local communities also play a pivotal role in climate change mitigation. Indeed,
indigenous people are mostly settled in ecosystems of high potential for mitigation, i.e
conservation areas that include mature forests and coastal ecosystems, and agricultural
lands (Garnett et al., 2018). Furthermore, they developed practices that prove to be
instrumental for mitigation through enhancing carbon storage and limiting GHG emissions.
First, IP developed practices that increase carbon sequestration through tree conservation
in areas with a low anthropization level, such as communal forest reserves (Nyong et al.,
2007). Secondly, they also contribute to carbon sequestration in agroecosystems through
agroforestry or some types of fallow cultivation, but also through zero tilling, mulching,
application of green manure, intercropping, and other soil management techniques that
contribute to increase carbon storage in soils. Last, they limit the release of GHG as they
mostly practice organic farming with a limited uses of chemical fertilizers and pesticides
(Altieri and Nicholls, 2013). A large proportion of IP and LC in the tropical region
especially practice agroforestry (Zomer et al., 2009), which is an especially interesting
practice for mitigation regarding its high carbon sequestration potential that is estimated to
range between 2.6, and 10 Mg C/ha/yr from the semi-arid to humid regions (Altieri and
Nicholls, 2013). However, IP may have also practices that are detrimental regarding
mitigation objectives. It may be the case for instance of some types of irrigated rice fields,
or short-fallow shifting cultivation, but much debate exist on this question because of the
huge diversity of these practices and the lack of estimations accounting for the carbon
balance of at the social-ecological system scale (Scheidel, 2018).

Overall, local ecological knowledge is declining at the global scale as a result of
globalization, modernization, and market integration (Aswani et al., 2018), and this likely
concerns climate change domain as well. According to this survey, local agricultural
knowledge, which is instrumental for both adaptation and mitigation, is experimenting an
especially dramatic erosion. This global homogenization of knowledge threatens the
capacity of humans to adapt and mitigate climate change, as hybridization between local
and scientific knowledge is recognized as crucial to tackle environmental management



questions (Armitage et al., 2009; Berkes, 2009a). Hence, rather than opting for a the
“static” conservation of local knowledge, public policies should rather support local
institutions and relational networks that allow the generation of local knowledge, and its
hybridization with other exogenous knowledge sources (Berkes, 2009b; Berkes and Ross,
2013).
Google Scholar search criteria:
1. ((“climate change” OR “climate variations””) AND (“holistic knowledge” OR
“indigenous knowledge” OR “traditional knowledge” OR “local knowledge”))
AND (review OR “meta-analysis™): 16 300 results
2. ((“climate change” OR “climate variations”) AND  (“mitigation” or
“adaptation”) AND (“holistic knowledge” OR “indigenous knowledge” OR
“traditional knowledge” OR “local knowledge”)) AND (review OR “meta-
analysis”): 17 200 results
3. ((“climate change” OR “climate variations”) AND (“resilience” OR "coping
strategies" OR “adaptation”) AND (“landscape diversity” OR “landscape
heterogeneity” )) AND (review OR “meta-analysis”): 3 200 results
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2. Indigenous Knowledge, Hazards, and Extreme Events
Contributing Author, Matthew Lauer

Professor, Department of Anthropology, San Diego State University, San Diego, CA
92181

Starting in the 1970s and 80s the limitations of top-down approaches to disaster risk
reduction and mitigation led to increased interest in participatory and community-based
initiatives (Dekens 2007). There was growing awareness that in many contexts local or
indigenous people had sophisticated, empirically based knowledge of their local
ecosystems that could be drawn upon to reduce community vulnerability to environmental
hazards (Mercer et al. 2010; Hiwasaki et al. 2014). With their intimate reliance on the local
environment for their livelihoods, it comes as no surprise that indigenous people have built
up a rich corpus of knowledge and practices to respond to resource fluctuations or acute
environmental perturbations. Interest in indigenous ecological knowledge (IEK) among
disaster researchers was also propelled by new, more accurate theoretical frameworks that
emphasized the entangling of physical hazard risk with human, societal, and cultural, and
political factors (Wisner 2004) as well as the rise of climate change and the associated risks
(Field et al. 2012). Rather than mitigating risk to biophysical hazards, emphasis is now also
placed on reducing and minimizing social and political vulnerability.

IEK went mainstream after the 2004 Indian Ocean Tsunami. Several widely
publicized cases documented how indigenous communities in the Indian Ocean region
drew from traditional myths and oral history about past tsunamis to respond and survive
the disaster (Adger et al. 2005; McAdoo et al. 2006; Arunotai 2008). This kind of
intergenerationally transmitted information is well documented across the globe. Studies
have revealed how communites have knowledge about their responses to past ecological
shocks such as tsunamis (Becker et al. 2008; McAdoo, Moore, and Baumwoll 2009; Lauer
2012; Walshe and Nunn 2012); fire (Bradstock, Williams, and Gill 2012); extreme weather
(Janif et al. 2016); cyclones (Yates and Anderson-Berry 2004; Paul and Routray 2013;
Veland, Howitt, and Dominey-Howes 2010); floods (Mavhura et al. 2013; Paul and
Routray 2010); heavy rain (Roncoli, Ingram, and Kirshen 2002; Chang’a, Yanda, and
Ngana 2010); and ENSO-induced frost (Waddell 1975). Moreover, perturbations
associated with climate-change has also emerged as a burgeoning field of interest,
especially in the Pacific Islands and the Arctic (Hiwasaki, Luna, and Margal 2015;
Gyampoh et al. 2009; King, Goff, and Skipper 2007; Couzin 2007). Drawing on this place-
based knowledge ‘hazardscapes’ have been developed where the frequency, impact, and
warning signs are documented through participatory techniques (Cronin et al. 2004) as well
as hazard mapping (Tran et al. 2009; Cadag and Gaillard 2012) to identify vulnerable
communities. Documenting and understanding local knowledge also can have the possible
benefit of uncovering how disasters are conceptualized in local terms. Societies have
varying concepts of risk and uncertainty that must be understood in order for outside
interventions to be effective (Ellen 2007).
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Local knowledge that is built up by closely observing and monitoring
environmental conditions enables some indigenous people not only to respond to but also
anticipate perturbations such as tsunamis (Lauer 2012), cyclones (Paul and Routray 2013),
or heavy rains (Roncoli, Ingram, and Kirshen 2002). In many cases responses to hazards
are graded with the magnitude of the perturbation. Papua New Guineans, for example, shift
their farming practices in response to short-term frosts, but engage in long-distance
migration in response to long-term ones (Jacka 2015). Moreover, knowledge of wild or
semi-domesticated plants also become survival foods in times of resource shortage (Yates
and Anderson-Berry 2004).

Scholars also make the important point to avoid romanticizing IEK (Dekens 2007;
Kelman, Mercer, and Gaillard 2012; Redford 1990). Local knowledge and practices has
the potential to lead to resource depletion, insufficient building practices, or unequal
resource distribution that renders those societies more vulnerable to disaster not less
(Diamond 2005). In other cases there may not be knowledge of previous disturbances
because they are infrequent and the intergenerational links have been severed by
colonialism (King, Goff, and Skipper 2007) or due to migration, people may not have built
up detailed placed-based knowledge (Nunn et al. 2007).

Recently, scholars have argued that the integration of IEK with western scientific
knowledge is the most effective pathway towards reducing disaster risk and vulnerability
(Mercer et al. 2010; Mason et al. 2012; Gaillard and Mercer 2013; Gadgil, Berkes, and
Folke 1993; Mercer et al. 2012). A number of frameworks have been proposed that involve
participatory techniques (Hiwasaki et al. 2014; Mercer et al. 2008) to co-generate
knowledge (Schuttenberg and Guth 2015; Rathwell, Armitage, and Berkes 2015). Yet
integration and participation continue to by hampered assumptions that indigenous
knowledge is static, ancient wisdom that can be seamlessly cataloged and inserted into
western science frameworks (Lauer 2017). Likewise local knowledge systems may be
grounded in different ontologies that are not necessarily commensurable with western
science (Latour 1993).

Importantly, it is becoming increasing apparently that utilizing IEK in disaster
management or prevention is inherently a political processes (Oliver-Smith 2002; Hoffman
and Oliver-Smith 2002). Although the rise of IEK-focused disaster research may lead to
local empowerment, it has a mixed record and may instead disempower community actors
and increase centralized control (Cooke and Kothari 2001). Rather than supporting local
knowledge, these techniques can displace it with western expert knowledge and techno-
scientific solutions implemented by state actors (Gunewardena and Schuller 2008). As
climate change increases the intensity and frequency of environmental perturbations,
policy makers, researchers, and disaster experts must be reflexive about their own
assumptions and provide a space for local people to define and control their own
knowledge autonomy (Turnbull 2009).
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3. Auvailable ILK on sediment retention, erosion control, soil formation

Contributing author: Aibek Samakov, IPBES Fellow

Ethnopedology is a field of study that focuses on IPLCs soil and land knowledge systems,
management  systems and  beliefs  (Pefia-Venegas et al 2016).  Most  of
the ethnopedological studies have been conducted in fragile agro-ecological zones with
focus on local soil classification, effective land and water management systems (Barrera-
Bassols and Zinck 2003). Local farmers tend to use visually observable signs to access soil
health such as presence or absence of indicator plants, growth vigor of plants, soil color,
and tilth, texture, and compaction (Omari et al 2018). Local ethnopedological knowledge
may reflect subtle differences in soil productivity that are overlooked by conventional soil
science. Local ethnopedological frameworks define the important distinguishing
characteristics of soils in terms of factors such as location, wider ecological, social and
historical interactions and help local farmers make soil management decisions (Osbahr and
Allan 2003). Studies on indigenous home gardens showed improvement in soil fertility
(Pinho et al 2011, da Cunha Salim 2018).

Some IPLCs still use the traditional methods of erosion control such as terracing
(Tiwani et al 2008), which prove to be effective and sustainable (Engdawork and Bork
2014). Purpose and effect of terracing may vary based on geology and soil properties, but
most common benefits are improved water retention, slope stabilization and reduced soil
erosion and surface runoff (Cots-Folch et al. 2006). Chen et al (2017) studied a variety of
terraces in China such as level and bench terraces, slope-separated terraces, zig terraces
fanya juu terraces and half-moon terraces with slopes ranging from 3 to 35 degrees and
concluded that terraces are effective to prevent soil erosion. The key ecosystem services
provided by terracing are erosion control (11.46 + 2.34)1, runoff reduction (2.60 + 1.79),
biomass accumulation (1.94 = 0.59), soil water recharge (1.20 + 0.23), nutrient
enhancement (1.20 = 0.48) and enhancement of plant seedlings survival rate, ecosystem
restoration and increase in crop yields (Wei et al 2016).

However, the current trend is that terraced landscapes are being abandoned worldwide due
to migration to cities (Chen et al 2017), mechanization of agriculture and the reduction of
people in agriculture (Mauro 2011). Abandoned terraced landscapes increase soil erosion
and risk of landslides (Tarolii et al 2014) and the loss of place-based knowledge regarding
terrace construction and maintenance (Chen et al 2017).

Another wide-spread practice known as slash and burn (shifting) cultivation is more
controversial. On one hand, traditional slash and burn practices with long fallow periods
(20 years and more) create black carbon, which contributes to the soil organic matter
(Rumpel et al 2006) and has a carbon sequestration potential (Shrestha et al 2010).
Amazonian Terra Preta soils famous for their fertility were created by indigenous peoples

1 “Quantitative studies regarding each of our selected ecosystem services (ESs) associated with
terracing were based on 300 selected publications. A key indicator (8), defined as the ratio of
different ESs under terraced and non-terraced slopes, was used to quantify terracing benefits. Non-
terraced slopes were considered as controls, and from this point on, they will be referred to as
“slopes”. A 6 value of 1 (i.e., no difference between terraces and slopes) is used as the threshold to
distinguish the impact of terracing. If the &§ value is N1, terracing is considered to play a positive role.
On the other hand, if the & value is lower than 1, it is considered that terracing produces a negative
impact” (Wei et al 2016, p. 390).
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between 450 BCE and 950 and possibly through slash and char practice (Glaser et
al 2001).

The formation of rich Terra preta soils (Portuguese - Dark Soil) is attributed to residues of
incomplete combustion (black car-bon), derived mainly from cooking fires which
correspond to the morphological and chemical contents of ‘Terra Preta’ soils. Studies by
paleoecologists and soil specialists tend to consider that the formations of these soils have
their origin in human permanent or semi-permanent settlements and the production over
time of rich soils around their immediate settlements.

IPLCs emphasize that success of the slash and burn systems depend on appropriate fallow
periods (Tangjang 2009). For example, after each fallow/cultivation cycle soils were
observed to need longer time to recuperate (Styger et al 2007). However, on the other hand,
the fallow periods have been shortening (Rumpel et al 2006) due to various socio-
economic factors, which leads to soil erosion, deforestation (Palm et al 2005) and carbon
emissions (Klanderud et al 2010, Palm et al 2004). Although shifting agriculture has been
decreasing over last few decades, it remains widespread covering about 280 million
hectares worldwide with majority in the Americas (41%) and Africa (37%) (Heinimann et
al 2017). Shifting cultivation is predicted to decrease significantly in all regions over the
next 20 years and almost disappear in all regions by 2090 (Heinimann et al 2017).
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Fig. 1. Worldwide distribution of terracing. (Note: the most representative ancient terraces across the globe were especially extracted in both the left and right sides of the figure, based on
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Fig 7. Preliminary estimates of changes in the occurrence of shifting cultivation between today and 2030, 2060 and 2090. This
visualization is based on the estimation of landscapes showing signs of shifting cultivation around 2010 (Fig 5) as base year and estimated
decreases of shifting cultivation (Table 3) based on the expert surveys and observed trend between the Butler map and our 2010. This figure
was elaborated by the first author using ArcGIS 10.4.

https://doi.org/10.1371/journal.pone.0184479.0007
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APPENDIX 2 — Detailed analysis of NCPs

1. NCP 1: Habitat creation and maintenance
Primary Authors: Matias Mastrangelo

1.1. IPBES Definition:
The formation and continued production, by ecosystems, of ecological conditions necessary or
favorable for living beings important to humans.

1.2, Why is this NCP important?

Habitat refers to the distinct vegetation patterns and ecological communities that result from
the interaction between organisms, including humans, climate (temperature and precipitation),
topography (elevation, relief, topographic position), and time, normally noted as the time since
a disturbance event (e.g. volcanic eruption, clearing, tilling, flooding, fire). Biome scale
definitions of habitat are strongly determined by climate which changes notably with latitude,
elevation. Human alteration of biome scale habitat patterns typically difficult, however human
alteration of climate, and land expansion for agriculture has reached a scale where it has
notable impacts on biome extent, species composition, and structure. Temperate and tropical
grasslands are the two biomes most significantly altered by land clearing for food; boreal,
tundra, montane, and polar biomes in contrast are facing significant changes through human
alternation of global climate.

At the ecoregion scale, large topographic features such as mountain ranges, marine bodies and
inland seas add their influence, and at finer scales, changes in soils and soil permeability, slope
steepness and orientation, and localized disturbance events such as fires add their influence.
Globally 14 terrestrial biomes are identified, with 846 ecoregions, and an even larger number of
fine scale habitats for which there is no uniform database. Biome, ecoregion, vegetation alliance
and increasingly higher resolution definition of habitat described by dominant vegetation
patterns. For example, ecoregions are defined as “relatively large units of land or water
containing a distinct assemblage of natural communities sharing a large majority of species,
dynamics, and environmental conditions”. At finer scales for example, the Manual of
California Vegetation for example, describes 450 vegetation types found throughout the state.
Ecoregional habitats are subject to the same pressures as biomes, but also to finer scale human
driven pressures that can be distinct by ecoregion. Signs of irreversible habitat change are
beginning to be recorded in numerous ecoregions. For example, the culmination of nearly a
decade of drought in California’s Sierra Nevada forests has led to tree mortality rates as high as
60%, some predict that this mortality will increase the risk of large-scale high intensity fires, and
a permanent shift from forests to woodland or shrubland habitats.

Habitat largely determines what species exist in an area, and the types of NCPs that will be
provided. NCP’s that are dependent on biome scale habitat are largely associated with
biodiversity’s contribution to environmental regulation — notably climate regulation. Topical
forest biomes (high temperature, high humidity, and high biodiversity) because of their
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tremendous net primary productivity and capacity to store carbon in aboveground biomass are
critical stores of biological carbon; tundra biomes, with their high humidity and low
temperatures in contrast have low decomposition rates but similarly are significant stores of
carbon, in this case belowground.

At finer scales, habitat is determined by local interactions (e.g. the change in soil moisture from
the valley bottom to hill stop, from a north to south facing slope orientation, or changes in soil
texture and permeability. Fine scale interactions that create habitat can create fine scale
changes in species traits that are the source of several NCP’s — including the production of
material goods, food, and medicines. A good forager for example knows to seek willow as a
source of aspirin in wet habitats, mushrooms or wild asparagus tips in oak woodland habitat,
and wild onions in wet meadows. Unique habitats generate unique species, and species
interactions. The blind Mexican cave fish (Riddle et al. 2018), while rare and easily discounted as
of little value has developed insulin resistance as an adaptation its nutrient limited habitat —
diabetes, the disease that currently ranks 8" amongst the global drivers of premature mortality.

Humans have frequently intervened at local scales to change habitat seeking to increase the
production of one NCP, or another. For example, Mayan populations have long cleared forest
patches with slash and burn systems in support of food production (NCP 11) but have used
forest regeneration as a means of maintaining soil fertility (NCP 8), and supporting wild harvest
of species for food, medicine, and shelter from regenerating forests. Agroecology has long used
habitat manipulation within and around agricultural fields in support of food production such as
creating habitat for pollinators (diversified vegetation strips or decreasing the disturbance rates
(tilling or mowing) within fields). Habitat has also been manipulated to ensure the provisioning
of water related services, for example conservation of riparian forest between agricultural fields
as a means of protecting freshwater systems from pollution (NCP 7).

The structure, composition (richness, diversity, and abundance), location and extent of a habitat
will largely determine which NCP’s are provided and at what level. The greater the change
between natural, or undisturbed habitat and human modified habitat, the greater the
anticipated change in NCP’s provided largely driven by the loss of species and change in species
composition which accompanies habitat alteration.

1.2.1. What is the big environmental issue this pertains to?

The two single largest drivers of habitat loss globally are climate change and land conversion for
food. Conversion of land for cities and shelter however are also increasingly driving the loss of
habitat. Current estimates suggest that nearly 40% of terrestrial habitats have been converted
to crop or pasture lands for food production. Land occupancy for cities ranges between 5-8%.
Climate change in contrast, will drive shifts from one habitat to another such as the case with
Californian forest, or montane vegetation (Nature Citation, 2018).

1.2.2. How does this NCP play a role?

Habitat is the foundation of all other NCP’s. Changes in habitat (defined by species composition,
diversity, and richness) can lead to important changes in NCP delivery depending on the scale
and extent of the change, as well as the NCP of interest.
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1.3. (Co-) production

1.3.1. How is this NCP produced?

The interaction between organisms with the environment over time produces distinct
vegetation patterns that are the basis of habitat. The nearly infinite number of possible
combination of interactions produces the diversity of unique habitats currently observed
globally. This myriad of potential habitats is what drives context specificity of most local
patterns and the struggle of conservation biology to produce maps of conservation priorities:
the finer the scale of focus, the more unique, and rare each habitat becomes — the Sofie’s
Choice of conservation.

Habitat can be changed unintentionally, driven by external variables (e.g. increased frequency
and intensity of large storms, long-term drought, increased fire frequency), or through
intentional changes (e.g. burning of forests by some native populations of North America to
maintain grasslands and prey, conversion of forests to agricultural lands). These intentional
changes in habitat can have the aim of increasing one or more NCP as in the case of ecosystem
service-based management, or green infrastructure. Examples of intentional manipulation of
habitat can be found globally and can be driven by ICLP’s with a deep understanding of habitat
patterns and consequences of change; or can be driven without recognition, concern, or care of
the NCP changes that follow. Habitat is most often characterized by a dominant vegetation
pattern, whether at the local, ecoregion, or biome scale). Changes in that vegetation pattern,
including in the structure, composition, location and extent of the dominant vegetation pattern
are appropriate proxies for change in this NCP.

Summary of how this NCP is produced:

e Direct: Species interact with environmental variables to create a dominant vegetation
patterns which defines habitat. Precipitation, temperature, soils, and topography are
the primary variables which define large scale vegetation patterns. At finer scales time
since disturbance, such as fire, grazing, weather event (drought, flood), or frequency of
the disturbance event play important roles in producing the NCP. Finally, population
dynamics including population growth, loss (immigration and emigration) of dominant
species contribute to habitat creation and maintenance.

e Direct: Human interventions can play a direct role in habitat creation, and increasing
have been playing the dominant role in habitat creation, both indirectly through climate
change which both is altering regional climates as well as frequency and intensity of
weather events; and intentionally through land clearing and modification.

1.3.2. How is (co)production of this NCP measured?
Species composition and diversity define a habitat. Vegetation (plant species composition and
diversity) often serve a surrogate in naming distinct habitat types (Biome: tundra, tropical
forest, grassland; ecoregion: Eastern Guinean Forest, Niger Delta swamp forests, Central
Indochina Dry Forests, or local: redwood forest, dehesa of Spain, or the Lyondo flood plain of
Zambia (Figure 1). IPLC often have unique names for habitat which are based on changes in
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vegetation patterns, for example the nomenclature of the Barotse kingdom’s Lyondo floodplain
in Zambia is based on intimate knowledge of intermediate and fine scale habitats, their
characteristic vegetation and location. The intimate knowledge of these habitats and their
location guides both foraging, fishing, and agricultural practices.

The degree of change in vegetation from a habitat with little human intervention, to one of
heavy human intervention is often used to describe changes in habitat quality. In other cases
the capacity of a habitat to produce one or more NCP’s is used to define its quality. For example,
dehesa oak woodlands of Spain and Portugal would revert to forest without human
intervention, grazing by black pigs maintains the woodland habitat which is valued for its food,
truffle, and cork production and has become a habitat strictly defined by the interaction
between natural and human driven forces. The vegetation structure, density, and species
composition remain the main measurement underlying the definition of this habitat. Sustainable
rangeland management is another case of intentional human intervention by ranchers whom by
managing herd density, and grazing rotation frequency aim to manage their pastures so that
pasture vegetation shares the characteristics native grasslands. Agroforestry systems similarly
manage this objective. Toledo et al (2005) provide a classification of coffee agroforestry systems
ranging from rustic systems whom structure and composition aim to resemble the structure and
composition of a tropical forest to monospecific sun coffee systems which bear no resemblance
to tropical forest habitat, and which thus do not provide the complementary NCP’s of tropical
forests.

) and mushitu

Figure 1: Habitat can be defined using ecological taxonomies, but also can be deeply rooted in local and
indigenous knowledge. The Barotse classification of the Lyondo (Barotse floodplain) has both course
units of habitats (river, plain, Saana, and Upland) and fine scale habitats defined (mushitu, libuta,
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sisanjo etc..) which relate to distinct NCP’s provided by these habitats (represented by the circular
logos). The Bartose people have a clear taxonomy of the habitat and understanding the NCP’s provided
by these habitats. This understanding guides decision on when and where the plant, fish, or gather
materials throughout the floodplain (source: Estrada Carmona et al. 201#

1.3.3. Links to other NCPS
NCP2 - pollination — Management of the pollination NCP typically requires providing habitat for
pollinators (e.g. a diversity of habitat that has a diversity of asynchronously flowering plants, and
located typically <1km or frequently less for solitary bees, from the target crop/plant). Low
disturbance rates (tilling, plowing, weeding) also impact pollinator habitat.

NCP3 - air quality — Management of air quality

NCP4 - climate — the extent of forest biomes is a key determining factors in carbon storage.
Restoration of forest habitats is essential to achieving the Paris climate targets. There are
indications that this NCP may now be the single greatest value of forest habitats.

NCP5 - ocean acidification — same argument as with climate.

NCP6 — water quantity second to physical (geological, topographical, and soils based)
characteristics, the amount and timing of water discharged from a watershed or basis in
determined by habitat characteristics including measures of vegetation density, structure, and
deciduousness/dormancy. Vegetation plays a physical role in intercepting water, increasing soil
porosity and facilitating infiltration, but can also contribute to water loss through
evapotranspiration. The interaction between local biotic and abiotic features/interactions
determines this balance (e.g. ephemeral streams of California montane woodlands have been
known to briefly resume summer water flow as native buckeyes initiate summer
deciduousness). The Panama Canal Authority manages forest habitat at the basin scale in order
to ensure stable water flow into the canal throughout the year without which transit by cargo
ships would be impossible.

NCP7 — water quality — Vegetation density, both above (stem density), on the soil surface (litter
density) and belowground (root density) slow water runoff and intercept soil particles and
chemical pollution. Soil microbiome and plant further contribute by transforming, and absorbing
some forms of chemical pollution, such as excess fertilizers. Large scale habitat management
projects using habitat to secure water quality are well documented such as the regulation of
habitat in the Hudson valley as a means of reducing water purification costs for the city of New
York, of concerted efforts in the Mississippi basin to create riparian forest habitat as a means of
intercepting non-point source chemical pollution driving eutrophication of the Mississippi delta.

NCP8 - soils — reducing disturbance intensity and frequency (tillage), use of cover crops, and
maintaining rather than removing crop residues are all forms of managing agroecological habitat
in support of soil formation.

NCP9 - hazards — Conservation of mangrove forest habitat, mussel shoals, eelgrass beds, or

coral reefs are all used a means of protecting human populations from storm surges and coastal
flooding. Wetland habitat can also be managed to protect urban populations from flood events
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as is the case with the Yolo Bypass and the city of Sacramento California.

NCP10 - pests — Management of the pest control NCP typically requires providing habitat for
pest control agents (e.g. habitat that has a low disturbance frequency located typically <1km or
frequently less for parasitoids and predators of insect pests). Habitat can also be used to
“fragment” an agricultural landscape and reduce the movement of pest species was found with
the coffee berry borer and fragmented coffee landscapes of Costa Rica. Low disturbance rates
(tilling, plowing, weeding) also impact parasitoid and predator habitat.

NCP12 - food — natural habitats are typically low in food production with higher food
production values obtained from largely converted natural habitat. The greater the difference
between original habitat, and the resulting “agricultural” habitat, the greater the difference in
NCP’s provided by the habitat in question. Conversion of tropical forests to pasture, or annual
crop fields for example, largely pits food production against other NCPs; in contrast pasture
systems in grassland habitats, complex agroforests in forest habitats, or rice cultivation in
wetland habitats provide a greater opportunity for capturing multiple NCP’s including food.

NCP14 - medicine — Medicines are produced by species interactions, notably a prey seeking
chemical protection against a predator. Aspirin for example is a chemical compound found in
willows (Salix spp.) as protection against browsers. Habitats where interactions between
predator and prey populations are high will produce a variety of medicines. Loss of habitat and
biodiversity in turn drives the loss of as of yet undiscovered medicines and reduces the number
of interactions which yield new medicines. One caveat is that habitat change can drive novel
species interactions, which are often the source of new biochemicals.

NCP15 - learning — Unique habitats yield unique lessons to be learned whether about the
uniqueness of planet earth and its habitats; understanding and learning how the combination of
place, climate, time, topography drives changes in habitat patterns gives meaning to ICLP as well
as to Generation Xer’s and Millennials. The unique species found in habitats, and their
adaptation to the habitat in question is continuously the source of new learning, from the
complex origami like folding wings of earwigs inspiring the development of nanomaterials and
architectural designs, to the hydrophobic nature of some leaves being mimicked to develop
graffiti proof paints or breathable waterproof clothing are all examples of learning. Finally,
experiencing habitat is ultimately one of the best means of learning about one-self.

NCP16 — experiences — travel and tourism are driven by a desire to explore, experience, and in
some cases, understand new habitats. Seeing and experiencing someplace new, taller, older,

prettier, drier, more diverse, or just different than the last underpins motivation to travel.

NCP17 - identities — Habitat is a major contributor to identity, the simple question of “where are
you from” when meeting a stranger drives a mental image of a location, and its habitat.

1.3.4. Indicators of NCP (co-) production

NCP Production Indicator/ Rationale/ justification for why this Data set Scale Scale of
Function Proxy indicator/ proxy was selected of measure -
Measu time
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re—
space

Habitat Biome scale Biodiversity Global assessment of Biodiversity Newbold et | Biome Change
Quality assessment Intactness Intactness was conducted and published | al. 2016 since
of habitat Index by Newbold et al (2016) and draws on 1800.
quality long-term observations from across the
globe. Difficult to reproduce.
Habitat Ecoregion Extent of Ecoregions are well defined globally and | Dinerstein Ecoregi | Change
Extent assessment each the degree of their current extent was etal 2017 on since
of remaining ecoregion evaluated by Dinerstein et al. (2016) as 1800
habitat. globally part of the Half Earth Project. 1800 can

be used as a baseline as for Bll, but it is
anticipated that advances in remote
sensing would be capable of
automatizing this assessment in the
next decade or less. There is some
suggestion that less that 50% remaining
habitat by ecoregion would be
indicative of a critical loss of habitat and
their associated NCP’s.

1.3.5. Trends in Co-Production

1.3.5.1. General (across all units of analysis)

Two recent globally biodiversity studies individually assessed habitat quality (Newbold et al.
2016; Biodiversity Intactness Index), and habitat extent (Dinerstein et al. 2017; remaining
habitat by ecoregion). Both studies are support the definition of a global and regional
biodiversity boundary beyond which irreversible loss of biodiversity and the NCP’s it provides
should be expected. Rockstrom et al. (2009), later updated by Steffen et al (2015) suggest that
of nine planetary boundaries, biosphere integrity is the most surpassed. They propose the
Biosphere Integrity Index (Bll) as a measure of habitat intactness stating that Bll assesses change
in population abundance as a result of human impacts using pre-industrial era abundance as a
reference point. A score of 100% indicates abundances across all functional groups at pre-
industrial levels to lower values that reflect human modification of populations of plants and
animals. The score can go above 100% if human modifications to habitat lead to increases in
species abundances. A score of 90% is proposed as a boundary level, but the authors recognize a
large degree of uncertainly and that some NCP’s may be preserved with scores as low as 30%.
Newbold et al. 2016 provide a biome scale assessment of Bll (Figure 2).

Dinerstein et al. (2017) provide an alternate habitat based global boundary based on E.O.
Wilson’s suggested Half Earth concept, which using principles of Island Biogeography suggests
that 80% of biodiversity, and the NCP’s it provides can be maintained if 50% of terrestrial
habitats can be maintained as protected or intact. Maintaining this boundary at the biome level
does not make sense since the biodiversity of Amazonian, Congolese, or Sumatran tropical
forests are not exchangeable. In contrast, setting a half earth target at the ecoregion level may
ensure the conservation of sufficient habitat to secure many NCP’s, and biodiversity. While
several novel analyses of the Half Earth concept are in development it provides a rather simple,
yet elegant and policy relevant measure of the habitat NCP when applied at the ecoregional
scale or finer. It is important to note that the climate NCP however requires more than 50%
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tropical forest habitat to be maintained in order to reach the Paris Climate Agreement
commitments.

The combined half-earth and Bll analyses provide a biome scale snapshot of the habitat NCP.
Using half-earth and a Bll of 80% suggests that only four biomes are above either thresholds
(notably tundra, Boreal forests/taiga, tropical and sub-tropical moist broadleaf forests, and
mangroves); though deserts and montane grassland/shrublands are only slightly below the 80%
Bll target. In contrast Mediterranean habitats, temperate grasslands, and flooded grassland and
savannas are well below either target. Globally, 51% of habitat remains protected or intact,
though as noted above, high latitude biomes are the most intact (80-90% of their extent), and
temperate and tropical systems have undergone the greatest loss, or are undergoing significant
loss of habitat respectively.

Both metrics have some challenges. Because Bll considers the proportion of species lost by
habitat, has a tendency to underestimate loss in species rich tropical habitats while over-
estimating loss in the more species poor desert biomes. Half-Earth in contrast is more easily
measurable using remote sensing techniques, however interpretation of whether the habitat
boundaries is half protected (a legal definition), versus half intact (a qualitative definition) must
be defined. Currently 15% of habitat globally enjoys legal protection, while 51% is considered
intact though unprotected.

Tundra

Dry Tropleal

Forests /— Boreal Forests

[N, oeers

bontane Grasslands

Ternperate Grasslands

Biodiversity Intactness Index

Intact ecosystems (% area)

Figure 2: Assessment of two biome scale measures of habitat quality (Biodiversity Intactness Index)
and habitat extent (half-earth assessment). The Bll boundary for habitat quality based on species
composition is indicated as 90% of the original species composition, though the degree of uncertainty
regarding impact on NCP’s and BIl remains high and may be as low as 30%. The boundary for habitat
extent is set at 50% following the Half Earth proposal required to maintain 80% of species globally. The
size of the circle is indicative of the size of the biome in question (see Table 1). While both boundaries
propose minimum habitat conditions required to maintain NCPs, there is no upper limit. Maintaining
climate NCP requires maintaining a greater extent conservation than proposed by half earth.
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ummary of NCP trends:

Trend (& why): Bll and Habitat extent are above thresholds for high latitude biomes and for
moist tropical forests. Tundra and Boreal forests are the only habitats with >80%
intactness. Deserts follow third with 63% intact indicating the huge habitat conservation
gap between high latitude habitats and all others. High latitude habitats will come under
increasing threat and loss by climate change (and possible agricultural expansion), in
contrast tropical forests are at risk of loss from habitat conversion for food and fuel
production.
Biomes with the greatest degree of loss in extent are Tropical and Subtropical dry broadleaf
forests (23%), temperate broadleaf and mixed forests (27% remaining), Mediterranean
habitats (32% remaining) and temperate grasslands (33% remaining). These are the biomes
with some of the longest exposure to post-industrial conversion of habitat to agriculture.
There are indications that agricultural abandonment, particularly in the Eastern US may be
contributing to a restoration of temperate broadleaf and mixed forests however.
Tropical forests have experienced significant conversion but remain at levels of intactness
at or above 50% with the exception of dry tropical forests which are below this threshold.
However, tropical forest biomes are expected to continue to suffer from pressures to
convert natural habitat to agricultural habitat despite their species richness and importance
to the climate regulation NCP.
Spatial variance (& why): Habitat conservation is greatest in high latitude biomes,
particularly of the northern hemisphere where these biomes are extensive. Mid-latitude
biomes have experienced the greatest degree of habitat loss, but are also regions where the
greatest agricultural abandonment may be permitting some habitat restoration. Tropical
habitats are still relatively intact but are being subjected to the greatest pressure for habitat
loss.
Degree of certainty (& why): There is a high degree of confidence associated with biome
and ecoregion scale assessment of change in extent of habitat. With rapidly improving
remote sensing, including LIDAR based approaches, it is anticipated that these extent-based
assessments will be possible on an annual basis in the next 10-20 years. Habitat quality-
based assessments such as Bll have less certainty associated with them, both in terms of
actual change in species composition in habitats, and of the associated change in NCP’s
resultant from species change. Vegetation extent and structure will most likely remain
critical surrogates for regular assessments of habitat quality.

Table 1: Biome based analysis of habitat quality indicating area (km?) of protected or intact habitat by biome, the
total area of the biome (km?), the area required to achieve half earth habitat targets (km?), and the surplus or
deficit habitat beyond the proposed boundary. The proportion (%) of the habitat that is protected or intact in
indicated with biomes with greater than 50% conservation indicated in green and with those below 40% in red.
Those habitats with values between 40-50% intactness are indicated in yellow. Biodiversity Intactness values
derived from Newbold et al (2016) are indicated in the final column with values about the 90% value proposed by
Steffen et al (2015) indicated in green, values between 80-90% indicated in yellow, and values below 70%
indicated in red. It is important to note that half earth values suggest minimum boundary conditions below which
biodiversity is irreversible lost. There is no upper limit to conservation targets. The discrepancy between Bll and
Half Earth values for desert and mountain habitats stems from the metrics, Bll tends to provide greater weight to
species loss in species poor habitats and under value species loss in more diverse tropical habitats.
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Delta to

Protected Total 50% 50% Protected  Original
+ Intact Area boundary Boundary &Intact  Species
Biome (000 km?) (000 km?) (000 km?) (000 km?) (%) BII
Tundra 7,914 8,799 4,399 3,514 90% 99.5
Boreal Forests/Taiga 12,781 15,363 7,681 5,100 83% 95.5
Tropical & Subtropical Moist
Broadleaf Forests 9,979 19,458 9,729 250 51% 93.2
Mangroves 150 294 147 3 51% 92.2
Deserts & Xeric Shrublands 6,176 9,286 4,643 1,532 67% 78.3
Montane Grasslands & Shrublands 2,630 4,872 2,436 193 54% 77.1
Tropical & Subtropical Coniferous 909
Forests 323 679 339 -16 48% ’
Temperate Conifer Forests 1,494 3,746 1,873 -379 40% 86.2
Tropical & Subtropical Grasslands, 80.5
Savannas & Shrublands 8,236 21,271 10,635 -2,399 39% '
Temperate Broadleaf & Mixed Forests 3,361 12,510 6,255 -2,893 27% 85.9
Tropical & Subtropical Dry Broadleaf 36.3
Forests 927 3,854 1,927 -999 24% '
Flooded Grasslands & Savannas 550 1,150 575 24 48% 81.1
Temperate Grasslands, Savannas & 68
Shrublands 3,349 10,197 5,098 -1,749 33%
Mediterranean Forests, Woodlands & 78.3
Scrub 1,039 3,267 1,633 -594 32% ’

Source: Habitat extent values are derived from Dinerstein et al. 2017, whereas Bll values are derived from Newbold et al. 2016.

1.3.5.2. By Units of Analysis

Unit of Analysis Direction of Rationale/ justification for why you think this trend is happening
arrow

1. Tropical and subtropical | Decrease Currently 48% intact and but 90% BII for substropical coniferous forests;

dry and humid forests 51% intact and 93% BII for humid forests, but 24% intact and 86% BII for

dry forests. Expected continued decline for food and energy production
globally. The trend is particularly rapid in the fast growing economies of
the Americas and SE Asia.

2. Temperate and boreal Temperate: Some | Temperature forests have experienced some of the greatest losses in the

forests and woodlands increase last century with broadleaf forests retaining only 27% of initial extent,
Boreal: Intact, but 85% BII; conifer forests have fared better with 40% of their extent
potential remaining and a BIl of 85%. Broadleaf forests are exhibiting some return
decrease with agricultural abandonment notably in the Eastern United States.

Boreal forests are largely intact with 85% of their original extent
remaining, and 95% BIl. However anticipated warming in high latitudes
may drive rapid changes in the coming decades.

3. Mediterranean forests, Highly converted Mediterranean habitats only have 32% of their original extent remaining
woodland, and scrub and declining and 78% BII. These habitats are located in regions of rapid urban
expansion (California, France, Italy, Spain, Northern Africa, and South
Africa) and are habitat suitable to fruit and vegetable production during
large parts of the year. While their total extent is rather small,
Mediterranean habitats are biodiversity hotspots with unique habitats
and biodiversity.
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4. Tundra and high
mountain habitats

Tundra: Intact
and Stable or
decreasing
Mountain: at
boundary and
rapidly decreasing

Tundra habitat is the best preserved globally with 90% of the original
extent intact and a Bl of 99%; while not threatened by significant land
use change, climate change driven habitat loss is expected to be high,
including through the melting of permafrost.

Mountain habitats are largely intact with 54% of original extent
remaining, but only 77% BII. As with tundra habitat land use change is
expected to be low, but climate change induced change is currently being
observed and expected to increase even if the Paris Accord is reached.

5. Tropical and subtropical
savannahs and grasslands

Low baseline and
decreasing

This habitat has been subjected to the greatest conversion pressure over
the past century with only 39% remaining and a BIl of 80%. Continued
decline is expected due to expansion of croplands and rangelands and
land degradation.

6. Temperate grasslands

Low baseline, but

Temperate grasslands have only 33% of their original extent remaining

anticipated and a BIl of 68%, the lowest recorded by Newbold et al. (2016).
stable. Temperate grasslands have the longest history of human exploitation,
but it is anticipated that this expansion has halted. Urban expansion
remains a real threat, though there are also significant efforts to restore
these habitats with open range grazing systems.
7. Drylands and deserts Stable Desert habitats retain 67% of their original extent and a Bll of 78%.

Overgrazing and degradation remain a threat, though urbanization may
reduce this threat as populations move out of low productivity rural
regions. Urbanization remains a potential threat as in the Western US.

8. Wetlands — peatlands,
mires, bogs

Continued loss

Wetlands have lost more than 50% of their original extent and continue
to be threatened by drainage for conversion to food production.
Engineering features such as levees and dikes pose and additional threat
to wetland systems. In some cases however, farmers are finding
management solutions which maintain the habitat contribution of
wetland system (e.g. rice growers in California).

9. Urban/semi-urban Expansion Expected continued expansion of Urban habitat at the expense of natural
habitats. There are indications however that urban grow may be
accompanied by increasing efforts to include nature in urban habitats.
Current estimates are the urban habitat will occupy 8-10% of the global
land surface.

10. Cultivated areas Expansion Croplands currently occupy approximately 17% of the terrestrial land

(including cropping, (though surface and rangelands 23%. Some estimates suggest that this area will

intensive livestock, significant continue to expand and grow to meet the food security demands of a

farming, etc.)

pressure to
reduce or halt)

growing global population. Others however, including the CBD are calling
for a significant reduction to outright halting of expansion of agricultural
habitat. Several studies suggest that combinations of dietary shifts,
reduced food waste and loss, sustainable intensification to close yield
gaps, and trade in combination do permit feeding 10 billion with zero
land expansion.

11. Cryosphere Decreasing Threatened by climate change and melting of permafrost.

12. Aquaculture areas Increasing Still largely unknown, though there is currently increasing attention being
paid to terrestrial (and coastal) as well as off-shore aquaculture as a
means of reducing pressure on land-based systems to produce animal
meat. Even off-shore based systems may be dependent on terrestrial
systems for feed production however.

13. Inland surface waters Decreasing Degradation from overuse and abuse for irrigation, contamination, and

and water bodies/ pollution.

freshwater

14. Shelf ecosystems Stable to Coastal areas, particularly in temperate and tropical regions declining

(neritic and intertidal Declining driven by urbanization, and to a lesser extent aquaculture.

zone, estuaries,

mangroves)

15. Open ocean pelagic Intact Intact though threatened by pollution, particularly by plastics, and over-

systems fishing changing community composition.

16. Deep-sea Intact Largely intact
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17. Coastal areas Declining Like Shelf ecosystems, declines driven by urbanization, and to a lesser
intensively managed and extent aquaculture.
multiply used by people

1.4. Summary

Habitat continue to be in significant decline globally (Butchart et al. 2010). The extent of
protected and intact habitat globally provided a critical indictor of NCP1. Numerous indicators of
change in habitat quantity and quality exist and have been the subject of numerous review.
Change in quantity is best measured as the change in the extent of suitable habitat (ESH);
quality in contrast benefits from some measure of species composition with recent evaluations
using the Biodiversity Intactness Index as a surrogate measure (Scholes and Biggs 2005). ESH
measures the extent of suitable habitat relative to a reference year whereas Bll is the
compositional intactness of local communities measured as geometric mean across all species
originally present of the species relative abundance in comparison to an undisturbed state. Bll is
assumed to capture biodiversity’s functional value and contribution to NCPs (Steffen et al.
2015). A science target of 50% has been proposed for the habitat conservation (Wilson 2016;
Dinerstein et al. 2017; Walter Willett et al. 2019) whereas others have proposed 90% (ranging
between 30-90%) as a science target for Bll (Steffen et al. 2015). ESH and Bll in combination
speak to status and trends of habitat quantity and quality. Both indicators combined suggest
that only four biomes are above either thresholds, namely Tundra, Boreal forests/taiga, Tropical
and sub-tropical moist broadleaf forests, and Mangroves (Walter Willett et al. 2019). In contrast,
Mediterranean habitats, temperate grasslands, and flooded grassland and savannas are well
below either target and continue to decline. Chapter 2 — Nature discuses status and trends in
nature in more detail. Many biomes, particularly those at high latitude, are under increasing
threat and loss by climate change and land use change. Mid-latitude biomes have experienced
the greatest degree of habitat loss but are also where the greatest agricultural abandonment
may be permitting some habitat restoration (Ramankutty et al. 2008).

NCP1- Habitat

Potential Nature’s Contributions

Indicator (1) Extent of Suitable Habitat
(2) Biodiversity Intactness Index

Trend -2 ESH

During the last 50 years: -2 Bl

2 = Major increase (>20%)

1 = Increase (5% to 20%)

0 = No change (-5% to 5%)
-1 = Decrease (-20% to -5%)
-2 = Major decrease (< -20%)

Spatial variance 3 ESH
3 Bl

Variance across social groups NA

Degree of certainty ESH 4
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‘ ESH 4
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2. NCP 2 - Pollination and dispersal of seeds and other propagules
Primary Author: Lucas A. Garibaldi
Contributing Author: Néstor Perez Mendez

2.1. IPBES Definition:

Facilitation by animals of movement of pollen among flowers, and dispersal of seeds, larvae or
spores of organisms, beneficial or harmful to humans.

2.2, Why is it important?
More than three quarters of the leading types of global food crops rely to some extent on
animal pollination for yield and/or quality (Klein et al., 2007). Propagule dispersal is equally
dependent on animals for propagule dispersal (Howe & Smallwood 1982). Ecosystems provide
critical habitat for these pollinators and seed dispersers.

2.3. (Co-) production

2.3.1. How s it produced?
Pollination

Pollination is the transfer of pollen from the male part of the flower to the female part of the
flower. This is often done by animals (see Table 2 for a detailed account of pollinator families). A
diverse community of pollinators generally provides more effective and stable crop pollination
than any single species (Garibaldi et al., 2013: Mallinger et al., 2015). A high diversity of
pollinators is preferable because 1) this increases the probability that a pollinator able to
pollinate the plant, or the most effective pollinator, will be present (Bliithgen et al., 2009), 2)
different species provide stability in pollination across days with variable weather (Brittain et al.,
2013a), 3) global environment, e.g. climate, is changing and diversity ensures that some
pollinator will be common and produce pollination in the future (Brittain et al., 2013a; Winfree
and Kremen, 2009), 4) structural differences in plants mean that different pollinators with
different preferences will be more effective (Hoehn et al., 2008), 5) synergistic interactions
among pollinators make cross-pollination more effective with a diverse community (Brittain et
al., 2013b), 6) future crops grown in a certain region may require other pollinators than
presently grown crops. To ensure that different pollinator species are present, it is important to
maintain a variety of different resources, such as nesting sites and food resources (Shackelford
et al., 2013). A diversity of pollinator habitat is needed to maintain a high diversity of pollinators,
as different species vary in their requirements.

The vast majority of pollinator species are wild, including more than 20,000 species of
bees, together with thousands of species of flies, butterflies, moths, wasps, beetles, trips, birds,
bats and other vertebrates. A few species of bees are widely managed, including the western
honey bee (Apis mellifera), the eastern honey bee (Apis cerana), some bumble bees (Velthuis et
al., 2006), some sting-less bees, and a few solitary bees (Bohart, 1972; Hansted et al., 2014).

Both wild and managed pollinators have globally significant roles in crop pollination,
although their relative contributions differ according to crop and location. In general, wild
insects pollinate most crops more effectively than honey bees and pollinator diversity
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contributes to crop pollination even when managed species (e.g., honey bees) are present in
high abundance (Garibaldi et al., 2013). Hence, crop yield and/or quality depend on both the
abundance and diversity of pollinators (Kremen et al., 2002, Garibaldi et al., 2013).

Propaqule Dispersal

Seed dispersal is the transfer of seeds from plant sources to deposition sites where they are likely
to germinate. A high proportion of plant species rely on animals for seed dispersal (see Table 3
for a detailed account of families of seed dispersers). For example, on average, 90% of woody
plant species in tropical forests bear fruits that are dispersed by animals (Howe & Smallwood
1982; Gentry 1988). Animals and plants establish a mutualistic relationship through which both
interacting partners benefit. Frugivores obtain a feeding reward from the edible nutritive pulp
that surround seeds. In return, animals consume fruits and regurgitate, defecate, or split seeds
away from maternal plants, providing dispersal services to plants (Jordano 2014). Among
vertebrates, birds and mammals are the most important groups of seed dispersers (Howe &
Smallwood 1982; Howe 1986; Jordano 2014), but also reptiles (Olesen & Valido 2003; Pérez-
Méndez, Jordano & Valido 2015; Pérez-Méndez et al. 2016), fishes (Gottsberger 1978; Howe &
Smallwood 1982; Costa-Pereira & Galetti 2015) and amphibians (da Silva et al. 1989; Da Silva &
De Britto-Pereira 2006), including tadpoles (Arribas 2015), contribute to seed dissemination. In
addition, some invertebrate groups such as dung beetles (Andresen & Feer 2005) or ants (Berg
1975; Howe & Smallwood 1982) may act as important secondary seed vectors in some
ecosystems.

Seed dispersal is advantageous for plants because 1) enables the movement of seeds
away mother plants where seed mortality is quite high, 2) promotes the arrival of seeds to suitable
sites for germination, 3) seeds benefit from gut passage which usually enhances seed germination,
and 4) promotes gene flow within and among plant population (Howe & Smallwood 1982;
Loveless & Hamrick 1984). The effectiveness of frugivorous animals as seed dispersers is context-
dependent across a wide range of taxonomic, spatial, and temporal scales. However, functional
redundancy among seed dispersers is usually low (McConkey & Brockelman 2011; Bueno et al.
2013; Gonzalez-Castro, Calvifio-Cancela & Nogales 2015). Therefore, a highly diverse community
of frugivores ensures the maintenance of the full range of functional processes involved in seed
dispersal. This is beneficial for plants because 1) seeds arrive to a wider variety of deposition sites
as different species use the habitat differently, 2) it enables complementarity of seed dispersal
services provided, 3) it increases functional redundancy, which is linked to resilience of seed
dispersal systems (Hooper et al. 2005; Garcia et al. 2013), 4) it decreases the probability that
forbidden interactions occur as the result of morphological mismatches between fruit sizes and
gape width of frugivores (Gonzalez-Varo & Traveset 2016), and 5) it improves colonization of new
habitats and post-disturbance recovery of vegetation (Howe & Smallwood 1982), and 6) improve
the ability of plants to track climate shifts (Naoe et al. 2016; Gonzélez-Varo, Lépez-Bao & Guitian
2017).

Summary bullet list of how this NCP is produced:

e Direct: Pollen is deposited on stigma by pollinator

e Direct: Seeds are moved and deposited by animals

e Indirect: Pollinator and seed disperser diversity increases effectiveness of pollination and
seed dispersal
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e Indirect: Pollinator and seed disperser habitat necessary for pollinator and seed dispersal
populations

2.3.1.1. Links to other NCPs

NCPs that depend on the presence and reproduction of plants, which depend on pollinator or
animal-mediated seed dispersal include:

NCP 1- Habitat - Climate change is forcing plants to migrate to higher latitudes and altitudes to
respond to the increasing temperatures (Chen et al. 2011). Assistance by animals is essential for
many plants as usually they are the only vectors that transport seeds at very long distances.
(Hampe 2011; Naoe et al. 2016; Gonzélez-Varo et al. 2017). Seed dispersal services assisted by
animals are crucial for vegetation recovering after disturbances (Cordeiro & Howe 2003).
Pollination can be generally important for habitat maintainance through their role in pollinating
about 87% of wild plant species (Ollerton et al., 2011).

NCP 2 - Pollination - Wild plants produces fruits and seeds important for other organisms,
including seed dispersers, so pollination and seed dispersal are interconnected.

NCP 3 - Regulation of air quality- For pollination and seed dispersal, no general relation could
be found. However, some big trees which can be important for air quality in cities are pollinated
and dispersed by insects (Novak et al., 2006).

NCP 4 - Regulation of climate - Tropical forests store more than half of total atmospheric
carbon storage (Pan et al. 2011). Around a 90 % of woody plant species in the tropics produce
fleshy fruits (Howe & Smallwood 1982; Gentry 1988) and rely on large-vertebrate species for
seed dispersal and recruitment. Large-bodied species are especially important for large seeded
species, which usually have higher woody density (higher carbon storage) than small-seeded and
abiotic dispersed plants (Bunker 2005). Future projections indicate that defaunation of large
frugivores in tropical forests triggers a long term collapse of aboveground biomass (Bello et al.
2015; Peres et al. 2016), with losses of between 2.5-5.8 % on average, but reaching 37.8 % in
some defaunated scenarios (Peres et al. 2016). Indirectly pollinators can play an important role
here as well as around 94 % of tropical plants are animal pollinated (Ollerton et al., 2011).

NCP 6 — Regulation of freshwater quantity - Pollination and propagule dispersal by animals is a
widespread phenomenon across freshwater ecosystems, including dispersal by fishes
(Gottsberger 1978; Howe & Smallwood 1982; Costa-Pereira & Galetti 2015) and amphibians (da
Silva et al. 1989; Da Silva & De Britto-Pereira 2006) among others. Relationships between
pollination, propagule dispersal and freshwater quantity and quality is mostly indirect, and
sometimes interact in complex ways. For example, several wasp-pollinated and animal-
dispersed trees (Ficus sp.) in Philippines forests are the main resource of clean water for
indigenous people (R. King, personal communication). These plant species filter water during the
rainy season producing the most crystal-clear water in the forest. Then, during the dry season,
indigenous people obtain the water by cutting the trunk or branches of Ficus trees.
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NCP 7 - Regulation of water quality - Pollination and propagule dispersal by animals is a
widespread phenomenon across freshwater ecosystems, including dispersal by fishes
(Gottsberger 1978; Howe & Smallwood 1982; Costa-Pereira & Galetti 2015) and amphibians (da
Silva et al. 1989; Da Silva & De Britto-Pereira 2006) among others. Relationships between
pollination, propagule dispersal and freshwater quantity and quality is mostly indirect, and
sometimes interact in complex ways (see NCP 6).

NCP 9 - Natural Hazard impact reduction - No relation to pollination or seed dispersal have
been found.

NCP 10- Regulation of pests - There are some applications and trials where bees, especially
bumblebees, have been used to transport biological pest control agents to flowers to reduce
pests (Kevan et al., 2003).

NCP 11 - Energy - Pollinators and seed dispersers contribute to production of bio-fuel crops, e.g.
canola and palm oil (IPBES, 2016, Ollerton et al., 2016).

NCP 12 - Food and feed - Pollinators and seed dispersers contribute to production of food and
feed (IPBES, 2016, Ollerton et al., 2016). Pollinators are especially important to fruits and
vegetables which supply many micronutrients to human diets (Smith et al. 2015).

NCP 13- Materials - Pollinators and seed dispersers contribute to production of fibers (e.g.,
cotton and linen), construction materials (timbers), musical instruments, and other material
goods (IPBES, 2016, Ollerton et al., 2016).

NCP 14 — Medicines - Pollinators and seed dispersers contribute to production of plants used as
medicines (IPBES, 2016, Ollerton et al., 2016).

The cultural context is critical in determining the demand for NCPs dependent on pollinators or
seed dispersal so the value of pollination and seed dispersal is influenced by:

NCP 15 - Learning - Pollinators and frugivores could function as great examples for learning as
they are relatively well known and consists of emblematic species. Among examples of
emblematic pollinators are bumble bees, stingless bees, honey bees, hummingbirds, sunbirds or
bats. Many other vertebrate species, including the charismatic megafauna (e.g. elephants), are
also especially useful for learning about the importance of seed dispersers as providers of
ecosystem services and their contribution to the functioning of nature.

NCP 17 - Identity

Plants that depend on pollinators or seed dispersers are important in arts and crafts,
recreational activities and as sources of inspiration for art, music, literature, religion, traditions,
technology and education.
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2.3.2. How is it measured?
Pollination:

Pollination can be measured in various ways and there are many definitions (Inouye, 1994). The
most direct way to measure the pollination event is the amount and quality of pollen deposited
on the stigma (Aizen, 1997). This does not, however, capture the result in fruit or seed set,
which can be another measure of pollination success (e.g. Bos et al., 2007). As a proxy for
pollination, people use the number and diversity of pollinators (Garibaldi et al. 2013; Garibaldi
et al. 2016). These measurements must be done locally. Habitat dominance (local and landscape
complexity) can be measured globally. The abundance and diversity of pollinators may be
predicted from landscape and local complexity (Batary et al., 2011; Holzschuh et al., 2010). An
index of landscape dominance (i.e. % of cover of the main habitat type) can indicate habitat
diversity.

Propagule Dispersal:

The most direct measure of seed dispersal effectiveness (SDE) by animals is the number of new
adult plants produced by their dispersal activities (Schupp 1993; Schupp, Jordano & Gémez
2010, 2017). Following the framework proposed by Schupp et al. (2010, 2017), this can be
determined as the number of seeds dispersed by a single disperser species (quantitative
component) multiplied by the probability that a dispersed seed produces a new adult individual
(quality component) (i.e., SDE= Quality x Quantity). These two components are decomposed in
several subcomponents. Quantity is determined as the product of /) the number of visits by a
single species and ji) the number of removed seeds per visit. Quality, in turn, results from the
multiplication of i) the probability that a seed remains viable after handling by dispersers (e.g.
gut treatment) and ii) the probability that a seed survives, germinates and establishes as a new
adult in a given deposition site. These measures can be obtained at species (McConkey et al.
2015) or community (Gonzalez-Castro et al. 2015) level but are always local measures.

Local richness and abundance of seed dispersers correlates positively with seed dispersal
function (Garcia & Martinez 2012). At large spatial scales, diversity of seed disperser animals and
seed dispersal function (visitation rate and/or seed removal) correlates with habitat degradation
(i.e., modification of habitat quality) and habitat fragmentation, respectively (Fonturbel et al.
2015). A good proxy of the dispersal function may be, therefore, the proportion of landscape
dominated by continuous forests (e.g. > 600 ha) in a given area (Markl et al. 2012).

2.3.2.1. Indicators of NCP (co-) production

NCP Production Indicator/ Rationale/ justification for Data set Scale of Scale of
Function Proxy why this indicator/ proxy was Measure — measure -
selected space time
Pollinatio [Pollinator Landscape There is strong evidence that Global at 5 arc |1 time point
n habitat dominance of landscape diversity is related minutes - year 2000
habitat to pollinator diversity (Potts et
al., 2010, IPBES, 2016) http://www.earthsta
torg/
Ramankutty, et al.,
2008
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Pollinatio [Honey bee Number of The number of beehives per http://www.fao.or Country and Annually;
n pollinator managed bee area will correlate in general faostat/en/#data/QA |global 1961-2014
availability hives with the number of foraging
bees available in that area. It

is relatively easy to measure. FAOSTAT, 2017

ropagu ee iodiversity ere is evidence of a negative - m nnually

P | |Seed Biodi i Th i id f i GEO BON - CSIRO 1 km? Al Il

e disperser Habitat Index correlation between habitat (Markl et al. 2012; resolution Available

dispersal |, apitat loss, degradation and Fonturbel et al. period:
fragmentation and seed 2015)

2000-

dispersal function (seed
Present day

disperser diversity and
interaction rate)

2.3.3. Trends in Co-Production

2.3.3.1. General (across all units of analysis)
Pollination:

An extensive global review was recently performed by more than 77 scientists for the IPBES
thematic assessment on pollinators, pollination and food production (IPBES 2016, Potts et al.
20164, 2016b). There are very few historical records around the world for the pollination
process itself (IPBES 2016, Potts et al. 2016a, 2016b). More information, although still scattered,
is available on the diversity of pollinator species (IPBES 2016, Potts et al. 2016a, 2016b), which
can be employed as a proxy for the mean and stability of pollination (Garibaldi et al. 2013, 2015,
2016). The Red List assessments by the International Union for Conservation of Nature (IUCN)
indicate that 16.5 per cent of vertebrate pollinators are threatened with global extinction
(increasing to 30 per cent for island species) (IPBES 2016, Potts et al. 2016a, 2016b). Declines in
bee diversity over the last century have been recorded in industrialized regions of the world,
particularly northwestern Europe and eastern North America (Biesmeijer et al. 2006, Cameron
et al. 2011, Bartomeus et al. 2013, Carvalheiro et al. 2013, Koh et al. 2016). In contrast, a lack of
wild pollinator data (species identity, distribution, occurrence, and abundance) for Latin
America, Africa and Asia limit any general conclusions on regional status and trends (IPBES 2016,
Potts et al. 2016a, 2016b). Furthermore, while smallholdings contribute 16% of global farmland
area and 83% of the global agricultural population (and occur mostly in developing countries),
only 22 of 190 crop pollination and biological control studies (12%) came from smallholder-
farmed landscapes (Steward et al. 2014).

Evidence on the drivers of pollinator loss, however, indirectly suggest a decline in
pollinator diversity in Latin America, Africa and Asia. In particular, it has been shown that
agricultural expansion and conventional intensification, which have been highly relevant in
these continents during the past decades, decrease both pollinator diversity and pollination
(Garibaldi et al. 2011, Potts et al. 2016b). Also, there is evidence that climate change and
biological invasions, two processes affecting most regions of the world, are also main drivers of
pollinator diversity loss, and also greater virulence from varroa and other pathogens (Potts et al.
2016b). Therefore, based on current knowledge, and taking into account that few exceptions
may exist, declines in pollinator diversity are expected all over the world, with likely negative
consequences for the mean and stability of pollination of crop and wild plants.

There are different effects of habitat disturbance on pollinator biodiversity or
abundance depending on taxonomic group, type of disturbance and type of ecosystem
(Montero-Castafio & Vila 2012; Andersson et al., 2013). For example, disturbing forests can
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negatively affect pollinator abundance but less so richness, while disturbing grasslands can
negatively affect pollinator richness but less so abundance (Montero-Castano & Vila 2012).

Propaqule Dispersal:

Triggered by the expansion of anthropogenic activities, animal-plant interactions, including seed
dispersal mutualisms, are in decline globally. Assessing global trends of animal-mediated seed
dispersal directly is, however, challenging as available information is scarce, local, and
geographically-biased towards tropical forests. Instead, diversity of seed-dispersers has been
used as a proxy of seed dispersal functioning. A recent review (Aslan et al. 2013) shows that,
according to the IUCN red list, 25.9 % of vertebrate seed dispersers are globally threatened. The
decline is even more acute on islands, where at least 40.2 % vertebrate seed dispersers are
included in a threatened category of the red list (Aslan et al. 2013). It is worth noting that both
local extinctions and local declines in abundance are not captured with this approach. However,
low abundances of seed dispersers may trigger the disruption of ecological services long before
the extinction of species occurs (McConkey & Drake 2006; Dirzo et al. 2014; Young et al. 2016).
Most recent data show a mean decline of 39 % and 76 % of individuals of vertebrate species in
terrestrial and freshwater ecosystems in the last forty years (McLellan et al. 2014; Young et al.
2016). Therefore, the magnitude of the seed dispersal vanishing is expected to be much higher
than reported.

Extinction risk hotspots for vertebrates are located in tropical regions such as Southeast
Asia, South America and central Africa, while temperate regions seems to suffer a lower level of
risk (Jenkins, Pimm & Joppa 2013; Dirzo et al. 2014; Young et al. 2016). Overexploitation for
obtaining bushmeat, wildlife trading, and habitat loss are among the most pervasive threats
behind the decline of vertebrates in these regions (Young et al. 2016). In addition, climate change
is expected to be a major driver of vertebrates loss in the next decades (Thomas et al. 2004).

Extinction of vertebrates, including seed dispersers, is not a taxonomically random
process, but disproportionally affects large-bodied species (Cardillo 2003). Large seed dispersers
provide pivotal dispersal services as they remove a large proportion of fruits (and seeds),
consume a wide range of fruit and seed sizes, and disperse seeds over long distances (Jordano et
al. 2007; Gonzalez-Varo, Lopez-Bao & Guitian 2013; Vidal, Pires & Guimardes 2013; Pérez-
Méndez et al. 2016). Therefore, many altered ecosystems that retain only small- and medium-
sized species are losing important ecosystem services previously assisted by vanishing large
vertebrates.

Output of the joint Potential Nature’s
production Contributions
Indicator Abundance of managed |Pollinator diversity
and wild pollinators
Trend -1 -2

During the last 50 years:

2 = Major increase (>20%)
1 = Increase (5% to 20%)

0 = No change (-5% to 5%)
-1 = Decrease (-20% to -5%)
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-2 = Major decrease (< -20%)

Spatial variance

3 = opposite trends in different regions
2 = same directional trends in different
regions but of contrasting magnitude

1 = similar trends all over the world

Degree of certainty

4 = Well established: Robust quantity
and quality of evidence & High level of
agreement

3 = Established but incomplete: Low
guantity and quality of evidence & High
level of agreement

2 = Unresolved: Robust quantity and
quality of evidence & Low level of
agreement

1 = Inconclusive: Low quantity and
quality of evidence & Low level of
agreement

Two to five most important papers
supporting the reported trend

Potts SG, Imperatriz-Fonseca V,
Ngo HT, Aizen MA, Biesmeijer
JC, Breeze TD, Dicks LV,
Garibaldi LA, Hill R, Settele J &
Vanbergen AJ (2016)
Safeguarding pollinators and
their values to human well-
being. Nature 540:220-229.

Potts SG, Imperatriz-Fonseca VL,
Ngo HT, Biesmeijer JC, Breeze
TD, Dicks LV, Garibaldi LA, et al.
(eds.) (2016) IPBES: Summary
for policymakers of the
assessment report of the
Intergovernmental Science-
Policy Platform on Biodiversity
and Ecosystem Services on
pollinators, pollination and food
production. 36 p, Secretariat of
the Intergovernmental Science-
Policy Platform on Biodiversity
and Ecosystem Services, Bonn,
Germany. ISBN 978-92-807-
3568-0.

Potts SG, Imperatriz-Fonseca V,
Ngo HT, Aizen MA, Biesmeijer
JC, Breeze TD, Dicks LV,
Garibaldi LA, Hill R, Settele J &
Vanbergen AJ (2016)
Safeguarding pollinators and
their values to human well-
being. Nature 540:220-229.

Potts SG, Imperatriz-Fonseca VL,
Ngo HT, Biesmeijer JC, Breeze
TD, Dicks LV, Garibaldi LA, et al.
(eds.) (2016) IPBES: Summary
for policymakers of the
assessment report of the
Intergovernmental Science-
Policy Platform on Biodiversity
and Ecosystem Services on
pollinators, pollination and food
production. 36 p, Secretariat of
the Intergovernmental Science-
Policy Platform on Biodiversity
and Ecosystem Services, Bonn,
Germany. ISBN 978-92-807-
3568-0.

2.3.3.2.

(co-) production UoA Summary Table

Direction of
arrow

Unit of Analysis

Rationale/ justification for why you think this trend is happening
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1. Tropical and Down LUC: Lack of data but indirect evidence of decline in pollinators
subtropical dry and (Garibaldi et al., 2011; Winfree et al., 2009).
humid forests
LUC: Seed dispersers: decline and extinction of vertebrate seed
LUC: Deforestation Down dispersers, especially large-bodied species. Data is scarce but biased
towards tropical and subtropical forests (Markl et al. 2012; Aslan et al.
2013)
Management: Extirpation of large frugivorous vertebrates for trading
Down or bushmeat reduces seed dispersal (Redford 1992; Terborgh et al.
2008; Dirzo et al. 2014; Young et al. 2016).
2. Temperate and boreal |Down LUC: habitat loss = less pollination. More data for temperate regions
forests and woodlands (IPBES 2016, Potts et al. 2016a, 2016b).
LUC: Deforestation LUC: habitat loss and fragmentation = reduced seed dispersal (e.g.
Santos & Telleria 1994; Santos, Telleria & Virgos 1999; Gonzalez-Varo
Down
2010).
3. Mediterranean Down Deforestation = habitat loss = less pollination (Garibaldi et al., 2011;
forests, woodland, and Winfree et al., 2009).
scrub
Down Management: intensive grazing practices = less habitat = less
LUC: Deforestation pollination (Garibaldi et al., 2011; Winfree et al., 2009).
LUC: Wood
oocy Down
encroachment LUC: Deforestation = less habitat = less seed dispersal
5. Tropical and Down LUC: Seed dispersers: decline and extinction of vertebrate seed
subtropical savannahs dispersers, especially large-bodied species. Data is scarce but biased
and grasslands towards tropical and subtropical forests (Markl et al. 2012; Aslan et al.
2013)
LUC: Conversion to Down
cropland Management: Extirpation of large frugivorous vertebrates for trading
LUC: Afforestation or bushmeat reduces seed dispersal (Redford 1992; Terborgh et al.
2008; Dirzo et al. 2014; Young et al. 2016).
6. Temperate grasslands LUC: loss in animal-pollinated plants (Wesche et al., 2012) = less
Down pollinators = less pollination
LUC: Conversion to
cropland
LUC: Afforestation
8. Wetlands — peatlands, |Down LUC: Draining = habitat loss = less frugivores = less seed dispersal
mires, bogs
Down LUC: overfishing = less seed dispersal
LUC: Draining
Down LUC: Extreme droughts = reduction fish/amphibians populations = less
LUC: Overfishing seed dispersal
9. Urban/semi-urban
Down LUC: More urban = less plants = less pollination

LUC: Urban expansion
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Management: urban Up Management: urban green space can benefit pollinators (Hernandez et
green space al., 2009).
10. Cultivated areas Down LUC: Conversion from grassland: Natural and semi-natural habitats are
(including cropping, important both for pollination in agriculture and otherwise
intensive livestock, (Carvalheiro et al., 2010; Garibaldi et al., 2011).
farming, etc.)
Down
LUC: Conversion from forest = less habitat = less pollinators
Management: intensive agriculture = pesticides and other intensive
management practices = less pollinators (Garibaldi et al., 2011; Potts et
Down al., 2010; Wood & Goulson 2017).
Management: Gardens can also have a positive effect on pollination in
otherwise homogeneous agricultural landscapes (Samnegard et al.,
2011).
13. Inland surface Down LUC: Channelization = less habitat = less freshwater fauna = less
waters and water propagule dispersal
bodies/ freshwater
Down LUC: Draining = habitat loss = less frugivores = less seed dispersal
Down LUC: overfishing = less seed dispersal
Down LUC: Extreme droughts = reduction fish/amphibians populations = less
seed dispersal
LUC: Dams and impoundments = decline of migratory fishes = less seed
Down . . . .
dispersal (especially, long distance-dispersal)
Management: More pollution = less freshwater fauna = less propagule
Down dispersal
2.4. Impacts on good quality of life

2.4.1. Different types of value

24.1.1.

How does it contribute to good quality of life?

Many plant species that contribute to good quality of life for people depend at least in part on
animal pollination and seed dispersal. Pollinators and seed dispersers are a source of multiple
contributions to good quality of life including provision of energy (biofuel crops), food and feed,
material (fibers, timber), arts and crafts, recreational activities and as sources of inspiration for
art, music, literature, religion, traditions, technology and education (IPBES, 2016, Ollerton et al.,
2016). Sales of plants dependent on pollinators and seed dispersers generate income and
livelihoods. Collection of wild plants dependent on pollinators and seed dispersers are
important in subsistence and for recreation and cultural values. Honey collected from bees is
also an important product in many areas.
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According to IPBES framework, there are several types of values to which pollinators
and seed dispersers can contribute: holistic, biophysical, health, economic, and sociocultural
(Pascual et al., 2017).

Health (Nutrition: pollinated or animal-seed-dispersed cultivated or wild plants)

Pollinator-dependent food products are important contributors to healthy human diets and
nutrition. Pollinator-dependent species encompass many fruit, vegetable, seed, nut and oil
crops, which supply major proportions of micro-nutrients, vitamins and minerals in the human
diet (Smith et al., 2015; Ellis et al., 2015). Therefore, pollination can yield direct benefits in form
of food to rural livelihoods that derive both their food and income from their farms (Ashworth
et al., 2009; IPBES, 2016; Hanley et al., 2015). This can be of particular importance for low-
income families that lack access to marketed food, and where animal pollinated crops
contribute to large part of their vitamin supply (Abrol, 2012). In addition, animal seed
dispersers, by influencing regeneration patterns, are extremely important shaping the
distribution and abundance of fleshy-fruited plants, which have been, since prehistorical times,
a key nutritious resource for people (e.g. Roosevelt et al. 1996).

Economic (pollinated and seed dispersed crops)

The importance of animal pollination varies substantially among crops, and therefore among
regional crop economies. Many of the world’s most important cash crops benefit from animal
pollination in terms of yield and/or quality and are leading export products in developing
countries (e.g., coffee and cocoa) and developed countries (e.g., almonds), providing
employment and income for millions of people (Klein et al., 2007; Breeze et al., 2016). Many
important crops with high economic value depend of seed dispersers for natural regeneration.
For example, Brazil nut (Bertholletia excelsa) or the acai palm (Euterpes oleracea), which
represents a multimillion-dollar business, depend of vertebrate frugivores for seed dispersal
(MEA 2005).

Economic (pollinated or animal-seed-dispersed wild plants)

Pollination and seed dispersal by animals are two key processes determining fruit production of
a high proportion of wild plants. Even today, a myriad of fruit plants are harvested from forests
for self-consumption or for trade worldwide, especially in developing countries (e.g. Vasquez &

Gentry 1989; Gomez-Pompa & Kaus 1990). Thus, they contribute substantially to the economic

development of rural livelihoods. In addition, seed dispersal, by promoting natural regeneration
of vegetation, directly contributes to the production of timber, natural fibers and biofuels, all of
them with an important economic value (e.g. Jansen & Zuidema 2001).

Economic (honey)

Beekeeping provides an important source of income for many rural livelihoods. The western
honey bee is the most widespread managed pollinator in the world, and globally there are about
83.5 million hives producing an estimated 1.6 million tonnes of honey annually (FAO, 2016).

Economic (Income from cultural appreciation of pollinated or animal-seed-dispersed plants)

Ecotourism, the environmentally responsible travel to natural places in order to enjoy and
appreciate nature (Ceballos-Lascurain 1996), is highly motivated by the possibility of watching
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iconic vertebrates (e.g. large seed dispersers). It promotes the creation of employment for local
people (naturalist guides, tourist accommodation, etc.). It may be used also as an educational
tool by facilitating the cultural interchange between hosts and guests or by increasing
awareness of local people about the benefits of nature conservation. Ecotourism may improve
well-being of local people if it promotes the creation of new infrastructure and services
associated to the sector. In turn, visitors are rewarded with enjoying nature and usually non-
polluted environment and new traditions and cultures. Furthermore, as many wild plant species
depend on pollination (Ollerton et al., 2011) it can be crucial for maintaining species rich
habitats important to increase recreational value for people (IPBES, 2016).

Biophysical
Carbon storage

Carbon storage is one of the most recognized ecosystem services provided by nature. Tropical
forests in particular store more than half of total atmospheric carbon storage (Pan et al. 2011).
Around a 90 % of woody plant species in the tropics are dispersed by animals. Thus,
preservation of frugivore communities is essential to promote the regeneration of forests and
maintain their capacity for storing atmospheric carbon. Future projections indicate that
defaunation of large frugivores in tropical forests triggers a long-term collapse of aboveground
biomass (Bello et al. 2015; Peres et al. 2016), with losses of between 2.5-5.8 % on average, but
reaching 37.8 % in some defaunated scenarios (Peres et al. 2016).

Post-disturbance habitat recovery

Habitat loss associated to anthropogenic activities is occurring at unprecedented rates, with
severe impacts on biodiversity worldwide (Fahrig 2003). Seed dispersal services assisted by
animals are crucial for vegetation recovering after disturbances (Cordeiro & Howe 2003).
Different seed dispersers are often functionally complementary, contributing differently to
vegetation regeneration. While small species contribute mostly to local regeneration, large-sized
seed dispersers are essential for plant colonization, by mediating the arrival of seeds from often
remote sources (Jordano et al. 2007).

Dealing with climate change

Ongoing climate change are forcing plants to moving to higher latitudes and elevations
worldwide in response to shifts in temperatures to which they are adapted (Chen et al. 2011).
Assistance by animals, especially large-bodied animals, is essential for many plant species to
keep pace with climate change, as very often they are the only vectors providing the estimated
latitudinal and altitudinal displacements needed to track their suitable climatic range (Hampe
2011; Naoe et al. 2016; Gonzélez-Varo et al. 2017).

Sociocultural (direct appreciate of pollinators and frugivores, as well as of pollinated and animal-
seed-dispersed plants)

Pollinators serve as important spiritual symbols in many cultures. Sacred passages about bees in
all the worlds’ major religions highlight their significance to human societies over millennia. A
good quality of life for many people relies on ongoing roles of pollinators in globally significant
heritage, as symbols of identity, as aesthetically significant landscapes and animals, in social
relations, for education and recreation and in governance interactions. Pollinators and
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pollination are critical to the implementation of the Convention for the Safeguarding of the
Intangible Cultural Heritage; the Convention Concerning the Protection of the World Cultural
and Natural Heritage; and the Globally Important Agricultural Heritage Systems Initiative (IPBES,
2016). Similarly, charismatic vertebrate fauna, which often are important frugivorous species
(e.g. elephants, bears, toucans, etc), are commonly used as source of inspiration and they are
also important elements of many cultural iconographies (Morphy 1989). Therefore, seed
dispersers are key elements contributing directly to the sociocultural and economic
development of people.

2.4.1.2. How do we measure contribution?

The contribution of pollination and seed dispersal to good quality of life can be measured in
several ways. For commercial commodities (e.g., honey, agricultural food, feed, and fiber crops),
the price of the commodity can be one measure of value of the production, in this case per unit
of output. For example, the value of habitat for pollinators in coffee production was evaluated
by measuring the increase in quantity or quality of production for coffee grown in close
proximity to natural forest habitat multiplied by the price of a unit of production (Ricketts et al.
2004). However, this alone does not account for the importance or value of the output, and
ecosystem services alone can also be inadequate as an argument to protect species diversity
and safeguard services in the future (Kleijn et al., 2015). The importance of pollination and seed
dispersal can also be measured by direct contribution to good quality of life, for example
through the contribution to health from improved nutrition and the production of energy, food,
feed, fiber, materials, and medicines. Measuring the contribution of pollinators and seed
dispersal to learning, experience, and identity is perhaps the most challenging but useful
measures of contribution can be gained through use of detailed surveys of user groups.

Health

The health benefits can be measured by calculating the contribution to for instance the increase
in yield of nutrient rich crops (Smith et al., 2015; Ellis et al., 2015). These crops then need to be
used by people to attain the health benefits. Therefore, to measure the actual health benefits is
complicated and depends on food usage.

Economic

Given that pollinator-dependent crops rely on animal pollination to varying degrees, it is
estimated that 5-8 per cent of current global crop production, with an annual market value of
$235 billion-$577 billion (in 2015, United States dollars) worldwide, is directly attributable to
animal pollination (Potts et al., 2016). Increasing the surface of natural and/or seminatural areas
within farms to preserve biodiversity of pollinators may decrease the economic profits at the
short term, as the cultivated area decrease. However, at the long term it can increase the
benefits because it promotes a more stable and stronger ecosystem services such as pollination
and pest control (Garibaldi et al. 2017). Many important crops with high economic value depend
of seed dispersers for natural regeneration. For example, Brazil nut (Bertholletia excelsa) or the
acai palm (Euterpes oleracea), which represents a multimillion-dollar business, depend of
vertebrate frugivores for seed dispersal (MEA 2005). In addition, seed dispersal, by promoting
natural regeneration of vegetation, directly contributes to the production of timber, natural
fibers and biofuels, all of them with an important economic value.
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Socio-cultural (Learning, experience, and identity)

Not only honeybees but other pollinators, as well as seed dispersers have an important cultural
role in many societies. Furthermore, there are fruits, vegetables and other plants that may play
an important role in accepted and traditional food and other materials made from animal
pollinated and/or dispersed plants. The emblematic wild pollinator/dispersers animals, (e.g.
bumblebees, hummingbirds, toucans, elephants, etc.) can function as a good way of explaining
and showing ecosystem functions (e.g. pollination and seed dispersal) and importance of nature.

2.4.1.3. Substitutability
Substitute for final NCP

Diet changes, or substitute products for energy, materials, medicines could affect which plants
are cultivated and thereby the need for particular pollinator or seed dispersal species.

Substitute for NCP function

Honeybees have limited substitutability for the decline of wild bees. Wild insects pollinate most
crops more effectively than honey bees and pollinator diversity contributes to crop pollination
even when managed species (e.g., honey bees) are present in high abundance (Garibaldi et al.,
2013).

In some local areas today human hand pollination is used as few wild pollinators have
persisted nor is it possible or desirable by beekeepers to supply honeybee hives (Partap et al.,
2001). This only works where there is a sufficiently large workforce and low wages to make it
economically achievable. That is not achievable for most crop growers and can even be difficult
for many crops. In general, it seems difficult to be independent of pollination services if we want
to achieve food security and a good quality of life.

Substitutability of animal-mediated dispersal is challenging given wide variation in
dispersal effectiveness of seed dispersers (Schupp et al. 2017) and low functional redundancy
among seed dispersers (McConkey & Brockelman 2011; Bueno et al. 2013).

2.4.1.4. Indicators by value

Value type Indicator/ Proxy |Rationale/ Data set Scale of Scale of
justification for Measure — |measure -
why we this space time

indicator/ proxy
was selected

Value type A There’s good URL, citation
evidence? It’s
the easiest? We
have the data?
The data time
series is long

enough?
Health Proportion Vegetables and  |http://www.fao.org/faostat/en/#data/CC Country Year;
pollinator fruits are 1961-2013
dependent important . .
L I Chaplin-Kramer et al., 2014; Klein et al., 2007;
vegetables/fruit in |contributions to FAOSTAT datab 2017
food supply nutrition and atabase,
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http://www.fao.org/faostat/en/#data/CC
http://www.fao.org/faostat/en/#data/CC

the food group
which have the
largest
proportion of
animal
pollination
derived crops.

Health: Fruit
provisioning

People benefits
from production
and
consumption of
wild fruits. Seed
dispersers
promote
regeneration of
fruit-bearing
plants

(Vasquez & Gentry 1989; Gomez-Pompa & Kaus
1990; Moegenburg 2002, Ojiewo et al., 2015)

Economic:
Fruit trading

People benefits
from trading
wild fruits. Seed
dispersers
promote
regeneration of
fruit-bearing
plants with
commercial
value

(Moegenburg 2002)

Economic:
Timber
production

People benefits
from timber
production in
natural forests.
Seed dispersers
promote the
regeneration of
trees with
commercial
value

(Jansen & Zuidema 2001)

Economic
value:

Ecotourism

Number of visitors
to National Parks
in the EEUU

Number of
visitors to
National Parks is
expected to be
representative
of the interest of
people in
nature.

https://irma.nps.gov/Stats/

National
Park

Yearly

Biophysical

Output from
pollinator
dependent crops

Amount of crop
production from
pollinator
dependent
crops.
Measuring crop
output from
pollinator
dependent
crops can give
an estimate of
the impact of
pollinators on
well-being.
Especially if
combined with
vitamin and
mineral
contributions

http://www.fao.org/faostat/en/#data/QC

Klein et al., 2007; FAOSTAT database, 2017

Country

Year;
1961-2013
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from these
crops.

Economic
value:

Ecotourism

Number of visitors
to National Parks
in the EEUU

Number of
visitors to
National Parks is
expected to be
representative
of the interest of
people in
nature.

https://irma.nps.gov/Stats/

National
Park

Yearly

Economic:
Fruit trading

People benefits
from trading
wild fruits. Seed
dispersers
promote
regeneration of
fruit-bearing
plants with
commercial
value

(Moegenburg 2002)

Economic:
Timber
production

People benefits
from timber
production in
natural forests.
Seed dispersers
promote the
regeneration of
trees with
commercial
value

(Jansen & Zuidema 2001)

Biophysical:
Post-
disturbance
recovery of
vegetation

Seed dispersers
promote
recovery of
disturbed
forests. They
enable arrival of
seeds from
distant sources
and encourage
local
regeneration

(Gorchov et al. 1993; Wunderle 1997; Chazdon
2003; Flinn & Vellend 2005; Lamb, Erskine &
Parrotta 2005; Escribano-Avila et al. 2014)

Biophysical:
Carbon storage

People benefit
from carbon
storage in
natural
ecosystems.
Large-bodied
seed dispersers
promote
recruitment of
trees with a
higher wood
density

(Bello et al. 2015; Peres et al. 2016)

Biophysical:
Climate change

Seed dispersers
enable plants to
tracking suitable
climatic ranges.
Therefore it
increase
resilience of
plants to climate

change.

(Pearson & Dawson 2005; Hampe 2011; Naoe
et al. 2016; Gonzalez-Varo et al. 2017)
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2.4.1.5. Trends by user group
User Type |User Group Direction |Rationale/ justification for why you think this
of arrow |trend is happening
Universal |Widespread and Down In general, associated to a decline the diversity of
diffuse impacts pollinators and seed dispersers.
Subsistence and Down Many wild fleshy-fruited plants rely on seed
small-scale dispersers for regeneration. Decline of frugivorous
harvesting animals is expected to trigger parallel declines of
(subsistence plants that provide fruits to food gatherers.
farming, small-
scaI§ farming, There are some studies indicating that subsistence
graimg,l' farmers depend on pollination from wild insect,
Eas tgra |sn(1j, Flat — somewhat more than in general, and that a
un mg an . Down decrease in abundance and diversity could affect
gathering, artisanal
a these farmers more.

fishing)
Commercial Flat — Commercial harvesting can be negatively affected
harvesting Down by a decrease in ecosystem services even if they

3 (farming, ranching, can be substituted as this increase the cost for

_§ fishing, timber) external input.

=

>

-
Recreation and Down Fauna observation is a main activity within the

Tourism

nature touristic sector. Many charismatic
vertebrates, which are key seed dispersers (e.g.
bears, toucans, iguanas, etc), are threaten with
extinction across the world.

Energy and mining

No specific information was found for this user
type

Industrial,
commercial,
service,
professional

No specific information was found for this user
type
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Impact of Output of Joint Production
on Good Quality of Life by Major
Social Group

Impact of Potential NCP on Good
Quality of Life by Major Social
Group

(Only needed for NCP 1-10, 18;
NCP 11-17 this column is the
same as previous column)

Indicator Health outcomes associated with Health outcomes associated with
decreased intake of pollinator- decreased intake of pollinator-
dependent foods dependent foods
This column refers to the contribution |This column refers to the
from: (1) diverse and wild pollinators, |contribution from diverse and
(2) managed pollinators and other wild pollinators.
agricultural practices, (3) the capacity
of humans to compensate the loss of
nutrients from pollinator-dependent
crops with other food sources.

Trend -1 -2

During the last 50 years:

2 = Major increase (>20%)

1 =Increase (5% to 20%)

0 = No change (-5% to 5%)
-1 = Decrease (-20% to -5%)
-2 = Major decrease (< -20%)

Declines in animal pollinators could
cause significant global health burdens
from both non-communicable
diseases and micronutrient
deficiencies. However, these can be

Declines in animal pollinators
could cause significant global
health burdens from both non-
communicable

diseases and micronutrient

partially compensated by human deficiencies.
choices of food and agricultural
management.

Variance across social groups 3 2

3 = opposite trends for different groups
2 = same directional trends for different

Social groups vary greatly in their

Global pollinator diversity is

groups but contrasting magnitudes capacity to compensate the loss of decreasing.
1 = similar trends for all social groups pollinator-dependent food with other

nutritious foods. Low-income groups

has less ability to compensate.
Spatial variance 3 2

3 = opposite trends in different regions
2 =same directional trends in different

Global pollinator diversity is decreasing

Global pollinator diversity is

regions but of contrasting magnitude but trends in managed pollinators vary |decreasing.
1 = similar trends all over the world widely across regions.
Degree of certainty 2 3

4 = Well established: Robust quantity
and quality of evidence & High level of
agreement

3 = Established but incomplete: Low
quantity and quality of evidence & High
level of agreement

2 = Unresolved: Robust quantity and
quality of evidence & Low level of
agreement

1 = Inconclusive: Low quantity and
quality of evidence & Low level of
agreement

It is unclear the degree to which
humans can compensate for the loss of
pollinator diversity.

Despite lack of data there is a
general agreement that the loss of
pollinator diversity will negatively
impact human health.

Two to five most important papers
supporting the reported trend

Smith, M. R., Singh, G. M., Mozaffarian,
D. & Myers, S. S. (2015) Effects of
decreases of animal pollinators on
human nutrition and global health: a
modelling analysis. Lancet 386, 1964—
1972

Smith, M. R., Singh, G. M.,
Mozaffarian, D. & Myers, S. S.
(2015) Effects of decreases of
animal pollinators on human
nutrition and global health: a
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Potts SG, Imperatriz-Fonseca V, Ngo
HT, Aizen MA, Biesmeijer JC, Breeze
TD, Dicks LV, Garibaldi LA, Hill R,
Settele J & Vanbergen AJ (2016)
Safeguarding pollinators and their
values to human well-being. Nature
540:220-229.

Potts SG, Imperatriz-Fonseca VL, Ngo
HT, Biesmeijer JC, Breeze TD, Dicks LV,
Garibaldi LA, et al. (eds.) (2016) IPBES:
Summary for policymakers of the
assessment report of the
Intergovernmental Science-Policy
Platform on Biodiversity and
Ecosystem Services on pollinators,
pollination and food production. 36 p,
Secretariat of the Intergovernmental
Science-Policy Platform on Biodiversity
and Ecosystem Services, Bonn,
Germany. ISBN 978-92-807-3568-0.

modelling analysis. Lancet 386,
1964-1972

Potts SG, Imperatriz-Fonseca V,
Ngo HT, Aizen MA, Biesmeijer JC,
Breeze TD, Dicks LV, Garibaldi LA,
Hill R, Settele J & Vanbergen Al
(2016) Safeguarding pollinators
and their values to human well-
being. Nature 540:220-229.

Potts SG, Imperatriz-Fonseca VL,
Ngo HT, Biesmeijer JC, Breeze TD,
Dicks LV, Garibaldi LA, et al. (eds.)
(2016) IPBES: Summary for
policymakers of the assessment
report of the Intergovernmental
Science-Policy Platform on
Biodiversity and Ecosystem
Services on pollinators, pollination
and food production. 36 p,
Secretariat of the

Intergovernmental Science-Policy
Platform on Biodiversity and
Ecosystem Services, Bonn,
Germany. ISBN 978-92-807-3568-
0.

2.5. Summary

2.5.1. Status
More than three quarters of the leading types of global food crops rely to some extent on animal
pollination for yield and/or quality (Klein et al., 2007), and pollination can be a limiting factor for
yields (Garibaldi et al., 2015). This is affecting both farm income but also nutrition, as many nutrient-
dense foods are pollinator dependent. Pollination is also critical for subsistence farming in many
parts of the world (Ashworth et al., 2009). Pollination is usually defined the transfer of pollen from
the male part of the flower to the female part of the flower. This is often done by animals, including
more than 20,000 species of bees, together with thousands of species of flies, butterflies, moths,
wasps, beetles, trips, birds, bats and other vertebrates. Diversity of pollinators is important for
several reasons. It increase the probability that an adequate pollinator is present, it provides stability
over time and space and insurance of adequate pollination in environmental change, it grant an
insurance in case of changes in what crops are cultivated in the future.

Being of such general importance for one of the basic organism groups in the ecosystems, plants,
pollination naturally interact with many other NCPs. These includes, formation of habitats, climate
regulation as around a 90 % of woody plant species in the tropics produce fleshy fruits and rely on
large-vertebrate species for seed dispersal and recruitment. Pest regulation where bees can disperse
biological control agents, energy crops depends at least partly on pollination by animals. Food and
feed is as mentioned a large part of the pollinators contribution to people through pollination of
these crops, but they also contribute to the production of fibers, construction materials, music
instruments and other material goods, as wells as to production of medicines. Pollinators also
contribute to cultural and social benefits such as learning about nature and ecological functioning,
and as important figures in art, music and literature.
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Pollination can be measured in various ways and there are many definitions but the most direct way
to measure the pollination event is the amount and quality of pollen deposited on the stigma. This
does not, however, capture the result in fruit or seed set, which is a common measure of pollination
success . Furthermore, as a proxy for pollination, the number and diversity of pollinators have been
used. These measurements must be done locally.

Agriculture has steadily become more pollinator dependent (>50% increase) during 1961-2006
(Aizen et al., 2009). However, pollinator diversity and abundance have decreased in many areas
around the world (IPBES 2016; Regan et al. 2017). The Red List assessments by the International
Union for Conservation of Nature (IUCN) indicate that 16.5 per cent of vertebrate pollinators are
threatened with global extinction. Declines in bee diversity have been recorded in industrialized
regions of the world (Biesmeijer et al. 2006, Cameron et al. 2011, Bartomeus et al. 2013, Carvalheiro
et al. 2013, Koh et al. 2016). However, because of a lack of wild pollinator data (species identity,
distribution, occurrence, and abundance) for Latin America, Africa and Asia it is difficult to draw any
general conclusions on regional status and trends (IPBES 2016, Potts et al. 2016a, 2016b).

Though agriculture depends on pollinators, conventional intensive agricultural landscapes is
contributing to pollinator decline because they generally lack habitat or have poor habitats for
pollinators (Garibaldi et al., 2011; Vanbergen, 2013), they are not deliberately managed for
pollination (Garibaldi et al., 2011; Potts et al., 2010; Vanbergen, 2013), and brief periods of very high
pollination demand exceed supply because of extensive cultivations of mass-flowering monocultures
(Rader et al., 2009). Also, there is evidence that climate change and biological invasions, two
processes affecting most regions of the world, are also main drivers of pollinator diversity loss, and
also greater virulence from varroa and other pathogens (Potts et al. 2016b).

Many plant species that contribute to good quality of life for people depend at least in part on
animal pollination and seed dispersal. Wild plants dependent on animal dispersal of seeds are also
critical to human nutrition, particularly in developing countries and for people located far from
markets (Moegenburg 2002). Parallel declines of both fleshy-fruited plants and seed dispersers may
create situations of food and nutrient scarcity. Reductions in seed dispersers many also contributed
to declines in availability of construction materials (timber or fibers), biofuels, or medicine resources
extracted from plant tissues (fruits, leaves, etc.). According to IPBES framework, there are several
types of values to which pollinators and seed dispersers can contribute: holistic, biophysical, health,
economic, and sociocultural (Pascual et al., 2017). Pollinator-dependent species encompass many
fruit, vegetable, seed, nut and oil crops, which supply major proportions of micro-nutrients, vitamins
and minerals in the human diet (Smith et al., 2015; Ellis et al., 2015). The economical value can vary
between regions but many of the world’s most important cash crops benefit from animal pollination
in terms of yield and/or quality (e.g., coffee and cocoa, almonds), providing employment and
income for millions of people (Klein et al., 2007; Breeze et al., 2016). Many important crops with
high economic value depend of seed dispersers for natural regeneration. Ecotourism, the
environmentally responsible travel to natural places in order to enjoy and appreciate nature
(Ceballos-Lascurain 1996), is highly motivated by the possibility of watching iconic vertebrates (e.g.
large seed dispersers). Furthermore, as many wild plant species depend on pollination (Ollerton et
al., 2011) it can be crucial for maintaining species rich habitats important to increase recreational
value for people (IPBES, 2016).

The contribution of pollination and seed dispersal to good quality of life can be measured in several
ways. For commercial commodities (e.g., honey, agricultural food, feed, and fiber crops), the price of
the commodity can be one measure of value of the production. However, this alone does not
account for the importance or value of the output, and ecosystem services alone can also be
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inadequate as an argument to protect species diversity and safeguard services in the future (Kleijn et
al., 2015). The health benefits can be measured by calculating the contribution to for instance the
increase in yield of nutrient rich crops (Smith et al., 2015; Ellis et al., 2015). The socio-cultural values
are very difficult to measure directly and needs to be assessed more based on peoples wishes and
satisfaction. However, one could estimate the availability of different plants important to different
cultural traditions and how likely it is that these will decrease with pollinators declines (REF?).

Pollination is hard to substitute with something else as it is so many flowers and events that all the
pollinators affect. Hand pollination will be exceedingly expensive for most farmers. Honeybees have
limited substitutability for the decline of wild bees. Wild insects pollinate most crops more
effectively than honey bees and pollinator diversity contributes to crop pollination even when
managed species (e.g., honey bees) are present in high abundance (Garibaldi et al., 2013).
Substitutability of animal-mediated dispersal is also challenging given wide variation in dispersal
effectiveness of seed dispersers and low functional redundancy among seed dispersers.

Diet changes will influence the extent to which agriculture depends on insect pollinators. For
instance, if current trends of increase in meat consumption and concentration of energy intake from
a limited number of cereal crops continue, this would lower the pollination dependence of
agriculture in the short term while further deteriorating pollinator habitats (Potts et al., 2010).
However, increased demand for pollinator-dependent fruits and vegetables (Aizen et al., 2009) for
both cultural and nutrient needs, will increase dependence on pollinators (Smith et al., 2015). As a
large part of the problem with malnutrition is lack of nutritious food and nutrition have become
more important, for example the goal 2 in UNs Sustainable Development Goals, it could be expected
that countries invest more in nutrient dense food production. This could increase the need for
pollinators in the future.

Seed disperser animals are also disappearing at accelerated rates in most terrestrials and freshwater
ecosystems, especially on tropical and subtropical areas (Dirzo et al. 2014; Young et al. 2016). This is
being mainly driven by deforestation and habitat loss, overexploitation, and climate change. Wild
plants dependent on animal dispersal of seeds are also critical to human nutrition, particularly in
developing countries and for people located far from markets (Moegenburg 2002). Parallel declines
of both fleshy-fruited plants and seed dispersers may create situations of food and nutrient scarcity.
Reductions in seed dispersers many also contributed to declines in availability of construction
materials (timber or fibers), biofuels, or medicine resources extracted from plant tissues (fruits,
leaves, etc.) and profits of the ecotourism sector.

2.5.2. Similarities and differences across Units of Analysis and across User Groups

There are differences between biomes for the trends in decline of pollinator diversity and
abundance, pollinator deficits and agricultural dependence on pollinators. The lack of data makes it
hard to make any general conclusions for large part of the world, especially in the tropics and
subtropics, though indirect evidence points to declines even here. Despite the lack of information in
most parts of the world, it seems that both tropical and subtropical regions are suffering a steeper
negative trend in terms of seed disperser diversity and abundance than other global regions.

Some user groups have a higher dependence on pollination than others because of their
direct dependence on pollinator dependent crops (Ashworth et al., 2009). Subsistence and small-
scale harvesters may be particularly dependent on seed dispersers, as their diet is largely based on
fruits produced by natural vegetation.
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2.7. Search methodology
Pollination

The following Keywords were used to set up the search strings for pollination: Pollinator dependent,
pollen limitation, pollinators, diversity, abundance, pollinator dependance

Next the following keywords were used to represent the five value types of diverse
valuation: holistic, biophysical, sociocultural, health and economic (Pascual et al., 2017): Crop
quality, crop production, pollination, crop pollination, food nutrient, food nutrition, health, decline,
threat, cultural, social, tradition, indigenous, economic

The NCP keywords were then combined with the value types keywords to form the search
strings in the following way.

Holistic values

1. ((“pollinator diversity” OR “pollinator abundance” OR “pollinator diversity and abundance”) AND
(“holistic value” OR “indigenous knowledge” OR “traditional knowledge”)) AND (review OR synthesis
OR “meta-analysis”)

2. (“pollinator dependent” AND (“holistic value” OR “indigenous knowledge” OR “traditional
knowledge”)) AND (review OR synthesis OR “meta-analysis”)

3. (pollination AND (“holistic value” OR “indigenous knowledge” OR “traditional knowledge”)) AND
(review OR synthesis OR “meta-analysis”)

Biophysical values

4. (“pollinator dependent” AND (“pollination” OR “crop quality” OR “crop production”) AND
“pollinator diversity”) AND (review OR synthesis OR “meta-analysis”)

5. ((“pollinator diversity” OR “pollinator abundance” OR “pollinator diversity and abundance”) AND
(“pollination” OR “crop quality” OR “crop production” OR crop pollination OR “pollen limitation”))
AND (review OR synthesis OR “meta-analysis”)

6. ((“pollinator diversity” OR “pollinator abundance” OR “pollinator diversity and abundance”) AND
(decline OR threat)) AND (review OR synthesis OR “meta-analysis”)

Health values
7. (pollination AND ("food nutrition" OR "food nutrient" OR health)) AND (review OR synthesis OR
“meta-analysis”)

8. (“pollinator dependent” AND ("food nutrition" OR "food nutrient" OR health)) AND (review OR
synthesis OR “meta-analysis”)
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9. ((“pollinator diversity” OR “pollinator abundance” OR “pollinator diversity and abundance”) AND
("food nutrition" OR "food nutrient" OR health)) AND (review OR synthesis OR “meta-analysis”)

Sociocultural values

10. ((“pollinator diversity” OR “pollinator abundance” OR “pollinator diversity and abundance”) AND
(“cultural value” OR “social value” OR “social benefit”)) AND (review OR synthesis OR “meta-
analysis”)

11. (“pollinator dependent” AND (“cultural value” OR “social value” OR “social benefit”)) AND
(review OR synthesis OR “meta-analysis”)

12. (pollination AND (“cultural value” OR “social value” OR “social benefit”)) AND (review OR
synthesis OR “meta-analysis”)

Economic values

13. ((“pollinator diversity” OR “pollinator abundance” OR “pollinator diversity and abundance”) AND
(profit OR “economic benefit”)) AND (review OR synthesis OR “meta-analysis”)

14. (“pollinator dependent” AND (profit OR “economic benefit”)) AND (review OR synthesis OR
“meta-analysis”)

15. (pollination AND (profit OR “economic benefit”)) AND (review OR synthesis OR “meta-analysis”)

Each of these search strings gave the following number of hits in Google scholar:
.96

36

. 5390
297

. 2010
.2070

. 19700

. 463
989
10.73
11.28
12.490
13. 387
14. 143
15. 15400

© 0N DU A WN R

Abstracts of the 15 first outputs for each string search were carefully read. Relevant literature was
incorporated to the narrative review, prioritizing review and synthetic articles.

Seed dispersal
The following keywords were used to set up the search strings for seed dispersal: Seed disperser,
frugivore, diversity, abundance, diversity and abundance and seed dispersal

Next the following keywords were used to represent the five value types of diverse
valuation: holistic, biophysical, sociocultural, health and economic (Pascual et al., 2017): Holistic
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value, indigenous knowledge, traditional knowledge, food nutrition, food nutrient, health, carbon
storage, carbon sequestration, post-disturbance recovery, post-fire recovery, post-disturbance
regeneration, post-fire regeneration, climate change, cultural value, social value, social benefit,
profit, economic benefit.

We then compiled the following combined search strings:

Holistic

1. ((“seed disperser” OR frugivore) AND (diversity OR abundance OR “diversity and
abundance”) AND (“holistic value” OR “indigenous knowledge” OR “traditional knowledge”))
AND (review OR synthesis OR “meta-analysis”)

2. (“seed dispersal” AND (“holistic value” OR “indigenous knowledge” OR “traditional
knowledge”)) AND (review OR synthesis OR “meta-analysis”)

Health values

3. ((“seed disperser” OR frugivore) AND (diversity OR abundance OR “diversity and
abundance”) AND ("food nutrition" OR "food nutrient" OR health)) AND (review OR
synthesis OR “meta-analysis”)

4. (“seed dispersal” AND ("food nutrition" OR "food nutrient" OR health)) AND (review OR
synthesis OR “meta-analysis”)

Biophysical values

5. ((“seed disperser” OR frugivore) AND (diversity OR abundance OR “diversity and
abundance”) AND ("carbon storage" OR "carbon sequestration")) AND (review OR synthesis
OR “meta-analysis”)

6. (“seed dispersal” AND ("carbon storage" OR "carbon sequestration")) AND (review OR
synthesis OR “meta-analysis”)

7. ((“seed disperser” OR frugivore) AND (diversity OR abundance OR “diversity and
abundance”) AND ("post-disturbance recovery" OR "post-fire recovery" OR ”post-
disturbance regeneration” OR “post-fire regeneration”)) AND (review OR synthesis OR
“meta-analysis”)

8. (“seed dispersal” AND ("post-disturbance recovery" OR "post-fire recovery" OR “post-
disturbance regeneration” OR “post-fire regeneration”)) AND (review OR synthesis OR
“meta-analysis”)

9. ((“seed disperser” OR frugivore) AND (diversity OR abundance OR “diversity and
abundance”) AND ("climate change")) AND (review OR synthesis OR “meta-analysis”)

10. (“seed dispersal” AND ("climate change”)) AND (review OR synthesis OR “meta-analysis”)

Sociocultural values

11. ((“seed disperser” OR frugivore) AND (diversity OR abundance OR “diversity and
abundance”) AND (“cultural value” OR “social value” OR “social benefit”)) AND (review OR
synthesis OR “meta-analysis”)

12. (“seed dispersal” AND (“cultural value” OR “social value” OR “social benefit”)) AND (review
OR synthesis OR “meta-analysis”)

Economic value
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13. ((“seed disperser” OR frugivore) AND (diversity OR abundance OR “diversity and
abundance”) AND (profit OR “economic benefit”)) AND (review OR synthesis OR “meta-
analysis”)

14. (“seed dispersal” AND (profit OR “economic benefit”)) AND (review OR synthesis OR “meta-
analysis”)

Each of these search strings gave the following number of hits
143

. 1420

. 2250

. 19700
408

. 4580
114

. 1240
.2180
10. 18400
11.86
12.791
13. 386
14. 4260

© O N U A WN R

Abstracts of the 15 first outputs for each string search were carefully read. Relevant literature was
incorporated to the narrative review, prioritizing review and synthetic articles.

Table 2. Pollinators con contributing to crop and wild plant pollination.

Group Family Example of plant

Social bees, incl Honey bees Apidae Various

XX Melittidae Various

Mason, leafcutter bees Megachilidae Various

Mining bees Andrenidae Various

Sweat bees Halictidae Various

Plasterer bees Colletidae Various

Large Australian bees Strenotridae Various

Syrphid flies Syrphidae Various

Rodents Muridae Protea ssp.

Bats Phyllostomidae Euperua, Crescentia, Agave
Bats Pteropodidae Bignoniaceae, Parkia
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Moths
Moths
Pollen wasps
Lizards

Prodoxidae

Lepidoptera, various

Vespidae
Various
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Yucca

Various
Various
Various

Table 3. Families containing species that incorporate fruits in their diets. Note that this list
underestimates the contribution of animals to seed dispersal as it does not include alternative
dispersal mechanisms such as epizoochory.

Group
Fishes

Order

Characiformes

Cypriniformes

Elopiformes

Gymnotiformes

Lepidosireniformes

Osteoglossiformes

Perciformes

Polypteriformes

Siluriformes

Family

Alestidae
Anostomidae
Characidae
Citharinidae
Hemiodontidae
Serrasalmidae
Anablepidae
Cyprinidae
Poeciilidae

Megalopidae

Electrophoridae
Sternopygidae

Protopteridae

Mormyridae
Osteoglossidae

Centrarchidae
Cichlidae
Eleotridae
Kuhliidae
Nandidae
Osphronemidae
Terapontidae

Polypteridae
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Reptiles

Amphibians

Tetraodontiformes

Ageneiosidae
Ariidae
Aspredinidae
Auchenipteride
Bagridae
Clariidae
Claroteidae
Doradidae
Ictaluridae
Loricaridae
Mochokidae
Pangasiidae
Pimelodidae
Schilbeidae
Siluridae

Tetraodontidae

Agamidae
Cordylidae
Corytophanidae
Dermatemydidae
Diplodactylidae
Gekkonidae
Gerrhosauridae
Iguanidae
Lacertidae
Phrynosomatidae
Platysternidae
Polychrotidae
Scincidae
Sphenodontidae
Teiidae
Testudinidae
Tropiduridae
Varanidae
Xantusiidae

Alytidae
Hylidae
Pelobatidae
Ranidae

65

NCP 13: Materials and assistance



Birds

Passeriformes

Acanthisittidae
Acanthizidae
Aegithinidae
Alaudidae
Artamidae
Bombycillidae
Calcariidae
Callaeatidae
Campephagidae
Cardinalidae
Chloropseidae
Cisticolidae
Cnemophilidae
Coerebidae
Colluricinclidae
Conopophagidae
Corcoracidae
Corvidae
Cotingidae
Cracticidae
Dasyornithidae
Dicaeidae
Dicruridae
Dulidae
Emberizidae
Estrilidae
Eupetidae
Eurylaimidae
Falcunculidae
Formicariidae
Fringillidae
Furnariidae
Hirundinidae
Icteridae
Irenidae
Laniidae
Malaconitidae
Maluridae
Melanocharitidae
Meliphagidae
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Mimidae
Mohoidae
Monarchidae
Motacillidae
Muscicapidae
Nectariniidae
Oriolidae
Orthonychidae
Pachycephalidae
Paradisaeidae
Paridae
Parulidae
Passeridae
Petroicidae
Philipettidae
Picathartidae
Pipridae

Pittidae
Pityriaseidae
Platysteiridae
Ploceidae
Polioptilidae
Pomatostomidae
Prunellidae
Ptilonorhynchidae
Pycnonotidae
Regulidae
Remizidae
Rhabdornithidae
Rhinocryptidae
Sapayoaidae
Sittidae
Sturnidae
Sylviidae
Tephrodornithidae
Thamnophilidae
Thraupidae
Timaliidae
Troglodytidae
Turdidae
Turnagridae
Tyrannidae
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Struthioniformes

Tinamiformes

Anseriformes

Galliformes

Pelecaniformes

Accipitriformes

Otidiformes

Mesitornithiformes

Cariamiformes

Gruiformes

Charadriiformes

Pterocliformes

Vangidae
Vireonidae
Zosteropidae

Rheidae

Casuariidae
Dromaiidae
Apterygidae

Tinamidae

Anatidae
Dendrocygnidae

Cracidae
Megapodiidae
Numididae
Odontophoridae
Phasianidae

Ardeidae
Threskiornithidae

Accipitridae
Cathartidae

Otididae
Mesitornithidae
Cariamidae
Gruidae
Psophiidae
Rallidae
Charadriidae
Laridae
Scolopacidae

Stercorariidae
Turnicidae
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Columbiformes

Opisthocomiformes

Musophagiformes

Cuculiformes

Strigiformes

Caprimulgiformes

Apodiformes

Coliiformes

Trogoniformes

Coraciiformes

Bucerotiformes

Piciformes

Falconiformes

Pteroclidae

Columbidae

Opisthocomidae

Musophagidae

Cuculidae

Strigidae
Tytonidae

Steatornithidae

Trochilidae

Coliidae

Trogonidae

Alcedinidae
Coraciidae
Meropidae
Momotidae
Todidae

Bucerotidae
Bucorvidae
Phoeniculidae

Bucconidae
Capitonidae
Indicatoridae
Lybiidae
Megalaimidae
Picidae
Ramphastidae
Semnornithidae

Falconidae
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Mammals

Psittaciformes

Proboscidea

Scandentia

Primates

Marsupialia

Rodentia

Carnivora

Chiroptera

Perissodactyla

Artiodactyla

Cacatuidae
Psittacidae
Strigopidae

Elephantidae

Ptilocercidae
Tupaiidae

Callitrichidae
Cebidae
Cercopithecinae
Colobinae
Hominidae
Hylobatidae
Lemuridae
Lorisidae

Didephidae
Phalangeridae
Macropodidae

Muridae

Sciuridae

Canidae
Felidae
Herpestidae
Mustelidae
Procyonidae
Ursidae
Viverridae

Phyllostomidae
Pteropodidae

Equidae

Rhinocerotidae
Tapiridae
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Ants

Dung beetles

Tree Wetas

Bees

Bovidae
Cervidae
Camelidae
Moschidae
Suidae
Tragulidae
Formicidae
Scarabeidae

Anostostomatidae

Apidae
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3. NCP 3: Regulation of Air Quality

Primary Author: Pedro Brancalion

3.1. IPBES Definition:
Regulation (by impediment or facilitation) by ecosystems, of CO,/0, balance, Os for UV-B absorption,
levels of sulphur oxide, nitrogen oxides (NOx), volatile organic compounds (VOC), particulates,
aerosols. Filtration, fixation, degradation or storage of pollutants that directly affect human health
or infrastructure

3.2. Why is it important?

3.2.1. What is the big environmental issue this pertains to?
Air pollution is one of the major drivers of chronic diseases and premature mortality in humans,
leading to 3.3 million premature deaths annually (Amann et al. 2013; Lelieveld et al. 2015). One
ninth of the global deaths in 2012 were caused by air pollution, and only about a tenth of people are
estimated to breath clean air (WHO 2016). Health problems associated to air pollutions are
associated to major economic losses in economies worldwide (healthcare costs and reduced activity
days - OECD 2016). Dust and particulate matter in the air also reduce visibility and can cause
accidents, deteriorate infrastructure, and negatively impact the functioning of transport
systems.

Outdoor air pollution has been a critical driver of premature mortality, especially in the most
populated regions of the world (Lelieveld et al. 2015). The major human-mediated sources of air
pollution driving premature mortality — industry, land traffic, residential and commercial energy use,
biomass burning, power generation, and agriculture — (Lelieveld et al. 2015), are all expected to be
intensified in the coming years. According to FAO, by the year 2050, urban population will increase
by 2 billion people and will be concentrated in low- and middle-income countries
(http://www.fao.org/3/a-i6583e.pdf), where urbanization tend to be less planned and therefore
people may be more exposed to air pollution. Food production will also have to increase to supply
the demand of the 9.7 billion people expected to live on Earth by 2050, which may foster the
increase of cropland in 110 million hectares in developing countries (Alexandratos and Bruinsma
2012). Agricultural production methods may also have to be intensified to meet a growing demand
for agricultural materials (Alexandratos and Bruinsma 2012), which may increase the use of
fertilizers and machinery, which without improved application technology will increase negative
impacts on air quality. Intensifying agriculture to feed the world is, however, highly debated and
other solutions are being proposed (Orsini et al. 2013; Phalan et al. 2017), such as a better
management of genetic resources (Jacobsen et al. 2015), new agroecological techniques (Lescourret
et al. 2015) Population increase and change in dietary patterns may further increase the area of
livestock production (Thornton 2010). Many gases, such as hydrogen sulfide (H,S), and ammonia
(NHs), are emitted through ruminant fermentation, and livestock waste, which has become a serious
problem with the intensive development of livestock industry (Jie et al. 2017). The expansion of
agricultural lands has also fostered deforestation. Natural forest area declined ~6% from 1990 to
2015 (Keenan et al. 2015), and fires have been one of the major strategies to convert native
ecosystems to agricultural lands. Consequently, global regions with higher deforestation are also
those with the higher particulate matter emissions, and where the impacts of biomass burning on
premature mortality linked to outdoor air pollution is higher (Lelieveld et al. 2015). Conversion of
natural ecosystems and land degradation have also fostered the expansion of desertification (Geist
and Lambin 2004; D’Odorico et al. 2013). Dust production has doubled over the past 100 years
(Mahowald et al. 2010; Mulitza et al. 2010) and anthropogenic activities have contributed
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notoriously to this increase (Derbyshire 2007). Overall, emissions of SO, declined since 1990, but
those black carbon, organic carbon, and ammonia have increased (Amann et al. 2013). European
and North American emissions of ozone precursors have decreased since their peak values during
the 1980s and 1990s, but have increased in many other regions (in particular Asia) (Granier et al.
2011).

3.2.2. How does this NCP play a role?
Ecosystems can store elements that can become air pollutants if they are destroyed or degraded, as
when biomass is burned and natural ecosystems are converted to high-intense agriculture. The use
of biofuels instead of fossil fuels may also decrease the emissions of fine particulate matter and thus
contribute to air quality (Hill et al. 2009). At the same time, vegetation protect soils and can prevent
dust emissions from bare lands. The sustainable management of ecosystems may thus prevent the
emissions of air pollutants and consequently avoid the health and economic problems associated to
air quality reduction. On the other hand, ecosystems and plants can help to reduce air pollutants
concentration by trapping fine particulate matter on leaves, branches and trunks, and facilitate the
activity of microbes that degrade particulates (Weyens et al. 2015), thus mitigating the health and
economic problems associated to air quality deterioration. Therefore, ecosystems can help to
regulate air quality and mitigate the negative impacts of pollutants on people’s good quality of life.
However, some materials released by ecosystems in the air, like pollen, fern spores, and fungal
spores can be harmful to people and contribute to fine particulate matter and reduced air quality.

3.3. Joint production

3.3.1. Howi s it produced?
A. Prevention of air pollution emissions from ecosystems and fossil fuels

Ecosystems stock elements in their living and non-living components that are harmful for air quality
if released in the air. When biomass is burned, like through firewood use for cooking and heating,
and natural ecosystems conversion to agriculture, air pollutants like fine particulate matter, carbon
monoxide, and sulfur and nitrogen oxides are released in the air and deteriorate air quality.
Vegetation and litter also stabilize soils and protect them against particle detachment and transport
by wind erosion (Grantz et al. 1998), a major driver of dust emissions to the air (McConnell et al.
2007; Mitchell et al. 2010; Johnson et al 2011). The use of biofuel instead of fossil fuels can also
reduce the net emissions of fine particulate matter in the air and thus contribute to air quality (Hill
et al. 2009).

B. Interception and deposition of air particulate matter by vegetation

Studies on dust deposition on plant canopies indicate that aboveground plant parts (i.e., leaves,
bark, and other exposed parts) generally act as persistent absorbers in a polluted environment
(Samal and Santra 2002; Das et al. 2006) and trees can intercept air pollutants and act as biological
filters (Beckett et al. 1998). For instance, urban trees removed more than 1,000 tons of air pollutant
in 1994 in Philadelphia, USA (Nowak et al. 1998), while in Chicago McPherson et al. (1994) found
reductions of y 9.8 tons per day of PM1o. Vegetation can intercept air particulate matter and,
through dry deposition (combined effect of gravity, Brownian motion, impaction and direct
interception), remove these particles from the atmosphere (Beckett et al. 2000; Fowler 2002). The
high roughness structure of vegetation created by leaves, branches, trunks, and litter increase the
contact area with air pollutants and favor their deposition on ecosystems with higher structural
complexity. Deposition may be positively correlated with hairy leaves and the wax content of the
leaves, while thick leaves show lower deposition. These same attributes can be scales to ecosystem
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level: wind erosion is reduced with increasing ground cover, additional structural complexity (canopy
layers) further reduces particle displacement, and increases particle interception. Trees with a large
leaf surface area can remove 60 to 70 times more gaseous pollutants a year than small ones.
(Litschke and Kuttler 2008; Salmond et al. 2016). Particulate matter may stick to plant structures or
be further washed-out to soil, thus reducing the inhalation exposure of people. In addition,
vegetation can serve as a barrier to the movement of soil dust fronts, thus mitigating the effects of
dust storms (Engelstaedter et al. 2003).

C. Absorption of air pollutants by plants

Plant leaves absorb many different air chemical compounds that can be harmful for people,
contributing to scavenge air pollutants in their organic structure (Leung et al. 2011; Salmond et al.
2016). For instance, plants can absorb atmospheric NO; and use it as a source of nitrogen in
metabolism (Takahashi et al. 2003; Vallano et al. 2007), and absorb ozone by stomata (Taha 1996;
Nowak et al. 2000). Nitrogen and sulphur gases may also be washed out to soils, transformed into
other compounds, and be further absorbed by plant roots (Fowler et al. 1989; Nowak & Dwyer
2007). Some air pollutants may not be directly absorbed by plant leaves or roots. However, once
they are deposited in plant parts (leaves, branches, trunks), free-living or endophytic
microorganisms may help to sequester, degrade, or detoxify these compounds into non-toxic forms,
which can be further absorbed by plants (Weyens et al. 2015). Once leaves fall or pollutants are
washed out to soils, these processes may also be mediated by soil biodiversity.

D. Air pollution emissions from ecosystems

Ecosystems can naturally release pollutants in the air, like those resulted from natural fires
(Langmann et al. 2009), pollen, fern spores, and fungal spores, that are harmful to people’s health.
Some of these are natural parts of ecosystem cycles, for example in Mediterranean or Australian
ecosystems, can be important for the maintenance of grasslands. There is some concern that on-
going climate change will exacerbate the number, size, and frequency of wildland fires as some
ecosystems transition to new stable states. For example, California chaparral and conifer forest
ecosystems are undergoing unprecedented drought related mortality, and anticipated regime
shifting wildfires in the next several decades.

Summary of how this NCP is produced:

e Indirect: Prevention of air pollution emissions from ecosystems

e Indirect: Stabilization of soils to prevent dust production

e Direct: Deposition of air pollutants on plants and ecosystem structures

e Direct: Absorption of air pollutants by plants and further metabolic transformation by plant
metabolism and decomposition by microorganisms

e Direct: Emission of air pollutants

3.3.2. How is it measured?
Air quality is measured through the evaluation of the concentration of different air pollutants in the
atmosphere. The contribution of nature to regulate air quality can ben indirectly measured by the
evaluation of carbon stocks in ecosystems, which can be a proxy of the prevented emission of air
pollutants like fine particular matter and carbon monoxide that can be released when biomass is
burned as direct consequence of anthropogenic activities, like burning agricultural waste and
peatlands, using firewood, draining wetlands, and forest fires. Another indirect way to measure this
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contribution is through the evaluation of vegetation cover of areas susceptible to dust emissions
(Engelstaedter et al. 2003), and associated modelling analysis of the impact of vegetation cover and
structure on dust emissions and movement. The direct contribution of ecosystems to air quality
through the deposition of air pollutants on plants and ecosystem structures can be assessed by
direct measures of deposition on plant surfaces, mass balance approaches evaluating changes in air
quality up and down wind of ecosystems, and proxies including plant stature, leaf surface area, and
other ecosystem characteristics. Some studies have tested for particulate absorption through
sampling leaves and examining the residue washed from trees (Powe and Willis 2004).

3.3.3. Links to other NCPS
NCP 2 - Pollination and dispersal of seeds and other propagules: air quality affects pollinators and
seed dispersers activity, and consequently their mutualistic interactions with plants

NCP 4 - regulation of climate: Prevented emissions of air pollutants through biomass burning and
draining of wetlands is also effective to prevent the emissions of greenhouse gases, such as carbon
dioxide, methane, and nitrogen oxides. At the same time, vegetation recovery — especially forests —
can help in the deposition and absorption of air pollutants and to sequester carbon in biomass, thus
contributing to both air quality and climate regulation

NCP 12 - food and feed: ozone impacts negatively crop production and animal husbandry, so as the
potential of these activities to provide food and feed

NCP14 - Medicinal, biochemical and genetic resources: Medicinal plants quality potentially highly
impacted by air quality because any polluted particles that are absorbed are likely to affect the
effect people’s (an animal) health

NCP 15 - learning and inspiration: Air quality affects ability to take advantage of non-material NCP,
especially those associated to open-air activities

NCP 16 - Physical and psychological experiences: Air quality affects ability to take advantage of
non-material NCP, especially those associated to open-air activities

NCP 17 - Identity: Air quality affects ability to take advantage of non-material NCP

3.3.4. Indicators of NCP joint production

NCP Production Indicator/ Rationale/ justification for why | Data set Scale of Scale of
Function Proxy we this indicator/ proxy was Measure — measure
selected space - time
Air quality Prevention of | Carbon stocks | The amount of air pollutants https://www.ar | Global 2000
regulation air pollution in ecosystems | like fine particulate matter and cgis.com/home
emissions carbon monoxide that is /item.html?id=c
released from biomass burning d448873b7514
and land use conversion is 8638095e59916
directly associated to above- 6e5055
ground biomass stocks
Prevented The use of biofuel instead of Hill et al. 2009 United 2005
emissions fossil fuels reduce the net States
from biofuel emissions of fine particulate
use matter in the air
Mitigation of Vegetation Vegetation protect soils against | Tegen et al. Global 1982-
soil dust type and wind erosion, thus preventing 2002 1993
emissions cover in areas | the emissions of soil dust to the
prone to soil air
dust emission
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Mitigation of Vegetation Dust storm frequency is Zhu et al. 2013 Global 1982-

dust storms leaf area inversely correlated to LAI 1993
index (LAI) (Engelstaedter et al. 2003)

Deposition Vegetation Vegetated areas with higher LAl | Zhu et al. 2013 Global 1981-

and leaf area values have a higher surface 2011

absorption or | index (LAI) roughness, structural

air pollutants complexity, and density of

by plants leaves, which contribute to

intercept air pollutants and
favor their further deposition
and absorption

Deposition Leaf Leaf hairiness, stickiness, TRY database Local Not
and properties thickness, and optical porosity applied
absorption or define their capacity to

air pollutants intercept air pollutants and

by plants favor their further deposition

and absorption

Particulate Vegetation Vegetation barriers reduce wind | Tegen et al. Global punctual
matter type and turbulence, and increase the 2002
deposition by | coverinareas | amount of deposition, as the
vegetation prone to soil concentration of dust is high
dust when the plume impacts on the
movement vegetation and as the full height
of the plume passes through
the barrier.

3.3.5. Trends in joint production

3.3.5.1. General (across all units of analysis)
Narrative review based on literature (500-2000 words)

Land use changes that reduce vegetation structure or complexity such as deforestation, reduce the
regulation of air quality. Land changes that reduce protection of the land surface result in dust
production, reducing air quality; dust production has doubled over the past 100 years (Mahowald et
al. 2010; Mulitza et al. 2010). On the other hand, land use changes that establish a more developed
vegetation structure, like agroforestry, afforestation, restoration, have the potential to improve air
quality. Management of ecosystems is also critical to nature’s regulation of air quality. Regulation of
air quality is to some extent a function of loading, so more of this NCP is produced in places with
higher levels of air pollution. Land management such as harvest, which may be done in a way that
moves dust into the air, and biomass burning, such as rice straw burning in India or peat burning in
Indonesia, also reduce air quality, mainly due to the emissions of fine particulate matter. The
impacts of biomass burning on premature mortality linked to outdoor air pollution is high (Lelieveld
et al. 2015).

Summary of NCP trends:

e  Trend: Overall up. More pollution = more air quality regulation. Deforestation reduces air
quality regulation.

e Spatial variance: Large variance — background state of air quality is very different around the
world, regulatory effects are strongly related to specific vegetation characteristics and weather
patterns.

o Degree of certainty: Moderate. Air quality is widely measured but the contributions of
ecosystems to regulating it are not.

Output of the joint production Potential Nature’s Contributions
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Indicator

Trend

During the last 50 years:

2 = Major increase (>20%)
1 = Increase (5% to 20%)

0 = No change (-5% to 5%)
-1 = Decrease (-20% to -5%)

-2 = Major decrease (< -20%)
Spatial variance

3 -
opposite trends in different regi
ons

2

= same directional trends in diff
erent regions but of contrasting
magnitude

1 =
similar trends all over the world
Degree of certainty

4

= Well established: Robust quan
tity and quality of evidence &
High level of agreement

3 = Established but incomplete:
Low quantity and quality of evid
ence & High level of agreement

2

= Unresolved: Robust quantity a
nd quality of evidence &

Low level of agreement

1 =Inconclusive:

Low quantity and quality of evid
ence & Low level of agreement

The two most important papers
supporting the reported trend

Concentration of air pollutants
in the air

-1 (there is a global pattern of
increased emissions of fine
particulate matter, black carbon,
nitrogen, sulfur oxides, and
ozone — OECD 2016), but these
patterns are concentrated in
highly populated regions —
mostly in Africa and Asia - and
are not widespread distributed
across the globe.

3 (air pollution has increased
more remarkably in Asia, but it
is reducing in previous industrial
regions of America and Europe)

4 (there are several monitoring
networks assessing air
pollutants concentration
globally, with reports being
presented yearly)

World Health Organization.
2016. Ambient air pollution: A
global assessment of exposure
and burden of disease.

Organization for Economic
Cooperation and Development.
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Retention and prevented
emissions of air pollutants by
ecosystems

-1 (the contributions of nature
to retain and prevent emissions
of air pollutants have been
compromised through
widespread firewood and
biomass burning, deforestation,
and agriculture in several
regions, although forest
transitions have improved
Nature conditions to ameliorate
air quality (Lelieveld et al.
2015).

3 (Natural forest area declined
~6% from 1990 to 2015. But
whereas some global regions —
mostly developed countries —
are experiencing forest
transitions and tree cover gains,
deforestation still prevails in
most developing countries)

3 (it is well established that
deforestation, biomass burning,
and intensive agriculture
releases large amounts of air
pollutants in the atmosphere,
and that vegetation has the
potential to protect soils and
prevent air dust emissions, and
trap some air pollutants in plant
parts)

Keenan, R. J. et al. (2015).
Dynamics of global forest area:
Results from the FAO Global
Forest Resources Assessment.
Forest Ecology and
Management 352: 9-20



3.3.5.2.

2016. The economic
consequences of outdoor air
pollution. OECD Publishing,
Paris.
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Tegen |. et al. (2002) Impact of
vegetation and preferential
source areas on global dust
aerosol: Results from a model

study. J. Geophys. Res.
107:4576

Janhall, S. (2015) Review on
urban vegetation and particle air
pollution - Deposition and
dispersion. Atmospheric
Environment 105, 130e137.

By Units of Analysis

1. Tropical and subtropical
dry and humid forests

Down

Tropical forests experienced a net loss of 5.5 M.ha.y* from 2010-2015,
but sub-tropical have had a modest gain of 0.089 M.ha.y*in the same
period (Keenan et al. 2015). Tropical and sub-tropical forests are, by far,
the terrestrial ecosystems with the largest carbon stocks, so their
destruction and degradation releases large amounts of particulate matter
and other pollutants in the air. Complementary, intensive agriculture has
expanded in this unit of analysis, which has fostered the emissions of
other pollutants in the air.

2. Temperate and boreal Up Temperate regions have experienced forest transitions, with the ongoing

forests and woodlands conversion of pasturelands and croplands to forests. Temperate forests
have experienced a net gain of 2.2 M ha y-1 of forests, but forest area has
been relatively stable in boreal regions (Keenan et al. 2015).
Consequently, biomass burning as part of land use change has not been a
major driver of air pollution in this unit of analysis.

3. Mediterranean forests, Down Land abandonment and fire suppression have favored woody

woodland, and scrub encroachment in Mediterranean ecosystems, which have increased their
role as carbon sinks. However, climate change have increased the
magnitude of forest fires and the emissions of greenhouse gases.

5. Tropical and subtropical | Down The widescale conversion of ecosystems in this unit of analysis to

savannahs and grasslands agriculture and planted pastures, and potential increase in wild fires
caused by climate change, has increased the emissions of air pollutants

6. Temperate grasslands

7. Drylands and deserts Down Climate change has increased the aridity in this unit of analysis, which
exacerbate land degradation and desertification (Huang et al. 2017),
which has favored the emission of dust

8. Wetlands — peatlands, Down These ecosystems have been widely drained for establishing cultivated

mires, bogs areas and infrastructure, which has increased the vulnerability of peat
fires (Turestsky et al. 2015) and the emissions of air pollutants.

9. Urban/semi-urban Down Urban and semi-urban regions are major sources of air pollution, and the
ongoing expansion of cities and dependency on fossil fuels have worsed
the situation.

10. Cultivated areas Down Increase in the global production of chicken, pork, and beef to meet the

(including cropping,
intensive livestock,
farming, etc.)

tremendous rise of meat consumption globally (Fiala 2008), and the
intensification of agriculture (Newbold et al. 2016) has contributed to
increase the air pollution emissions in this unit of analysis.
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3.4. Impacts on good quality of life
3.4.1. Different types of value

3.4.1.1. What is the NCP contribution
This NCP contribute to good quality of life by reducing premature death and health problems
associated to air pollution. Air pollution has both acute and chronic effects on human health,
affecting a number of different systems and organs. It ranges from minor upper respiratory irritation
to chronic respiratory and heart disease, lung cancer, acute respiratory infections in children and
chronic bronchitis in adults, aggravating pre-existing heart and lung disease, or asthmatic attacks
(Chen and Kan 2008; Kampa and Castanas 2008; Zhang et al. 2014). Short- and long-term exposures
have also been linked with premature mortality and reduced life expectancy (Biggieri et al. 2004),
while long-term effects of air pollution on the onset of diseases such as respiratory infections and
inflammations, cardiovascular dysfunctions, and cancer is widely accepted (Yamamoto et al. 2014;
Zhang et al. 2014). These health problems have direct negative economic impacts on economy, in
terms of healthcare costs and reduced activity days. Economic setbacks also includes the costs
associated to flight delays, airport closure, and accidents resulted from reduced visibility,
deteriorated infrastructure (e.g., due to the superficial accumulation of black carbon), and overall
malfunctioning of transport systems.

The maintenance of air quality due to the prevention of new emissions resulted from biomass
burning, agriculture, dust emissions from soils, and other sources or emissions resulted from
anthropogenic impacts on ecosystems, combined with the capacity of vegetation to deposit and
absorb air pollutants, can effectively contribute to reduce the incidence and severity of health
problems caused by air pollution, as well their economic consequences.

3.4.1.2. How do we measure that value/contribution?
The contribution of this NCP can be valued in terms of the reduced incidence and severity of human
health problems caused by air pollution, their economic impacts on the costs associated to
healthcare and reduced activity days, infrastructure maintenance, and malfunctioning of transport
systems.

3.4.1.3. Substitutability
Filters can be used to purify the air indoor, people can use masks to prevent the inhalation of some
air pollutants and use air humidifiers to mitigate indoor fine particulate matter suspension, and can
change production processes to reduce air pollution.

3.4.1.4. Status and Trends in impact (value)
There are widespread reported values of the negative consequences of air pollution, but not about
the reduction of these consequences resulted from nature contributions in regulating air quality. The
only study found reported costs savings of £17,000-£900,000 attributed to the estimated reduction
of 5-7% in number of deaths, and of 4-6% in hospital omissions, caused pollution absorption by
England woodlands (Powe and Willis 2004).
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3.4.2.1. Indicators by value
Value type Indicator/ Rationale/ justification | Data set Scale of Scale of
Proxy for why we this Measure — | measure
indicator/ proxy was space - time
selected
Health Amelioration | Air pollution cause Powe and Local 1999
of health several health problems | Willis 2004 (England)
problems on people, so air
caused by air | pollution reduction by
pollution ecosystems may help to
resulted from | ameliorate people’
ecosystem health
contributions
to air quality
Reduction in Air pollution cause Powe and Local 1999
the number several health problems | Willis 2004 (England)
of deaths on people that led to
caused by air | premature death, so air
pollution pollution reduction by
reduction by ecosystems may help to
ecosystems prevent such premature
deaths
Premature Lelieveld et Global 2010
deaths caused al. 2015
by pollution
emissions by
natural
sources,
biomass
burning,
firewood use
and
agriculture
Economic Cost Air pollution cause Powe and Local 1999
reduction several health problems | Willis 2004 (England)
with on people imply costs in
healthcare terms of healthcare
resulted from | costs and reduced
ecosystem activity days; so air
contributions | pollution reduction by
to air quality ecosystems may help to
reduce the costs
associated to such
health problems
Economic Cost Air pollution cause Powe and Local 1999
reduction several health problems | Willis 2004 (England)
associated to | on people that led to
prevented premature death, which
deaths caused | in turn imply in costs in
by air terms of ; so air
pollution as pollution reduction by
consequence | ecosystems may help to
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of
ecosystems’
deposition of
air pollutants

reduce the costs
associated to such
premature deaths

3.4.2.2. Trends by user group

User Group Direction Rationale/ justification for why you think this trend is
of arrow happening
Universal down Increasing pollution emission from land use change,

agriculture, and biomass burning in most part of the world

subsistence

scale harvesting

and small | down

Increasing pollution emission from land use change and
firewood use

commercial down Increasing pollution emission from land use change and
harvesting intensive agriculture practices, and reduced mitigation
potential from ecosystems due their progressive destruction
and degradation
Industrial, down Reduced mitigation potential of air pollution from
commercial, and ecosystems, mostly forests, due their progressive
service professional destruction and degradation in highly populated and
industrial regions
Urban down Reduced mitigation potential of air pollution from
ecosystems, mostly forests, due their progressive
destruction and degradation in highly populated and
industrial regions
Rural down Increasing pollution emission from land use change, biomass
burning, firewood use, and intensive agriculture practices,
and reduced mitigation potential from ecosystems due their
progressive destruction and degradation
Impact of Output of Joint Production on Good
Quality of Life by Major Social Group
Indicator Health and economic problems caused by air
pollution
Trend -2 (nearly 3.3 million premature deaths annually

During the last 50 years:

2 = Major increase (>20%)

1 =Increase (5% to 20%)

0 = No change (-5% to 5%)

-1 = Decrease (-20% to -5%)

-2 = Major decrease (< -20%)
Variance across social groups

have been attributed to air pollution (Amann et
al. 2013). One ninth of the global deaths in 2012
were caused by air pollution, and only about a
tenth of people are estimated to breath clean air
(WHO 2016). Health problems associated to air
pollutions are associated to major economic
losses in economies worldwide (healthcare costs
and reduced activity days - OECD 2016)

2 (rural and urban groups from developing
countries have had declines on air

3 = opposite trends for different groups quality associated to firewood and stubble

burning, deforestation and air pollution in cities,
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2 = same directional trends for different groups
but contrasting magnitudes

1 = similar trends for all social groups
Spatial variance

3 = opposite trends in different regions

2 = same directional trends in different regions
but of contrasting magnitude

1 = similar trends all over the world
Degree of certainty

4 = Well established: Robust quantity and quality
of evidence & High level of agreement

3 = Established but incomplete: Low quantity and
quality of evidence & High level of agreement

2 = Unresolved: Robust quantity and quality of
evidence & Low level of agreement

1 = Inconclusive: Low quantity and quality of
evidence & Low level of agreement

Two to five most important papers supporting the
reported trend

3.5. Summary
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while for urban groups of developing countries air
quality has improved)

3 (premature mortality and health problems
caused by air pollution increased remarkably in
Asia, but it is reduced in previous industrial
regions of America and Europe)

4 (it is well established that air pollutants,
including that resulting from ecosystem
degradation, impact negatively human health,
which have in turn direct impacts in the
economy)

Levelied, J. et al. (2015) The contribution of
outdoor air pollution sources to premature
mortality on a global scale. Nature 525(327)

Organization for Economic Cooperation and
Development. 2016. The economic consequences
of outdoor air pollution. OECD Publishing, Paris.

Air quality has declined globally as emissions of fine particulate matter, black carbon,

nitrogen and sulfur oxides, and ozone have increased (OECD 2016). Overall, increases are higher in
Asia, but reductions have occurred in previously industrial regions of America and Europe. Nature’s
contribution to air quality emissions through deforestation, biomass burning, and intensive
agriculture that release large amounts of air pollutants are well established. It is also well established
that vegetation has the potential to prevent emissions by protecting soils to avoid air dust emissions
and trapping some air pollutants in plant parts. Because all of these functions are provided mostly by
a well-developed vegetation structure and conserved ecosystems, nature’s contribution to retaining
and preventing emissions of air pollutants has been compromised through widespread firewood and
biomass burning, deforestation, and agriculture (Lelieveld et al. 2015). Globally, global tree cover
increased 7.2% from 1982-2016 (Song et al. 2018), but natural forest area declined ~6% from 1990
to 2015; natural forest loss and gain was distributed unevenly, with some global regions — mostly
developed countries —experiencing forest transitions and tree cover gains while deforestation
prevails in most developing countries.
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3.7. Search methodology
Database: Web of Knowledge.

Search strings:

(1) “air quality” AND (“sulphur oxide” OR “nitrogen oxide” OR nox) AND (review OR synthesis OR
“meta-analysis” OR “state of art” OR overview)

(2) “air quality” AND (ozone OR “O3” OR “UV-B”) AND (review OR synthesis OR “meta-analysis” OR
“state of art” OR overview)

(3) “air quality” AND pollutant AND (filtrat* OR fix* OR degrad* OR stor* OR absorpt*) AND (review
OR synthesis OR “meta-analysis” OR “state of art” OR overview)

(4) “air quality” AND “human health” AND (review OR synthesis OR “meta-analysis” OR “state of
art” OR overview)

(5) “air quality” AND (biogenic OR “volatile organic compound” OR “voc” OR particulates OR aerosol)
AND (review OR synthesis OR “meta-analysis” OR “state of art” OR overview)

Total hits for each string
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(5) 748

Papers that were not considered: methodological procedures to measure compounds, models,
simulations, indoor air quality, mitigation, innovative methods to reduce air pollution.

After filtering by review, reviewing abstracts, removing duplicates and papers without access, total
papers downloaded and reviewed: 81

4. NCP 4: Regulation of Climate
Primary Author: Pedro Brancalion

4.1. IPBES Definition:
Climate regulation by ecosystems through positive or negative effects on emissions of greenhouse

gases, biophysical feedbacks from vegetation cover to atmosphere, direct and indirect processes
involving biogenic volatile organic compounds (BVOC), moisture recycling, and regulation of aerosols
and their precursors.

4.2, Why is this NCP important?

4.2.1. What is the big environmental issue this pertains to?
Climate has been historically regulated by ecosystems through their influences in the fluxes of gases
to, and physical interaction with, the atmosphere, but the intense use of fossil fuels and the
destruction and degradation of ecosystems have changed global climatic patterns and compromised
biodiversity and people’s good quality of life.

4.2.2. How does this NCP play a role?

Life on Earth, including all aspects of human survivorship and experience, is dependent on climate.
Climatic patterns are governed by complex interactions and biophysical feedbacks in the biosphere,
which have been shaped since the beginning of life. Climate governs the spatial distribution and
amount of existing ecosystems and species (e.g. Sitch et al., 2008; Bellard et al., 2012). However,
climate has changed fast in the last century, with dramatic consequences for biodiversity and
people’s good quality of life (Hanewinkel et al., 2012). Increased frequencies of extreme weather
events like droughts and floods, sea level rise, proliferation of diseases, crop failures, and
degradation of natural ecosystems providing critical resources to people are just some of the many
negative consequences of contemporary climate change to human wellbeing. Ecosystems play an
utmost role for regulating climate and, if adequately conserved, managed, and restored, can help to
mitigate the impacts of human-mediated climate changes.

4.3. Joint production

4.3.1. How is this NCP produced?
Climate is regulated by ecosystems mainly through their influences in the fluxes of greenhouse gases,
water, and biogenic volatile organic compounds in the atmosphere, and modification of albedo (Meir
et al., 2006; Laothawornkitkul et al., 2009; Arnet et al., 2010; Smith et al., 2013, among others).
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Regarding the fluxes of greenhouse gases, atmospheric CO, concentration is partially controlled by
the large amount of carbon stored in terrestrial vegetation (e.g. IPCC AR5, 2013), while CH; and NO;
is influenced by livestock activity in agroecosystems (Benckiser et al., 2015; Forabosco et al. 2017) and
decomposition of organic matter in wetlands (O’Connor et al., 2010; Laanbroek, 2010; Pester et al.,
2012; Abdalla et al., 2016; Hamdan and Wickland 2016, but also see Karakurt et al. 2012 and Yusuf et
al., 2012). Land use change and agriculture are responsible for ~20-30% of global emissions of
greenhouse gases. In fact, year-to-year variations in atmospheric CO; have been shown to be mainly
driven by terrestrial biosphere CO; budget (Le Quéré et al., 2009). Consequently, the sequestration of
atmospheric CO; by reforestation has been indicated as the most low-cost mitigation solution to
achieve the Paris Climate Agreement goal of holding warming to below 2°C (Griscom et al. 2017). At
the same time, land use changes and conversion of natural vegetation to agriculture or urban areas
also correspond to net releases of CO; in the atmosphere (Houghton et al., 2017), and BVOCs
(Rosenkranz et al., 2015). Climate-mediated changes in vegetation phenology (e.g. budburst, green-
up season, yellowing), also affect regional climate and CO; budget and surface temperature (Myneni
et al., 1997; Richardson et al., 2013). In turn, changes in ecosystem functioning will affect climate at
various scales, through various biophysical processes. These biophysical feedbacks are largely
controlled by leaf area index (LAI), which are highly linked to land use changes and regulates the
amount of absorbed solar radiation by modifying albedo and the magnitude of evapotranspiration
through canopy resistance (Lashof et al., 1997). An increase in LAl enhances vegetation
evapotranspiration, which cool the surface temperature (Shukla & Mintz, 1982), while it decreases
albedo, which can warm surface temperature (Betts, 2000; Lee et al., 2011). Beyond these two
opposing effects, changes in LAl also affects atmospheric circulation, shortwave transmissivity and
longwave air emissivity, which turns its net effect on climate hard to predict and quantify (Zhu et al.,
2016).

As consequence of the LAl changes and associated biophysical feedbacks, vegetation cover strongly
impact temperature patterns (Luyssaert et al., 2014; Lawrence & Vandecar 2015; Alkama & Cescatti
2016; Naudts et al. 2016; Sabajo et al. 2017). The net effects of ecosystems on regional and global
climate warming and cooling depend on the relationships among the rate and magnitude of
potential evapotranspiration production, the changes to surface and cloud albedo, and land cover
change impacts on aerosols and reactive gases (Ellison et al. 2016). For instance, evaporation and
transpiration under tree shade may reduce sensible heat, thus temperature remains much cooler
during daytime (Pokorny et al. 2010; Maes et al. 2011; Hesslerova et al. 2013). However, forests may
reduce albedo, potentially contributing to local warming under more cloud-free skies, particularly at
high latitudes in winter (Lee et al. 2011; Li et al. 2015). But additional regional and global cooling
may results from emissions of reactive organic compounds (Spracklen et al. 2008) by forests, which
can increase low-level cloud cover and radiation reflectivity (Ban-Weiss et al. 2011; Heiblum et al.
2014). The complexity of these relationships is actually lost in much current research that looks
individually at some of these factors (Ellison et al. 2016; Naudts et al. 2016).

Most of the aforementioned influences of ecosystems in temperature and albedo patterns are
accompanied by impacts on the circulation of moisture in the atmosphere. Moisture recycling is
broadly defined as the evaporation rising from vegetation, flowing through the atmosphere and then
falling as precipitation somewhere else (Keys et al. 2016). Vegetation plays a relevant role in moisture
recycling because plants maximize the flow of water from soils to the atmosphere, then contributing
to produce rain at regional scales (Seneviratne et al., 2010). Climate regulation by moisture recycling
results from partial regulation of rainfall timing, magnitude, and, to some extent, location. Recent
studies show that vegetation transpiration not only contribute water for rainfall, but drives seasonal
rainfall cycle by increasing shallow convections that moistens and destabilizes the atmosphere (Wright
et al., 2017), and by shifting general circulation (Swann et al., 2012). Vegetation cover was also
reported to impact cloud climatology through its impact on the atmospheric boundary layer (Wang et
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al., 2009).

In marine ecosystems, primary marine organic aerosols, like dimethyl sulphide emitted by algae, is
supposed to increase cloud condensation nuclei in the marine boundary layer and promote the
formation of clouds (Gildor & Follows 2002), which increase the overall albedo of oceans and,
consequently, part of the solar energy that reaches the Earth is reflected back to space and reduce
the greenhouse effect (Bigg et al., 2003). However, these effects are poorly known and not linearly
related to biological productivity in the ocean (Quin et al. 2015). Another mechanism through which
oceans regulate the climate is the climate-weathering feedback (Faharat et al. 2014). Chemical
weathering of marine Ca—silicate rocks removes CO, from the atmosphere, resulting in the
precipitation of carbonates in oceans. Therefore, oceans contribute to climate regulation by
removing atmospheric CO,, the most important greenhouse gas. In marine ecosystems, microalgae
have been proposed as a CO; removal option to contribute to climate change avoidance and
problems coming from the use of fossil fuels, but they do not permit long-term CO2 storage because
they are easily decomposed (Acién Fernandez et al., 2012).

Overall, ecosystems impact fundamental biophysical processes controlling climate on Earth, but
these impacts on climate regulation are essentially indirect, and depend on how multiple processes
interact with each other in the whole system.

Summary of how this NCP is produced:

e Indirect: CO; sequestration by vegetation reduce the greenhouse effect

e Indirect: removal of atmospheric CO, by chemical weathering of marine Ca—silicate reduce
the greenhouse effect

e Indirect: greenhouse gases emissions from and sequestration by wetlands

e Indirect: the maximization of water flow from soil to atmosphere by vegetation promotes
moisture recycling

e Indirect: albedo changes mediated by vegetation cover influences temperature

e Indirect: biological compounds favor cloud formation, which change albedo and moisture
recycling

4.3.2. How is joint production of this NCP measured?
Climate regulation by ecosystems is difficult to be measured through direct observations, since
changes in climate result from the combination of many factors, such as changes in greenhouse
gases concentrations, annual and seasonal climate variability, and ecosystem functions. However,
observations at both site-scale (greenhouse gas fluxes, biomass changes, temperature variation) and
regional to global scales (using remote sensing) have been conducted to estimate the fluxes of
greenhouse gases and aerosol emissions due to land use and land cover changes. Using these
estimated fluxes/emissions as a boundary condition, mechanistic models (e.g. atmospheric general
circulation models) are used to estimate how changes in ecosystems regulate climate (e.g. Claussen
et al. 2001; Takata et al. 2009). Frequently used indirect measures are:

Climate regulation by terrestrial ecosystems:

. Direct measurements
o Direct monitoring of greenhouse gases emissions/sequestration through flux towers
(Martin et al 2001);
o Assessments of vegetation and soil carbon stocks through field inventories;
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o Direct monitoring of temperature and use of thermal imageries (i.e. satellite
measurements of land surface temperature) resulted from land cover and land use
changes;

. Proxy measures
o Estimation of vegetation and soil carbon stocks through imagery work and use of
specialized sensors;
o Evaluation of albedo and potential evapotranspiration through LAI;
o Evaluation of air concentration of biogenic volatile organic compounds in different
ecosystem portions.

. Models
o Climate change models
o Estimation of vegetation and soil carbon stocks through “data assimilation” (i.e. a robust
mathematical framework for improving model predictions with observational data)
(Scholze et al. 2017)
o Plant growth feedback models

Climate regulation by oceans:

. Air—sea and sediment—water fluxes of carbon and CO, (modeled or empirically determined);

. Air—sea fluxes of other greenhouse gases such as dimethyl sulfide, methane, nitrous oxide
(modeled or empirically determined);

. Levels of carbon in different components of the marine ecosystem (modeled or empirically

determined carbon levels: biomass of carbon; dissolved organic or inorganic carbon;
suspended organic or inorganic carbon; buried particulate organic or inorganic carbon;

. Permanence of carbon sequestration measured as percentage of annual carbon turnover
from sediments;
. Net primary production.

4.3.3. Links to other NCPS
Climate affects all biological and physical process on Earth, so all NCPs are directly or indirectly
affected by climate regulation by ecosystems.

NCP2 - pollination: climate impacts the diversity and activity of pollinator communities, as well the
phenology of flowering plants, and may disrupt the interaction between flowering plants and
pollinators;

NCP3 — air quality: air humidity and circulation controls the concentration and deposition of dust
and particulate matters, which are the major causes of incident premature mortality caused
by outdoor air pollution (Lelieveld et al. 2015). BVOCs also affect local air quality;

NCP5 — ocean acidification: increased air temperatures and CO, concentration favor CO, absorption
by the ocean, which dissolves to form carbonic acid, the main driver of ocean acidification;

NCP6 — water quantity: climate regulate the amount, duration, frequency, and spatial distribution of
precipitation and ice melting, which directly impact the supply of water to people;

NCP7 — water quality: the amount, duration, frequency, and spatial distribution of precipitation also
influence siltation of watercourses by sediments brought by runoff, while temperature affects the
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activity of the aquatic biological community in charge of water purification or releasing toxic
compounds;

NCP8 - soils: precipitation and wind patterns impact soil erosion, while rainfall also influence the
production potential of soils through the regulation of the supply of water to plants;

NCP9 — hazards: the most common hazards (e.g. flooding, extreme droughts, hurricanes, extreme
snowstorms, landslides, wildfires, heat waves) are directly associated to climate;

NCP10 - pests: insect populations are affected by environmental conditions controlled by climate.
With climate change, the population of certain insects can be favored and the problems they cause
be amplified. There are several examples of pests outbreaks causing widespread mortality of
temperate tree species, and the increase of the frequency and magnitude of such phenomena in the
past few years has been attributed to climate change. Similarly, some disease vectors have
expanded their range as response to climate change;

NCP11 - energy —, NCP12 - food —, NCP13 — materials —, NCP14 — medicine: the development of all
organisms supplying energy, food, materials or medicine to humans, both in cultivated and in
natural ecosystems, rely on appropriate temperature and humidity conditions, which are controlled
by climate. If the Nature contribution to regulate climate is hampered, climate may change in a
detrimental way to production or managed systems. Energy production, in particular, has a big
impact on the emissions of greenhouse gases;

NCP15 - learning, NCP16 — experiences, NCP17 — identities: many human experiences are closely
linked with the environmental conditions in which human populations have developed for a long
time. For instance, several traditional and indigenous groups have rituals, ceremonies, and gods
associated to Nature cycles and phenomena, linked to the beginning of the rainy season (which is
also the sowing season), with extreme events such as hurricanes and droughts, and seasonal
variations in ecosystems, which are all controlled by climate and its interaction with the living world.

4.3.4. Indicators of NCP joint production

NCP Production Indicator/ Rationale/ justification for Data set Scale of Scale of
Function Proxy why we this indicator/ proxy Measure | measure -
was selected - space time
Climate CO; removal | Vegetation- | CO. exchange between (Baldocchi et al., 2001) global Past 40
regulation from the atmospher vegetation and atmosphere years
(vegetatio atmosphere | e CO? partly determine CO;
n) exchange atmospheric concentration
and CO; forcing on climate
COz2removal | Below-and | The increase of vegetation Saatchi et al. 2011; Tropical present
from the above- biomass relies on the Baccini et al. 2012 regions
atmosphere | ground absorption of atmospheric
biomass CO», the main greenhouse
stocks gas
Biophysical Leaf area LAl has a strong impact on (Fang et al., 2012) Global Past 40
feedback on | index CO: exchanges, years
climate evapotranspiration and
surface temperature
Biophysical Biomass CO; sequestration in biomass | (Panetal., 2011) Global Past 50
feedback on | changes contribute to the mitigation years
climate of atmospheric CO; rising
and CO; forcing on climate
Biophysical Remote Satellite-based data are (Swann et al., 2012; Regional Past 40
feedback on | sensing currently at the core of our Wright et al., 2017) to Global | years
climate understanding of the effect
of vegetation on land
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temperature surface and
precipitations

Biophysical Mechanisti Models allow quantify and (Zeng et al., 2017) global unlimited
feedbackon | c¢models disentangling effects of
climate vegetation on climate and
hydrological cycle
Vegetation Atmospheri | Allow quantifying the impact | (Wang et al., 2009) Local to Past 40
impact on c sounding of vegetation on the vertical Regional years
atmospheric distribution of physical
cloudiness properties of the
atmospheric column
Vegetation- Infiltrability | Infiltrability allows (Nyberg et al., 2012) Local Past 100
mediated quantifying the impact of years
enhanceme vegetation on infiltration and
nt of hydrological cycle
infiltration
Vegetation Air Knowledge of energy cycle (Ellison et al. 2016) Local to
mediated temperatur | impacts can help target global
temperature | e microclimatic cooling, as well
regulation Low-cost as precipitation-recycling
thermal effects.
imagery
Carbon sinks | Soil organic | Soil organic carbon is an (Conant et al. 2011) Agricultu
carbon important component of (Eyles et al. 2015) ral lands
carbon stocks in terrestrial and
ecosystems, which control Australia

the fluxes of CO; to the
atmosphere. Soil organic
carbon concentration are
determined in samples and
extrapolated in various ways
to represent a

larger geographic area

Biophysical Dust Dust aerosols may act as (Wang et al. 2017) Drylands
feedback on | emissions cloud or ice condensation
climate nuclei, which indirect

impacts on albedo, rainfall
patterns, and CO2 absorption
by marine phytoplankton

Avoided Net Net The use of biofuels instead of | (Hill et al. 2009) United 2005
emissions reductions greenhouse | fossil fuels can reduce the States
of gases net emissions of greenhouse
greenhouse emissions gases emissions
gases
emissions
Climate Direct Air—sea and | Proposed by Hattam et al. Air-sea flux (Takahashi Global Ref year
regulation measures sediment— 2015; et al. 2009) 2000
- oceans water Widely measured http.//cdiac.ornl.qgov/oc
(biologicall fluxes of eans/LDEO _Underway
y-linked) carbon and Database/air sea flux Global 1985-2013
CO2 2010.html coverage
where data
Upper ocean-sediment available

flux of organic carbon
(Le Moigne et al. 2013)
https.//doi.pangaea.de/
10.1594/PANGAEA.8097
17

(Bigg et al. 2003)

Air-sea Proposed by Hattam et al. (Bigg et al. 2003) Global
fluxes of 2015; (Bhatt et al. 20140
other Widely measured (Gildor & Follows 2002)
greenhouse
gases such
as dimethyl
sulfide
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Dissolved Proposed by Hattam et al.
organic 2015;
carbon; Widely measured
Suspended
organic
carbon
CO. COz removal by microalgae (Acién-Ferndndez et al. Global
removal 2012)
from
atmospher
e
Indirect Net Indicates community http://www.science.oreg | Global 2003
measures primary changes that may alter onstate.edu/ocean.prod onwards
production ecosystem productivity uctivity/index
World Ocean
Assessment, Chapter 6
Indirect Abundance | anaerobic methanotrophic (Hamdam and Wickland | Global
measures of sulfate Archaea oxidize CH4, a gas 2016)
reducing with high warming potential,
microorgan | to CO2 (~90% of biogenic
isms methane in
marine and coastal
environments is consumed
through
anaerobic oxidation)
Climate Indirect Abundance | Molecular analyses using (Pester et al. 2012) Wetlands
regulation measures of sulfate dsrAB (encoding subunit A (Hamdam and Wickland
- reducing and B of the dissimilatory 2016)
freshwater microorgan | (bi)sulfite reductase)
isms
Carbon sinks | Carbon (Kaynali et al. 2010) Wetlands
sequestrati
on

4.3.5. Trends in joint production

4.3.5.1. General (across all units of analysis)
Satellite data survey have highlighted a greening of the land surface for the past 30 years, as well as
a global increase of leaf area index (Zhu et al., 2016). Since leaf area index is a good proxy of the
many biophysical processes that influence climate regulation by terrestrial ecosystems (e.g.,
moisture recycling, carbon sequestration, changes in albedo, fluxes of biogenic compound gases), as
well of the land use changes impacting carbon stocking in terrestrial ecosystems, this is an evidence
that the contribution of Nature to regulate climate may have increased in the past years. This
greening of the Earth is in line with the increase in biomass stocks and growth observed in long-term
forest inventories (Boisvenue & Running, 2006; Pan et al., 2011), in spite of the ongoing decline of
forest cover in tropical regions (Keenan et al. 2015), and the enhancement of vegetation-
atmosphere CO; exchanges (Graven et al., 2013). This increased photosynthetic removal of CO, from
the atmosphere potentially impose a negative forcing on the climate system, mitigating climate
changes. However, the fundamental biological process that determine the terrestrial CO, budget and
atmospheric CO, concentration, photosynthesis and respiration, will both be affected by climate
changes (Friedlingstein et al., 2013), and saturation signs were recently observed (Nabuurs et al.,
2013; Brienen et al., 2015; Baccini et al., 2017) worldwide.

In spite of the enhancement of climate regulation by increased leaf area index globally, the
contribution of ecosystems to regulate climate has also decreased due to their destruction and
degradation. Tropical forests — the ecosystems with the largest carbon stocks on Earth - have
experienced a net loss of 5.5 M.ha.y! from 2010-2015, whereas sub-tropical regions have had a
modest gain of 0.089 M.ha.y!in the same period (Keenan et al. 2015). In addition, droughts
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mediated by climate changes have eroded the carbon stocks of remnant forests and compromised
their potential to act as a carbon sink to mitigate climate change (Anderegg et al. 2015; Brienen et al.
2015). Under drought conditions, tropical forests may become a source, rather than a sink, of CO; to
the atmosphere (Gatti et al. 2014).

Summary bullet list of NCP trends (your assessment and rationale, briefly):

o Trend (& why): Increasing in terrestrial ecosystems due to a greening of the land surface.

¢ Spatial variance (& why): High spatial variance across the world, caused by variations in the rates
of destruction/degradation and recovery of ecosystems and their inherent role and contribution
in regulating climate.

o Degree of certainty (& why): High variance of certainty; tropical forests’ destruction and droughts
have reduced their contribution to regulate climate, but temperate forests re-growth and global

increase of leaf area index have evidenced an increased contribution of other terrestrial

ecosystems.

Indicator

Trend During the last 50 years:
2 = Major increase (>20%)

1 = Increase (5% to 20%)

0 = No change (-5% to 5%)

-1 = Decrease (-20% to -5%)

-2 = Major decrease (< -20%)

Spatial variance

3=
oposite trends in different regions

2= same directional trends in differ
ent regions but of contrasting mag
nitude

1=
similar trends all over the world

Degree of certainty

Output of the co production
Concentration of greenhouse gases
in the atmosphere

-2

(COz atmospheric concentration— th
e major greenhouse gas - increased
by 30% in the last 70 years,

and other greenhouse gases have al
so increased (WMO 2016; IPCC
2014)

1

(the concentration of greenhouse g
ases

in the atmosphere have followed a
global pattern of increase, without s
ite-specific changes)

4
(Al IPCC reports and scientific paper
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Potential Nature’s Contributions
Prevented emissions and uptake of
greenhouse gases by ecosystems
-1

(Global biomass stocks of ecosyste
ms have declined remarkably in the
last decades (Erb et al.

2017). Although world’s forests hav
e represented a major sink of CO, (P
an et al. 2011) and global tree cover
increased 7.2% from 1982-2016
(Song et al. 2018), the area of
tropical forests — the terrestrial
ecosystems with the largest carbon
stocks — has continuosly declined
(Keenan et al. 2015; Song et al.
2018). However, carbon uptake by
remnant and recovering tropical
forests has compensated emissions
from deforestation, resulting in a
neutral contribution of tropical
forests to the global carbon cycle
(Mitchard 2018). On the other
hand,

methane and nitrous oxide emission
s have counterbalanced the cooling
effects of net

CO, uptake by terrestrial ecosystem
s (Tian et al. 2016).

3

(forests are the terrestrial ecosyste
ms with the largest carbon stocks,
and deforestation has shown high s
patial variation globally.

Forest cover have declined in
tropical regions, is stable in

boreal regions, increased slightly in
sub-tropical regions,

and increased consistently in tempe
rate regions (Keenan et al. 2015;
Song et al. 2018).

3

(Although there are several IPCC rep



4= Well established: Robust quantit
y and quality of evidence &
High level of agreement

3 = Established but incomplete:
Low quantity and quality of eviden
ce & High level of agreement

2= Unresolved: Robust quantity an
d quality of evidence &
Low level of agreement

1 = Inconclusive:

Low quantity and quality of eviden
ce & Low level of agreement

The two most important papers sup
porting the reported trend

4.3.5.2.

s demonstrating the increase of gre

enhouse gases concentration in the

atmosphere, using different method
ological approaches,

and its direct association to climate

change)

IPCC, 2014: Climate Change

2014: Synthesis Report. Contribution of
Working Groups I, Il and

11l to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Cha
nge [Core Writing Team,

R.K. Pachauri and L.A. Meyer (eds.)].
IPCC, Geneva, Switzerland, 151 pp.

World Meteorological Organization Gree
nhouse Gas Bulletin. The State of Green

house Gases

in the Atmosphere Based on Global Obs

ervations through 2016. 2017

By Units of Analysis
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orts and scientific papers demonstr

ating the negative impacts of habita
t destruction and other anthropoge

nic activities affecting ecosystems o
n greenhouse gases emissions, the c
ontributions of ecosystems to uptak
e these gases

and partially compensate emissions
is not yet well established)

Erb et al., 2017. Unexpectedly large
impact of forest management and
grazing on global vegetation biomass.
Nature 553, 73.

Keenan et al., 2015. Dynamics of global
forest area: Results from the FAO Global
Forest Resources Assessment 2015.
Forest Ecology and Management 352, 9-
20.

Mitchard, E.T.A. 2018. The tropical
forest carbon cycle and climate change.
Nature 559:527-53

Pan et al., 2011. A large and persistent
carbon sink in the world's forests.
Science 333, 988-993.

Song et al. 2018. Global land change
from 1982 to 2016. Nature

Tian et al., 2016. The terrestrial
biosphere as a net source of greenhouse
gases to the atmosphere. Nature 531,
225.

Direction of
arrow

Unit of Analysis

Rationale/ justification for why you think this trend is happening

1. Tropical and subtropical | Down

dry and humid forests

Tropical forests experienced a net loss of 5.5 M.ha.y* from 2010-2015,
but sub-tropical have had a modest gain of 0.089 M.ha.y*in the same
period (Keenan et al. 2015). Tropical and sub-tropical forests are, by far,
the terrestrial ecosystems with the largest carbon stocks, so their
destruction and degradation releases large amounts of greenhouse gases
to the atmosphere and reduce their potential to regulate climate.
Complementary, ecophysiology and biodiversity changes combined with
forest degradation by drought and fire, may further compromise the
contribution of the remaining tropical and subtropical forest cover to
mitigate climate change (Lewis 2006). Changes in land use from deep-
rooted, woody vegetation to pastures and crop fields reduce
evapotranspiration for precipitation recycling.

2. Temperate and boreal Up
forests and woodlands

Temperate regions have experienced forest transitions, with the ongoing
conversion of pasturelands and croplands to forests. Temperate forests
have experienced a net gain of 2.2 M ha y-1 of forests, but forest area has
been relatively stable in boreal regions (Keenan et al. 2015).
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Consequently, this unit of analysis has become a carbon sink and has
pushed down the atmospheric concentration of greenhouse gases
(Myneni et al. 2001).

3. Mediterranean forests,
woodland, and scrub

Up

Land abandonment and fire suppression have favored woody
encroachment in Mediterranean ecosystems, which have increased their
role as carbon sinks. However, climate change have increased the
magnitude of forest fires and the emissions of greenhouse gases.

4. Tundra and high
mountain habitats

Down

Climate change has caused the melting of permafrost, which can release
large amounts of carbon dioxide and methane to the air and reduce the
contribution of this unit of analysis to regulate climate (O’Connor et al.
2010). In addition, the reduction of the area permanently covered by ice
may impact the flow of humidity to certain regions and modify local
climates. However, tundra has greened in the Artic in the last 20 years,
which may have contributed to increase vegetation carbon stocks,
increase albedo and moisture recycling (Sitch et al. 2007)

5. Tropical and subtropical
savannahs and grasslands

Down

The widescale conversion of ecosystems in this unit of analysis to
agriculture and planted pastures, and potential increase in wild fires
caused by climate change, may erode carbon stocks. In addition, the
replacement of native, deep-rooted vegetation by cultivated plants
reduce the overall evapotranspiration and compromise moisture
recycling.

6. Temperate grasslands

Up

Temperature increase and management practices have increased the net
gain of carbon by these ecosystems (Chang et al. 2015).

7. Drylands and deserts

Down

Climate change has increased the aridity in this unit of analysis, which
exacerbate land degradation and desertification, with negative impacts
on vegetation and soil carbon stocks

(Huang et al. 2017)

8. Wetlands — peatlands,
mires, bogs

Down

These ecosystems have been widely drained for establishing cultivated
areas and infrastructure. When drained, soil organic matter
decomposition is enhanced and large amounts of CO; and CH4 are
release to the air, which reduce the contribution of these ecosystems to
regulate climate. Climate change has also promoted a higher emission of
CHazin wetlands (Limpens et al. 2008; O’Connor et al 2010).
Complementary, climate change and human disturbances have increased
the vulnerability of peat fires, which may convert wetlands into large
sources of greenhouse gases emissions to the atmosphere (Turestsky et
al. 2015).

9. Urban/semi-urban

Down

Urban and semi-urban regions are major sources of greenhouse gases
emissions, and the ongoing expansion of cities and the associated
demand for fossil fuels will likely worse climate change, in spite of the
efforts to reduce the dependency on fossil fuels.

10. Cultivated areas
(including cropping,
intensive livestock,

farming, etc.)

Down

Cultivated areas are expected to worse climate change due to the
increase in the global production of chicken, pork, and beef to meet the
tremendous rise of meat consumption globally (Fiala 2008), and the
intensification of agriculture, which has led to increased conversion of
natural ecosystems and use of fossil fuels and nitrogen fertilizers
(Newbold et al. 2016).

11. Cryosphere

Down

Positive feedback mechanisms may enhance climate change impacts on
cryosphere, which melting may led to its destabilization and consequent
larger impacts on the global climatic systems (Pravalie 2016).

12. Aquaculture areas

Down

The expansion and intensification of aquaculture globally have promoted
the destruction and degradation of natural ecosystems and increased the
inputs or organic matter and nutrients to water, and enhanced the
emissions of greenhouse gases by these production systems (Martinez-
Porchas et al. 2012).

13. Inland surface waters
and water bodies/
freshwater

Ongoing pollution, land use changes in watersheds, and establishment of
dams have degraded inland surface waters and water bodies and
increased their emissions of greenhouse gases (Tranvik et al 2009; Smith
et al. 2013). Large dam constructions for producing hydroelectrical
energy, especially in the tropics, have increased CHs emissions by
decomposition of submersed ecosystems (Fearnside et al. 2016)

14. Shelf ecosystems
(neritic and intertidal
zone, estuaries,
mangroves)

Down

Mangrove forests being destroyed by coastal degradation and climate
change, and this carbon sequestration declining (Heckbert et al. 2012)

15. Open ocean pelagic
systems

Up

Possible expanded range of nitrogen-fixing phytoplankton with warming
of the upper ocean; likely to be increased net primary productivity
implying enhanced carbon sequestration however this is uncertain.
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16. Deep-sea Up Possible expanded range of nitrogen-fixing phytoplankton with warming
of the upper ocean; likely to be increased net primary productivity
implying enhanced carbon sequestration; Net primary productivity is
likely to increase at least in the Arctic and Antarctic

4.4, Impacts on good quality of life
4.4.1. Different types of value

4.4.1.1. What s the NCP contribution
Climate influences all different components of people’s good quality of life, such as nutrition,
economy, vulnerability to diseases and natural disasters, water supply, and identity, so its regulation
by ecosystems plays an utmost role for human wellbeing. The contributions of ecosystems to climate
regulation are perceived at different scales. For instance, the benefits of trees and parks in providing
shading and fresher air in cities is easily perceived by people, whereas the benefits of tropical forest
conservation to mitigate global climate changes is now well recognized. Quality of life is affected in
different ways depending on the type of value considered. Climate change impacts are expected to
be greater in health and agriculture, specially in Africa and Asia (OCDE 2015).

Health: Climate regulation controls the frequency, magnitude and location of extreme climatic
events, like droughts, flooding, heat waves, and hurricanes, which have directly caused mortality,
morbidity, and health problems to people in all global regions, as well indirect health problems
associated to reduced food supply and restrictions in drinking water supply (Haines et al. 2006;
McMichael et al 2006). Acute weather events, which increasing severity and frequency have been
associated to climate changes (Berry 2006), are directly linked to health, like in the cases of thermal
stress caused by heatwaves and physical hazards to people caused by floods, storms, and fires
(McMichael et al., 2006). The increased severity and frequency of sub-acute adverse weather events
are also related to the dissemination of infectious diseases, especially those that are vector-borne.
The World Health Organization estimates that over 150,000 people per year have died in the last 30
years because of human-induced changes in temperature and precipitation (Patz et al. 2005).
Climate change may also affect mental health, by causing trauma in people and indirect impacts
resulted from the impairment of the physical health of vulnerable people and of community
wellbeing (Berry et al. 2009).

Economic: Extreme climatic events caused by climate malfunctioning has multiple impacts in
economy, including the destruction and deterioration of infrastructure (e.g., destruction of dam,
bridges, and buildings), negative consequences for services (e.g., flight delays, urban transportation),
but also and food availability due to effects on crop productivity (Wheeler and von Braun 2013) and
fisheries (Sumaila et al., 2011). There are several social costs associated to climate changes, like
those caused by health problems (Bosello et al. 2006), and increased costs to provide environmental
comfort to people. Finally, all economic activities are dependent someway on climate and are mostly
negatively affect by its anthropogenic modification. Evident examples of climate-dependent human
activities includes agriculture, hydro-energy, and natural resources management (Stern, 2013). For
example, warming caused by climate change have caused an annual loss of $5 billion per year of
barley, maize and wheat production (Lobell and Field 2007).

Socio-cultural (Learning, experience, and identity): Much of the experience and identities of people
in linked to climatic conditions and the ancient connection of societies activities with Nature cycles.
Climate change may disrupt this connection and force human migration and modifications in cultural
practices and events, which may compromise the spiritual and psychological experiences, sense of
home, and cultural identity. Extreme climatic events may also destroy sacred places and other
locations of religious or cultural importance to people. Climate change has also been one of the
major examples of the negative, widespread impacts of anthropogenic activities on Nature, and how
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it impacts human wellbeing. It has provided an important learning experience to humans and is now
disseminated in society.

4.4.1.2. How do we measure that value/contribution?
The contributions of climate regulation by Nature on people’s good quality of life have been
measured according to different metrics, in spite of the limitations to distinguish between the direct
contributions of ecosystems and those of other climate components on the benefits for human
wellbeing. The measurements have been mostly based on the economic losses resulted from
extreme climate events and less intense alterations in climatic patterns, like those affecting
agriculture production and diseases incidence in urban regions. Non-material impacts in human
thermal comfort and psychological perceptions, for instance, are more challenging to quantify, but
also important to measure.

Health: The health benefits of climate regulation can be measured according to the incidence of
human diseases promoted by climate change, the number of deaths and people with any kind of
illness caused by natural disasters associated to climate change, as well those associated to chronic
health problems resulted, for instance, from the intensification of pollution problems in cities
because of longer dry seasons (Confalonieri et al. 2007). Other ways of measuring the benefits of
climate regulation to human health is through the monitoring undernourishment and associated
diseases cases by reduced food availability resulted from extreme climate events (Wheeler and von
Braun 2013). Psychological impacts can also be measured by assessing acute anxiety disorders,
elevated rates of violence and aggression, rates of chronic mood disorders, and suicide ideation and
attempts (Berry 2009).

Economic: The aforementioned impacts in health can also be quantified in economic terms,
accounting for problems like the loss of labor productivity and additional costs with health care
(Bosello et al. 2006). In addition, extreme climatic events and natural disasters have caused well-
known impacts on infrastructure (Wilbanks et al. 2007). The negative economic impacts in the
production of agriculture, fisheries, hydro-energy, and products directly exploited from native
ecosystems can also be measured to assess the impacts of depleting the contribution of ecosystems
to regulate climate. Quantitative estimates of the economic damages of climate change usually are
based on aggregate relationships linking average temperature change to loss in gross domestic
product (GDP). However, there is a clear need for further detail in the regional and sectoral
dimensions of impact assessments to design and prioritize adaptation strategies (Ciscar et al. 2010).

Socio-cultural (Learning, experience, and identity): non-material impacts of climate change to people
can be measured by several methods employed in social sciences, like questionnaires, interviews,
and direct observations.

4.4.1.3. Substitutability
Humans have mainly seek to mitigate climate changes through the reduction of greenhouse gases
emissions and removal of these gases from the atmosphere. Although natural climate solutions,
through which the contribution of Nature to regulate climate is enhanced through human
interventions, provide unique cost-effective opportunities to mitigate climate (Griscom et al. 2017),
other climate engineering technologies have been suggested to substitute, or complement, the role
of ecosystems. Examples include ocean fertilization to increase marine primary productivity and
carbon sequestration (Markus and Ginzky 2011), use of technologies to direct removal of
atmospheric CO,, artificial creation of biochar, and enhanced weathering. The scalability of these
technologies is yet uncertain and the risks to biodiversity and threats to natural systems may
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prevent the use non-natural climate engineering approaches as substitutes for the role performed

by ecosystems.

4.4.2. Indicators of NCP impact

4.4.2.1. Indicators by value
Value type | Indicator/ Proxy | Rationale/ justification for | Data set Scale of Scale of
why we this indicator/ Measure — | measure
proxy was selected space - time
Health Number of Climate change has https://www. USA
deaths caused increased the frequency ncdc.noaa.gov
by extreme and magnitude of extreme | /climate-
climatic events climate events, which has information/e
caused natural disasters xtreme-events
and deaths
For flood:
http://www.d
artmouth.edu
/%7Efloods/Ar
chives/index.h
tml
Food security Food production braks http://climate-
and climate caused by climate change adapt.eea.eur
change opa.eu/metad
ata/publicatio
ns/ipcc-fifth-
assessment-
report-wgii-
chapter-7-
food-security-
and-food-
production-
systems
Number of Threats to food security htto://www.fq | Country Year;
undernourished | caused by extreme o.org/faostat 1961-
people droughts associate to en/#data/QC 2013
climate change
Economic Crop production | Global warming have Lobell and Global 1981-
breaks caused created unfavorable Field, 2007 2002
by climate conditions for growing (barley, maize
change food crops and wheat)
Economic Modelled impacts of http://www.o 2015-
impacts of climate change for ecd.org/env/t 2060
climate change agriculture, coastal zones, he-economic-
on specific some extreme events, consequences-
aspects of health and energy of-climate-
regional change-
economic 97892642354
activity, such as 10-en.htm
labour
productivity, the
supply of
production
factors such as
capital, and
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changes in the
structure of

demand
4.4.2.2. Trends by user group
User Group Direction Rationale/ justification for why you think this trend is
of arrow happening
Universal down In general, associated to the destruction and degradation of
natural ecosystems and their consequent potential to sequester
and stock carbon
Subsistence and down Subsistence and small-scale harvesting practices may be
small scale harvesting disrupted by climate change, which may cause abrupt declines in
fishing stocks, mortality of commercially valuable native species,
and drought-induced degradation of pastures and crop breaks
Commercial down The same as above, but the higher access to resources and
harvesting technology, like irrigation, fertilization, and pesticides, may
increase the capacity of this user group to face changes in
production systems
Industrial, down Higher costs with energy and infrastructure
commercial, and
service professional
Urban down Increased premature mortality and health problems, energy and
infrastructure costs, reduced food and water supply
Rural down The same as above, plus reduced revenues from agriculture
production
Impact of Output of Joint Production on Good Quality
of Life by Major Social Group
Indicator Negative impacts on economy, health, and socio-
cultural issues
Trend -2 (climate change has increased the frequency and
During the last 50 years: magnitude of extreme climate events and historical
2 = Major increase (>20%) climatic conditions in different regions, which has
1 = Increase (5% to 20%) caused natural disasters and deaths, and proliferation
0 = No change (-5% to 5%) of diseases; has caused agricultural production breaks,
-1 = Decrease (-20% to -5%) and causing all different types of negative
-2 = Major decrease (< -20%) consequences on economic development)
Variance across social groups 3 (overall, climate change has compromised
3 = opposite trends for different groups economies, people’s health and socio-cultural issues
2 = same directional trends for different groups |for most social groups, through different processes
but contrasting magnitudes depending on the group considered. However, climate
1 = similar trends for all social groups change has favored agriculture production in high
latitudes).
Spatial variance 3 (climate change has negatively affected people’s
3 = opposite trends in different regions quality of life in most global regions, especially in
2 = same directional trends in different regions |coastline, islands and drylands, but has improved the
but of contrasting magnitude conditions for agricultural production in high latitudes).
1 = similar trends all over the world
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Degree of certainty 4 (there are numerous specific papers, synthesis, and
4 = Well established: Robust quantity and quality |IPCC reports describing the negative impacts of climate
of evidence & High level of agreement change in the good quality of life)

3 = Established but incomplete: Low quantity
and quality of evidence & High level of
agreement

2 = Unresolved: Robust quantity and quality of
evidence & Low level of agreement

1 = Inconclusive: Low quantity and quality of
evidence & Low level of agreement

Two to five most important papers supporting |IPCC, 2014: Climate Change 2014: Synthesis Report.

the reported trend Contribution of Working Groups |, Il and Il to the Fifth
Assessment Report of the Intergovernmental Panel on
Climate Change [Core Writing Team, R.K. Pachauri and
L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.

4.5, Summary

4.5.1. Status
Nature plays an utmost role in regulating climate by stocking large amounts of carbon in the
biomass, soil and water of ecosystems, recycling water by maximizing through vegetation the flow of
water from soils to the atmosphere, and modifying irradiation reflectance from Earth by favoring
cloud formation through biogenic compounds and altering land albedo, can effectively contribute to
mitigate climate changes if protected from degradation and restored. The increase in the global leaf
area index evidences that the potential of terrestrial ecosystems to sequester carbon and increase
albedo is increasing, in spite of the still high destruction of the ecosystems with the highest carbon
stocks per unit of area — tropical forests. The increasing global demands for fiber, food and fuel have
threatened the contribution of Nature to regulate climate due to the conversion of carbon-rich, high
evapotranspiration ecosystems contributing to sequester carbon and recycle moisture to agricultural
areas, which usually have a reduced potential than natural ecosystems to regulate climate and has
contributed to climate change by increasing emissions of greenhouse gases by expanding meat
production and fossil fuel use.

4.5.2. Similarities and differences across Units of Analysis and across User Groups
Tropical and subtropical dry and humid forests, Tropical and subtropical savannahs and grasslands,
and Wetlands are the inland ecosystems with higher declines in their capacity to regulate climate
due to their ongoing destruction and degradation by human activities; cultivated areas will also have
their contribution reduced due to increased production of meat and use of fossil fuels in farming,
while coastal areas and oceans (UoA 14, 15, 16 and 17) will have their contribution impaired by
acidification. Cryosphere may also have their contribution impaired because of their ongoing
melting. On the other hand, forest transitions have transformed Temperate and boreal forests and
woodlands into large carbon sinks due to net gains in forest cover. Subsistence and small-scale
harvesting, and Commercial harvesting are the user groups receiving the higher impacts of the lower
levels of climate regulation by ecosystems, due to the potential disruption of subsistence and
commercial harvesting by climate change, which may cause abrupt declines in fishing stocks,
mortality of commercially valuable native species, and drought-induced degradation of pastures and
crop breaks.

102



NCP 13: Materials and assistance

4.6. Bibliography (only citations used in this review)

Alkama R, Cescatti A (2016) Biophysical climate impacts of recent changes in global forest cover.
Science 351:600-604

Baccini A et al. (2017) Tropical forests are a net carbon source based on aboveground measurements
of gain and loss. Science 358:230-234

Bagley JE et al. (2012) Effects of land cover change on moisture availability and potential crop yield
in the worlds breadbaskets. Environmental Research Letters 7

Baldocchi D et al. (2001) FLUXNET: A New Tool to Study the Temporal and Spatial Variability of
Ecosystem-Scale Carbon Dioxide, Water Vapor, and Energy Flux Densities. Bulletin of the
American Meteorological Society 82:2415-2434

Ban-Weiss GA et al. (2011) Climate forcing and response to idealized changes in surface latent and
sensible heat. Environmental Research Letters 6

Barbier EB (2012) Progress and challenges in valuing coastal and marine ecosystem services. Review
of Environmental Economics and Policy 6:1-19

Betts RA (2000) Offset of the potential carbon sink from boreal forestation by decreases in surface
albedo. Nature 408:187-190

Bohnke-Henrichs A et al. (2013) Typology and indicators of ecosystem services for marine spatial
planning and management. Journal of Environmental Management 130:135-145

Boisvenue C, Running SW (2006) Impacts of climate change on natural forest productivity - Evidence
since the middle of the 20th century. Global Change Biology 12:862-882

Bonan GB (2008a) Forests and Climate Change: Forcings, Feedbacks, and the Climate Benefits of
Forests. Science 320:1444-1449

Bonan GB (2008b) Forests and Climate Change: Forcings, Feedbacks, and the Climate Benefits of
Forests. Science 320:1444-1449

Brienen RIW et al. (2015) Long-term decline of the Amazon carbon sink. Nature 519:344-348

Chang, J.; Ciais, P.; Viovy, N.; Vuichard, N.; Herrero, M.; Havlik, P.; Wang, X.; Sultan, B.; Soussana, J-F.
2016. Effect of climate change, CO2 trends, nitrogen addition, and land-cover and management
intensity changes on the carbon balance of European grasslands. Global Change Biology
22:338-350.

Chapin FS et al. (2000) Arctic and boreal ecosystems of western North America as components of the
climate system. Global Change Biology 6:211-223

Ellison D et al. (2017) Trees, forests and water: Cool insights for a hot world. Global Environmental
Change 43:51-61

Erb, K.-H., Kastner, T., Plutzar, C., Bais, A.L.S., Carvalhais, N., Fetzel, T., Gingrich, S., Haberl, H., Lauk,
C., Niedertscheider, M., Pongratz, J., Thurner, M., Luyssaert, S., 2017. Unexpectedly large
impact of forest management and grazing on global vegetation biomass. Nature 553, 73.

Fan Y et al. (2017) Hydrologic regulation of plant rooting depth. Proceedings of the National
Academy of Sciences 114:201712381

Fang H, Wei S, Liang S (2012) Validation of MODIS and CYCLOPES LAI products using global field
measurement data. Remote Sensing of Environment 119:43-54

Fearnside, P.M. 2016. Greenhouse gas emissions from Brazil's Amazonian hydroelectric dams.
Environmental Research Letters, 10:124019.

Graven HD et al. (2013) Enhanced Seasonal Exchange of CO2 by Northern Ecosystems Since 1960.
Science 341:1085-1089

Hanewinkel M et al. (2012) Climate change may cause severe loss in the economic value of European
forest land. Nature Climate Change 3:203-207

Hattam C et al. (2015) Marine ecosystem services: Linking indicators to their classification. Ecological
Indicators 49:61-75

Heckbert S et al. (2011) Climate Regulation as a Service from Estuarine and Coastal Ecosystems. In:
Treatise on Estuarine and Coastal Science.Vol. 12 Elsevier pp. 199-216.

103



NCP 13: Materials and assistance

Heckbert S et al. (2012) Climate Regulation as a Service from Estuarine and Coastal Ecosystems.
Elsevier Inc.

Heiblum RH, Koren I, Feingold G (2014) On the link between Amazonian forest properties and
shallow cumulus cloud fields. Atmospheric Chemistry and Physics 14:6063-6074

Henson S et al. (2013) The impact of global warming on seasonality of ocean primary production.
Biogeosciences 10:4357-4369

Hesslerova P et al. (2013) Daily dynamics of radiation surface temperature of different land cover
types in a temperate cultural landscape: Consequences for the local climate. Ecological
Engineering 54:145-154

Johnson BJ, Lovelock CE, Herr D (2016) Climate Regulation: Salt Marshes and Blue Carbon. In: The
wetland book. Finlayson, CM et al., editors. Springer, Dordrecht, Netherlands pp. 1-12.

Keys PW et al. (2012) Analyzing precipitationsheds to understand the vulnerability of rainfall
dependent regions. Biogeosciences 9:733—-746

Keys PW, Wang-Erlandsson L, Gordon LJ (2016) Revealing invisible water: moisture recycling as an
ecosystem service Bilotta, GS, editor. PLOS ONE 11:e0151993

Lawrence D, Vandecar K (2015) Effects of tropical deforestation on climate and agriculture. Nature
Climate Change 5:27-36

Lee X et al. (2011) Observed increase in local cooling effect of deforestation at higher latitudes.
Nature 479:384-387

Li Y et al. (2015) Local cooling and warming effects of forests based on satellite observations. Nature
Communications 6:1-8

Liu Z, Dreybrodt W, Liu H (2011) Atmospheric CO2 sink: Silicate weathering or carbonate
weathering? Applied Geochemistry 26:5292-5294

Lovelock JE, Kump LR (1994) Failure of climate regulation in a geophysiological model. Nature
369:732-734

Luyssaert S et al. (2014) Land management and land-cover change have impacts of similar
magnitude on surface temperature. Nature Climate Change 4:389-393

Maes WH et al. (2011) Does energy dissipation increase with ecosystem succession? Testing the
ecosystem exergy theory combining theoretical simulations and thermal remote sensing
observations. Ecological Modelling 222:3917-3941

Markus T, Ginzky H (2011) Regulating climate engineering: paradigmatic aspects of the regulation of
ocean fertilization. Carbon & Climate Law Review 5:477-490

Martinez-Porchas, M.; Martinez-Cordova, L.R. 2012. World aquaculture: Environmental impacts and
troubleshooting alternatives. Scientific World Journal, 389623.

Meijaard E et al. (2013) People’s Perceptions about the Importance of Forests on Borneo. PLoS ONE
8

Myneni, R.B.; Dong, J.; Tucker, C.J.; Kaufmann, R.K.; Kauppi, P.E.; Liski, J.; Zhou, L.; Alexeyev, V.;
Hughes, M.K. 2001. A large carbon sink in the woody biomass of Northern forests. Proceedings
of the National Academy of Sciences of the United States of America, 98:14784-14789.

Le Moigne FAC et al. (2013) Global database of surface ocean particulate organic carbon export
fluxes diagnosed from the 234Th technique. Earth System Science Data 5:295-304

Montenegro A et al. (2009) The net carbon drawdown of small scale afforestation from satellite
observations. Global and Planetary Change 69:195-204

Moran XAG et al. (2010) Increasing importance of small phytoplankton in a warmer ocean. Global
Change Biology 16:1137-1144

Nabuurs GJ et al. (2013) First signs of carbon sink saturation in European forest biomass. Nature
Climate Change 3:792-796

Naudts K et al. (2016) Europes forest management did not mitigate climate warming. Science
351:597-600

Nyberg G et al. (2012) Soil property changes over a 120-yr chronosequence from forest to
agriculture in western Kenya. Hydrology and Earth System Sciences 16:2085-2094

104



NCP 13: Materials and assistance

Pan Y et al. (2011) A Large and Persistent Carbon Sink in the World’s Forests. Science 333:988-993

Pokorny J et al. (2010) Solar energy dissipation and temperature control by water and plants.
International Journal of Water 5:311

Poloczanska ES et al. (2013) Global imprint of climate change on marine life. Nature Climate Change
3:919-925

Le Quéré C et al. (2009) Trends in the sources and sinks of carbon dioxide. Nature Geoscience 2:831—
836

Quinn P et al. (2015) Do primary marine aerosol organics play a role in the biological regulation of
climate? American Geophysical Union, Fall Meeting abstract #A42D-01

Quinn PK, Bates TS (2011) The case against climate regulation via oceanic phytoplankton sulphur
emissions. Nature 480:51-56

Sabajo CR et al. (2017) Expansion of oil palm and other cash crops causes an increase of the land
surface temperature in the Jambi province in Indonesia. Biogeosciences 14:4619-4635

Sodhi NS et al. (2010) Local people value environmental services provided by forested parks.
Biodiversity and Conservation 19:1175-1188

Spracklen D V, Bonn B, Carslaw KS (2008) Boreal forests, aerosols and the impacts on clouds and
climate. Philosophical Transactions of the Royal Society A: Mathematical, Physical and
Engineering Sciences 366:4613-4626

Swann ALS, Fung Y, Chiang JCH (2012) Mid-latitude afforestation shifts general circulation and
tropical precipitation. Proceedings of the National Academy of Sciences 109:712-716

Takahashi T et al. (2009) Climatological mean and decadal change in surface ocean pC0O2, and net
sea-air CO2 flux over the global oceans. Deep-Sea Research Part II: Topical Studies in
Oceanography 56:554-577

Tian, H., Lu, C., Ciais, P., Michalak, A.M., Canadell, J.G., Saikawa, E., Huntzinger, D.N., Gurney, K.R.,
Sitch, S., Zhang, B., Yang, J., Bousquet, P., Bruhwiler, L., Chen, G., Dlugokencky, E.,
Friedlingstein, P., Melillo, J., Pan, S., Poulter, B., Prinn, R., Saunois, M., Schwalm, C.R., Wofsy,
S.C., 2016. The terrestrial biosphere as a net source of greenhouse gases to the atmosphere.
Nature 531, 225.

Turetsky, M.R.; Benscoter, B.; Page, S.; Rein, G.; van der Werf, G.R.; Watts, A. 2015. Global
vulnerability of peatlands to fire and carbon loss. Nature Geoscience 8:11-14.

Url S, Archive TJ, Archive T (2008) No Title. 215:1498-1501

De Vrese P, Hagemann S, Claussen M (2016) Asian irrigation, African rain: Remote impacts of
irrigation. Geophysical Research Letters 43:3737-3745

Wang J et al. (2009) Impact of deforestation in the Amazon basin on cloud climatology. Proceedings
of the National Academy of Sciences 106:3670-3674

World Meteorological Organization Greenhouse Gas Bulletin. The State of Greenhouse Gases in the
Atmosphere Based on Global Observations through 2016. 2017

Wright JS et al. (2017) Rainforest-initiated wet season onset over the southern Amazon. Proceedings
of the National Academy of Sciences 114:8481-8486

Zeng Z et al. (2017) Climate mitigation from vegetation biophysical feedbacks during the past three
decades. Nature Climate Change 7:432-436

Zhu Z et al. (2016) Greening of the Earth and its drivers. Nature Climate Change 6:791-795
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Database: Web of Knowledge.

Search strings:

(1) (“climate” OR emission*) AND (“greenhouse gas*” OR “biological carbon” OR methane OR
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(2) (“climate” OR emission*) AND (“greenhouse gas*” OR “biological carbon” OR methane OR
“surface roughness” OR “long-wave radiation” OR evapotranspiration OR “moisture-recycling” OR
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5. NCP 5 - Regulation of ocean pH/acidification

Prepared by Ute Jacob and Lynne Shannon

5.1. IPBES Definition:
Regulation, by photosynthetic organisms (on land or in water), of atmospheric CO, concentrations
and so seawater pH, which affects associated calcification processes by many marine organisms
important to humans (such as corals and shellfish).

5.2. Why is this NCP important?

5.2.1. What is the big environmental issue this pertains to?

Ocean acidification inhibits calcification processes critical to many marine organisms important to
humans and ocean food chains. Increases in atmospheric CO2 drive this.

The addition of CO; to the ocean is already causing a rise in acidity, which will have an increasing
negative effect on the structure and functioning of marine ecosystems (Jeffree 2009). Ocean
acidification is impacting marine ecosystems through a variety of pathways. Differing sensitivities in
ecophysiological performance traits will result in ecological winners and losers, as well as temporal
and spatial shifts in trophic interactions between species (e.g., shifts in the timing of zooplankton
development relative to food availability; Pértner and Farell 2008), leading to changes in food web
interactions. There may also be changes in habitat quality and in other ecological processes. Many of
the physiological changes from ocean acidification are expected to affect important functional
groups of species. Such changes will most likely lead to cascading impacts in the composition,
structure, and function of marine ecosystems.

The resulting acidification of the ocean is occurring at different rates across marine ecosystems, but
is generally decreasing the levels of calcium carbonate dissolved in seawater, thus lowering the
availability of carbonate ions, which are needed for the formation by marine species of shells and
skeletons.

Ocean acidification will impact all areas of the ocean, from the deep sea to coastal estuaries (Feely et
al. 2010), with potentially wide-ranging impacts on marine ecosystem structure and functioning
(Doney et al. 2009). The average pH of ocean surface waters has decreased by about 0.1 unit—from
about 8.2 to 8.1—since the beginning of the industrial revolution, with model projections showing
an additional 0.2-0.3 drop by the end of the century (Caldeira and Wicket 2003). A meta-analysis
conducted by Kroeker et al. (2013) revealed reductions in survival, calcification, growth,
development, and abundance in response to ocean acidification across a broad range of marine
organisms. This suggests that the effect of ocean acidification will be widespread across marine
ecosystems. Especially heavily calcified organisms, including calcified algae, corals, mollusks, and the
larval stages of echinoderms, are the most negatively impacted, which will lead to feed back loops
across the entire ecosystem structure.
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Ocean acidification is causing rapid reductions in calcium carbonate availability with implications for
many marine organisms. It is likely that although some species will be tolerant, it will impact many
marine organisms and ecosystem processes, including composition of communities and food webs
and nature’s benefits to people. For example, shellfish exhibit a negative response to ocean
acidification, which threatens the economic benefit of this seafood. In addition to this negative
effect on shellfish provisioning, ocean acidification also negatively impacts the aesthetic benefits of
coral reefs and the associated ecotourism opportunities. Marine ecosystems under the stress of
ocean acidification may become less resilient to other drivers of change, including extreme weather,
nutrient pollution, or overfishing, becoming less able to recover from these types of challenges.

5.2.2. How does this NCP play a role?
- Ocean acidification will continue at a rate never encountered in the past 55 Myr
- Future ocean acidification depends on emission pathways
- The legacy of historical fossil fuel emissions on ocean acidification will be felt for centuries
- Ocean acidification will adversely affect calcification
- Ocean acidification will change the composition of marine communities
- Ocean acidification will impact food webs and higher trophic levels
- Ocean acidification will have biogeochemical consequences at the global scale

5.3. Co- production

5.3.1. How is this NCP produced?

The future magnitude of ocean acidification will be very closely linked to atmospheric CO,; it will,
therefore, depend on the success of emission reduction. Increasing CO, concentrations are expected
to enhance rather than decrease the growth of photosynthetic organisms and the production of
organic matter in the ocean and therefore enhance pH regulation. But this effect is generally modest
and will most likely not balance the increasing CO, concentrations (Williamson & Turley 2012).

Dense seaweed beds and kelp forests represent productivity hot-spots with associated high pH when
photosynthesis reduces CO, concentrations (Duarte 2017). They may play a role in protecting
calcifiers from projected ocean acidification.

Seaweed farms are similarly reported to support high marine biodiversity. The capacity of seaweed
aquaculture to affect pH and provide refugia for marine organisms with shells comprised of calcium
carbonate (these organisms are termed calcifiers and include corals, crustaceans and several
molluscs) depend also on currents and increases where the farms are located in coastal
environments.

With warming of the upper ocean, the geographical range of nitrogen-fixing phytoplankton is likely
to expand, so that net primary productivity may increase but the phytoplankton community may be
comprised of a larger proportion of small-celled phytoplankton (Moran et al., 2010, Duarte 2017).

Summary of how this NCP is produced:

e Direct: Sequestering of CO; by aquatic vegetation reduces ocean acidification locally

e Direct: Conversion of bicarbonate to carbonate by marine organisms to build shells produces
hydrogen ions, increasing ocean acidification locally.
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5.3.2. How is co production of this NCP measured?

Measurements may be direct (observed, in situ) or modelled:

e Direct measures of regulation of ocean acidification include: diurnal changes in ocean pH linked
to plants; plant biomass (CO, uptake); carbonate formation and hydrogen ion release (estimate
based on number of shells)

o Model-based estimates of impacts of regulation of ocean acidification on marine biota carbon
sequestration

Atmospheric carbon dioxide (CO,) concentration has increased by 42% since the onset of the

industrial revolution due to emissions from fossil fuel burning, cement production and land-use

change. Declines in surface ocean pH due to ocean acidification are already detectable and
accelerating. Measurements gathered at biogeochemical time-series sites around the world reveal
similar decreasing trends in ocean pH (reductions between 0.0015 and 0.0024 pH units per year),
but datasets are only available for the last few decades. Under most emission scenarios, Earth
system models project an acceleration in acidification at least until mid-century. When forced by the
latest scenarios from work of IPCC, simulations indicated that reductions in surface pH will depend
almost solely on the atmospheric CO, concentration, and thus on global efforts to reduce
atmospheric CO,. Enhanced ocean CO; uptake alters the marine carbonate system, which controls
seawater acidity. As CO; dissolves in seawater it forms carbonic acid (H,COs), a weak acid that
dissociates into bicarbonate (HCOs’) and hydrogen ions (H+). Increased H+ means increased acidity

(lower pH). The rate of the ocean’s acidification is slowed by the presence of COs*, which binds up

most of the newly formed H+, forming bicarbonate. However, that buffering reaction

consumes CO3%, reducing the chemical capacity of the near-surface ocean to take up more CO,.

Currently, that capacity is only 70% of that at the start of the industrial era. It is anticipated that this

buffering capacity will be further reduced to only 20% by the end of the century.

Indicators of pH regulation by the ocean include the following:

e pH: (lower pH = more acidic)

e Air—sea and sediment—water fluxes of carbon and CO, (modelled or empirically determined);
units: mg C.m2.d?, mg CO,.m2.d*

e Levels of carbon in different components of the marine ecosystem (modelled or empirically
determined carbon levels: biomass of carbon (units: g.m™); dissolved organic or inorganic carbon
(units: mg C.m?3); suspended organic or inorganic carbon (units: mg C.m?3);

e Net primary production (units: mgC.m™2.day™?).;

e Atmospheric levels of CO2.

5.3.3. Links to other NCPS

NCP4 - climate — The regulation of ocean acidification is directly driven by: atmospheric CO,; NCPs
that promote vegetation growth and therefore reduction in atmospheric CO, reduce ocean
acidification:

Local impacts to ecosystem caused by coastal source water:
NCP6 — water quantity
NCP7 - water quality

Production of these NCPs may impact atmospheric CO,/NCP4-climate; marine production of these

NCPs will likely be affected by the regulation of ocean acidification:
NCP9 — hazards (coastal protection)
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NCP11 - energy
NCP12 - food -Shellfish availability may decline under ocean acidification as a result of the uptake of
atmospheric CO, (B6hnke-Henrichs et al. 2013)
NCP13 — materials
NCP14 - medicine
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Regulation of ocean acidification affects marine habitats that may be important for:
NCP15 - learning
NCP16 — experiences
NCP17 - identities

5.3.4. Indicators of NCP joint production

NCP Production Indicator/ Rationale/ justification for why | Data set Scale of Scale of
Function Proxy this indicator/ proxy was Measure | measure -
selected —space time

Plants absorb | Extent of http://www.scie Global 2003 onwards
COz thereby marine nce.oregonstate.
offsetting vegetation, edu/ocean.prod
ocean e.g. net uctivity/index
acidification primary Measure of regulation potential
locally at production of ocean acidification through World Ocean
least and seaweed absorption of CO/ carbon Assessment

aquaculture sequestration Chapter 6 Figure

1

Calcification Extent of Mitigation measure
releases H+ marine

calcification

5.3.5. Trends in Co Production

5.3.5.1. General (across all units of analysis)

Ocean acidification represents a threat to marine species worldwide, and forecasting the ecological
impacts of acidification is a high priority for science, management, and policy. A major challenge of
the current century is to ensure a sustainable provision of essential NCPs. Whilst there may be local
actions to limit acidification from local sources, the root cause of ocean acidification, namely
atmospheric CO, emissions, is a global issue requiring global action.

Global oceans absorb significant portions of CO; emissions from human activities, equivalent to
~93% of the extra energy arising from anthropogenic greenhouse gas emissions, resulting in an
increase in average global sea surface temperatures that approaches 1°C (0.89 °C over the period
1901-2012; IPCC, 2013). The ocean has also taken up ~30% of anthropogenic carbon dioxide that
has been released into the atmosphere, decreasing ocean pH, and fundamentally changing ocean
carbonate chemistry in all regions (IPCC, 2013). Ocean acidification is a rapidly increasing global
problem that intensifies with continued CO, emissions and has the potential to change the structure
and function of marine ecosystems and alter availability of various NCPs. Despite decades of
empirical research into how individual stressors of global change (i.e., temperature, CO,, dissolved
oxygen levels) affect marine organisms and alter the structure and function of marine ecosystems,
we still know little about the synergetic effects of these stressors and their impact on marine
biodiversity and ecosystem services (Kelly et al. 2011; Hoegh-Guldberg et al., 2014; Pértner et al.,
2014).
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Mitigation measures:
Promoting seaweed aquaculture

Seaweed aquaculture might function as a tool for climate change mitigation and adaptation. The
growing seaweed aquaculture industry is already delivering these benefits, which have not been
properly accounted for nor have been credited to seaweed farmers. Because of the very low
investment required to set up seaweed aquaculture farms, seaweed aquaculture is a particularly
sound strategy for coastal developing nations to contribute to climate change mitigation while
protecting their shoreline and marine ecosystems from some of the effects of climate change, such
as ocean acidification and ocean de-oxygenation. Constraints for the expansion of the climate
mitigation and adaptation benefits associated with seaweed aquaculture are multiple. In the case of
China, the main challenges are competition for suitable space with other uses/users and the
maintenance of a sufficient profit margin to continue to engage farmers. More generically, the
constraints involve physical constraints, such as the availability of suitable areas; regulatory
constraints, such as the requirements for concessions for seaweed aquaculture; marine spatial
planning constraints, such as competition for space with other marine-based activities; and market
constraints, such as the existence of demand for seaweed aquaculture products, necessary to
maintain a profit margin that may motivate prospective farmers to engage. Promoting seaweed
aquaculture as a component of climate change mitigation and adaptation strategies requires that all
four dimensions of the social-ecological system that supports seaweed aquaculture (Broitman et al.,
2017) be addressed: (1) biological productivity to enhance carbon capture, (2) environment
constraints to the expansion of seaweed aquaculture, (3) policy tools that enable seaweed
aquaculture, and (4) manage societal preferences and markets demands for seaweed products.
Maintaining a market price that encourages seaweed farmers to engage and implement design
improvements to maximize climate services delivered by the farm, requires that markets diversify to
increase the demand for seaweed products. Subsidizing farmers, either directly or indirectly through
tax abatement, for farms credited as blue carbon seaweed farms may further increase engagement
with this strategy. While the contribution of seaweed aquaculture to climate change mitigation and
adaptation will remain globally modest, it may be substantial in developing coastal nations and will
provide add-on value to the societal benefits derived from seaweed aquaculture.

Reducing Marine Pollution

In areas with high levels of local pollution (e.g., bays and estuaries), mitigation of these local sources
of pollution may help offset some of the local pH change. However, local-scale mitigating is likely to
have only local-scale effects.,

Summary of NCP trends:

e Trend: declining due to global warming and continuing CO, emissions

Spatial variance: variable, with some hotspots (Mangroves, marshes, seagrass)
Degree of certainty: not certain

Outputs Potential Nature’s
Contributions

Indicator Air-sea and sediment—water |Extent of marine vegetation:
fluxes of carbon and CO2 net primary production
seaweed aquaculture
Extent of marine calcification
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Trend During the last 50 years:
2 = Major increase (>20%)

1 = Increase (5% to 20%)

0 = No change (-5% to 5%)

-1 = Decrease (-20% to -5%)

-2 = Major decrease (< -20%)

Spatial variance

3 = opposite trends in different regions
2 = same directional trends in different
regions but of contrasting magnitude

-1 (fluxes have increased
therefore ability of the ocean
to regulate acidification has
declined)

-2

2
(variable with some hotspots)

3
2
Physical impacts associated

1 = similar trends all over the world 1 with farming structures and
farm operations, alteration of
coastal habitat diminishes or
changes the regulation
capacity of ocean acidification

Degree of certainty

4 = Well established: Robust quantity and 4 2

quality of evidence & High level of 2

agreement 3

3 = Established but incomplete: Low
guantity and quality of evidence & High
level of agreement

2 = Unresolved: Robust quantity and quality
of evidence & Low level of agreement

1 = Inconclusive: Low quantity and quality of
evidence & Low level of agreement

5.3.5.2.

By Units of Analysis

12. Aquaculture areas

Physical impacts associated with aquaculture structures and operations,
and alteration of coastal habitat diminishes or changes the regulation

Luc? capacity of ocean acidification

Management: More
intensive

14. Shelf ecosystems
(neritic and intertidal
zone, estuaries,
mangroves)

Luc?

Dense seaweed beds and kelp forests represent productivity hot-spots
with associated high pH when photosynthesis reduces CO.
concentrations (Duarte 2017). They may play a role in protecting
calcifiers from projected ocean acidification.

15. Open ocean pelagic
systems

Open pelagic systems show CO; values three times higher than the
current global mean (1200 versus ~400 patm; Harris et al. 2013), and
conditions corrosive to calcified marine organisms have increased in
frequency, severity, duration, and spatial extent due to anthropogenic
CO: rise. However, increase predicted primary productivity with global
warming will help to buffer ocean acidification.

16. Deep-sea

Acidification of the deep sea will occur more slowly than in surface
seawater. But its ecological effects may nonetheless be severe because of
the assumed greater sensitivity of the deep-sea biodiversity.

17. Coastal areas
intensively managed and
multiply used by people

Coastal areas intensively used by people are impacted by freshwater
inputs, pollutants, and soil erosion, which lead to an increased
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acidification of coastal waters at substantially higher rates than by
atmospheric CO2 alone. These non-atmospheric inputs can’t be buffered.

5.4. Impacts on good quality of life
5.4.1. Different types of value

5.4.1.1. What is the NCP contribution

The ocean provides food and livelihoods for millions of people and subsequently contributes to good
quality of life. Its coastal ecosystems, such as coral reefs, mangroves, salt marshes, seagrass and kelp
beds, protect shorelines and also store carbon. The substantial alteration in basic ocean chemistry
associated with future ocean acidification is likely to have wide implications for life in the ocean,
with socio-economic consequences, including for food security.

For example, tropical coral reef ecosystems provide food, income, and coastal protection for around
500 million people throughout tropical coastal zones. The annual economic damage of ocean-
acidification-induced coral reef loss by 2100 has been estimated to be US$500 to 870 billion
depending on the level of CO2 emissions scenarios (Brander et al. 2009) and the corresponding
global economic loss of shellfish production due to ocean acidification is estimated to be US$6-10
billion USS per year (Narita et al. 2012).

Ocean acidification is especially problematic for corals and shellfish, because it prevents them from
properly developing their skeletons and shells. Shrinking coral reefs could dent eco-tourism revenue
in some coastal areas.

Polar, subpolar, and deep-sea ecosystems and shallow productive seas including those associated
with upwelling of CO»-rich seawater are also at risk as ocean acidification will be most severe there.
Ocean acidification is not the only climate related threat to the oceans, with ocean warming and
oxygen loss also of great concern.

In summary, world fisheries already face multiple challenges but some are now further subject to
the combined global scale stressors of ocean acidification, warming and de-oxygenation.

5.4.1.2. How do we measure that value/contribution?
Methods of measuring this NCP impact

e MUCH easier to find value of shellfish landed then to find impact of regulation of ocean
acidification on shellfish

e Biophysical measures —amount of food generated

o Health measures — nutritional impact

e Economic methods- value of food created, income generated from food products, travel cost
studies of recreation

e Sociological methods — interviews about importance of various organisms to place, identity,
learning

5.4.1.3. Substitutability
e Final replacement — reduce CO, emissions into the atmosphere so that regulation of ocean
acidification is unnecessary
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e Process equivalent: Geo-engineering approaches to reducing CO; in seawater, changing PH of
seawater

- Climate engineering: technology may partially substitute ocean-based carbon capture and storage,
although nowhere near the scale that the ocean provides for climate regulation.

- Sequestering carbon on the ocean floor by fertilizing certain ocean regions with iron will lead to
rises in primary productivity (Pollard et al. 2009). The resulting phytoplankton blooms produce more
carbon-containing molecules which then travel through the food web (carbon flux) and sink down to
be sequestered on the sea floor.

- The addition of powdered limestone to ocean water will lead to a reaction with CO; and form
bicarbonate (Rau and Caldiera 1999; Harvey 2008). This would neutralize the acidity of the added
carbon dioxide, as well as push the oceanic carbon equation towards carbonic acid and allow for
more calcium carbonate to stay undissolved in the shells of calcifying species.

Important caveat: Addition of limestone or iron fertilization might prove to replace or enhance this
NCP but will have profound effects on ocean biochemistry and biology.

Human Mitigation measures

1. Ensure that precipitation runoff and associated pollutants (which can increase acidification) are
monitored and limited

2. Control coastal erosion as a classic function by reducing nutrient and sediment loading of water
and protecting the physical integrity of the habitat itself.

3. Manage land-use changes through local and regional planning, zoning, and permitting policies can
reduce direct and indirect (e.g., deforestation) CO, emissions, runoff, and other threats

4. Promote seaweed aquaculture (see section 3.3.1)

5. Reduce atmospheric CO,.

5.4.1.4. Status and Trends in impact (value)

The oceans have absorbed about 28 percent of the carbon dioxide produced by humans globally
over the last 250 years (Sabine et al. 2004). This increased carbon dioxide makes the oceans more
acidic (reduces the pH), and carbon dioxide emissions are still rising. Globally, pH has declined about
0.1 pH units, or an increase in acidity of about 30 percent (Feely et al. 2009).

In marine ecosystems, marshes, mangroves, and seagrass meadows take up CO, from seawater.
These marine environments can store a large amount of carbon and may help offset ocean
acidification locally. Carbon stored in coastal environments like marshes, mangroves and seagrass
meadows is called “blue carbon”. This “blue carbon” is locked into organic matter that can be
preserved for a long time. Current research is continuing on how much carbon these systems can
store and especially mangroves and seagrass beds are natural hot spots for carbon sequestration.
“Blue carbon” may represent a way of offsetting some amount of ocean acidification locally. There
are initiatives to protect ‘blue carbon’ stores in coastal ecosystems such as tidal salt marshes,
mangroves and seagrass meadows, which store large amounts of organic carbon (Kennedy et al.
2010). The current knowledge of these ‘blue carbon’ stores are less advanced than for terrestrial
systems (Duarte et al. 2011) but C stores of mangroves and seagrass meadows have been estimated
at 1,023 MgC hal(Donato et al. 2011) and 139.7 MgC ha'?, (Fourqurean et al. 2012), and the carbon
burial in seagrass meadows is between 48 and 112 Tg yr ™.
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The future magnitude of ocean acidification as well as its mitigation will be very closely linked to
atmospheric CO3; it will depend on the success of emission reduction, and could also be constrained
by geo-engineering based on most CDR techniques (Joos et al. 2011). Improving our understanding
of direct temperature effects in marine ecosystems (e.g., via metabolic processes) will improve our
predictions (modelled) of likely changes and spatial variability in marine primary production
(Taucher and Oschlies 2011), which will have implications for the ocean's ability to regulate ocean
acidification.

5.4.2. Indicators of NCP impact

5.4.2.1. Indicators by value

Value type Indicator/ Rationale/ justification for why Data set Scale of Scale of
Proxy we this indicator/ proxy was Measure — measure
selected space - time
Value type A There’s good evidence? It’s the URL, citation

easiest? We have the data? The
data time series is long enough?
Food Changes in food (especially FAO database global annual
shellfish production) due to

regulation of ocean acidification

Income
Coastal Extent of Coral | Focusing on reefs adjacent to km? Annual-
Protection Reefs human settlements. decadal
Recreation Extent of Coral | Focusing on reefs with high km? Annual-
Reefs visitation rates or possibility decadal
Identity
5.4.2.2. Trends by user group
Impact of Output of Joint Production on Good Quality of Life by Major
Social Group
Indicator Change in seafood availability due to regulation of ocean acidification
Extent of coral reefs -impacts on the well-being of coastal communities
Extent of coral reefs -impacts on the ecotourism industry
Trend -2
During the last 50 years: Shell fish availability has declined under ocean acidification as a result of the
2 = Major increase (>20%) uptake of atmospheric CO, (B6hnke-Henrichs et al. 2013)
1 = Increase (5% to 20%)
0 = No change (-5% to 5%) -2
-1 = Decrease (-20% to -5%) Tropical coral reef ecosystems provide food, income, and coastal protection
-2 = Major decrease (< -20%) for around 500 million people throughout tropical coastal zones.
-2
The annual economic damage of ocean-acidification-induced coral reef loss
by 2100 has been estimated to be US$500 to 870 billion depending on the
level of CO; emissions scenarios (Brander et al. 2009).
Variance across user groups 2
3 = opposite trends for different groups
2 = same directional trends for different groups but 2
contrasting magnitudes
1 = similar trends for all social groups 2
Spatial variance 1
3 = opposite trends in different regions
2 = same directional trends in different regions but of 1
contrasting magnitude
1 =similar trends all over the world 1

119



NCP 13: Materials and assistance

Degree of certainty 3
4 = Well established: Robust quantity and quality of
evidence & High level of agreement 3
3 = Established but incomplete: Low quantity and quality
of evidence & High level of agreement 3

2 = Unresolved: Robust quantity and quality of evidence
& Low level of agreement

1 = Inconclusive: Low quantity and quality of evidence &
Low level of agreement

Two to five most important papers supporting the B&hnke-Henrichs et al. 2013
reported trend Brander et al. 2009
5.5. Summary

5.5.1. Status
Ocean acidification, which affects the carbonate chemistry of the ocean, is directly caused by greater
atmospheric emissions of carbon dioxide (CO,). These emissions have increased over the last 200
years, primarily due to intensified industrialisation and agriculture resulting in greater burning of
fossil fuels, cement manufacturing and land use change. Ocean acidification is a rapidly emerging
issue with many nations starting to invest in research into the potential future impacts on organisms,
ecosystems and food providing products. Ocean acidification is closely linked with climate change, as
they share the same driver, the increasing atmospheric CO; causing threats to the ecological health
and biodiversity of the marine environment.
Regulation of ocean acidification requires rapid and substantial cuts to anthropogenic CO, emissions
to the atmosphere and hence, oceanic CO, concentrations.

The understanding on the potential effects of ocean acidification on commercial marine resource
species is still limited. There are many uncertainties relating to the scale of socioeconomic impacts of
ocean acidification on marine resources and food security. Important tasks and trends of this NCP
are to:

* Recognize the security, economic and cultural importance of those marine species and habitats
that are currently exploited.

¢ Identify marine resource species that are more flexible to change and which may encroach on
habitats and survive in altered conditions

¢ Assess the options for development of environmentally sustainable ‘aquaculture’ options using
species that are resistant to lowered pH or can be kept in conditions of controlled pH
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6. NCP: 6: Regulation of Water Quantity, Timing, and Location

Primary Author: Kate Brauman

6.1. IPBES Definition:

Regulation, by ecosystems, of the quantity, location and timing of the flow of surface and
groundwater used for drinking, irrigation, transport, hydropower, and as the support of non-material
contributions (NCP 15, 16, 17)

Regulation of flow to water-dependent natural habitats that in turn positively or negatively
affect people downstream, including via flooding (wetlands including ponds, rivers, lakes, swamps)

Modifying groundwater levels, which can ameliorate dryland salinization in unirrigated
landscapes

6.2. Why is it important?

6.2.1. What is the big environmental issue this pertains to?
Freshwater is critical for human wellbeing, and it is a limited resource distributed unevenly across
the globe by natural and human-driven processes. Water scarcity is a problem for many people
worldwide (Brauman et al. 2016).

6.2.2. How does this NCP play a role?
Abiotic factors, particularly the volume and intensity of rainfall, as well as atmospheric evaporative
demand and soil structure, are primarily responsible for overall water availability and groundwater
recharge (Kim and Jackson 2012) (Beck et al., 2013). However, by regulating the quantity, timing,
and flow of water through a suite of ecosystem processes, nature does influence the availability of
water and its usability by people (Brauman, Daily, Duarte and Mooney, 2007). Increasing water
availability in dry periods and decreasing water availability in flood periods is particularly important
to human quality of life.

6.3. (Co-) production

6.3.1. How is it produced?
Regulation of water quantity:

As plants grow and assimilate carbon, they transfer water from the soil to atmosphere in a
process called transpiration. Water also evaporates directly from the vegetative canopy. Through
these combined processes, called evapotranspiration (ET), ecosystems influence the transfer liquid
water to the atmosphere; higher ET reduces water yield from a watershed (Brauman, et al., 2007).

The physical structure and physiology of vegetation affects ET. Tall stature and large leaf area
increase ET, as do physiological characteristics such as low stomatal control and C3 photosynthetic
pathways, which cause plants to transfer water during the most water-intensive periods of the day,
and perennial and/or evergreen vegetation, which sustain water demand over the course of the year
(zhang, Dawes, and Walker 2001; Kelliher, Leuning, Raupach and Schulze, 1995; Le Maitre, Gush
and Dzikiti, 2015; Brown, Zhang, McMahon, Western and Vertessy, 2005; Hultine and Bush 2011).
Perhaps more importantly, ET is limited by water availability in many locations; in these cases,
vegetation with deeper rooting depth, and therefore increased access to water, has higher ET (Le
Maitre, et al., 2015). Whether an ecosystem change affects water quantity is largely related to
whether the new and old ecosystems have different ET (Le Maitre, et al., 2015). Because ecosystem
structure and density affect ET, ET is not constant over time (Shi et al., 2012) (Jackson et al., 2005). It
can take several decades for the hydrologic effects of land cover changes to come to equilibrium or
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to return to pre-harvest levels of water yield (Brown, et al., 2005).

Ecosystems can also interact directly with the atmosphere to affect water quantity through
mechanisms such as fog or cloud water interception (Katata 2014) and snow shading (Varhola,
Coops, Weiler and Moore, 2010); this is likely to be strongly affected by ecosystem characteristics
such as leaf area (Ponette-Gonzalez et al., 2015). These type of land-atmosphere interactions are
known in indigenous and local knowledge (ILK). The Hawaiian proverb “Hahai no ka ua i ka ulula‘au”
translates to the rain follows after the forest, for example, and guided past and current land
management work to preserve forests to protect water resources (Fletcher, Boyd, Neal and Tice,
2010).

Though the processes of photosynthesis and respiration do, respectively, destroy and create
water molecules, this represents a tiny fraction of water on earth (Holland, Lazar and McCaffrey,
1986), so we focus on the ways that ecosystems regulate the quantity of water that passes through
them. Water that is evapotranspired cycles and falls as presciptiation; rainfall recycling is addressed
in NCP 4 climate regulation.

Regulation of water location and timing:

Ecosystems reduce the speed of water flow by physically interrupting flow paths and influence the
partitioning of water flow between the surface and subsurface by channeling and dispersing water
flows and changing soil structure (Smith, Cox and Bracken, 2007; Brauman, et al., 2007). Water
diverted from overland flow into the subsurface may reduce flood peaks and increase base flow
(Brauman, et al., 2007). Water that infiltrates may not recharge aquifers if it is taken up by
vegetation, which can aid water table management (Pannell and Ewing 2006). To lower a water
table, evidence suggests that nearly % of the recharge area must be reforested before a substantial
impact is seen (Le Maitre, Scott and Colvin, 1999).

The plant canopy and leaf litter increase infiltration by protecting soil from the direct impact
of water droplets, thereby reducing soil sealing (Le Maitre et al., 1999). On bare soils, sealing crusts
form quickly (Dubreuil 1985). However, in some cases vegetation increases overland flow by creating
sealing crusts with hydrophobic compounds produced by certain types of vegetation, most
commonly evergreen trees with resins or aromatic oils but also some grasses and certain
microorganisms (Doerr, Shakesby and Walsh, 2000).

Vegetation redistributes water on the land surface. Vegetated canopies channel water via stem flow
to the soil at their base (Johnson & Lehmann 2006). Water repellency may lead to preferential
infiltration around plants (Doerr, et al., 2000). Runoff frequently occurs in micro-rivulets between
sparse vegetation in semi-arid regions and on pathways and compacted areas in more humid regions
(Dubreuil 1985).

Plants create preferential flowpaths into the soil as roots physically move soil particles,
creating macropores, and by adding organic matter that affects hydraulic conductivity; plants with
taproots create macropores that increase infiltration, while plants with fine roots can fill macropores
and decrease infiltration (Johnson and Lehmann 2006; Liu et al., 2015). Soil biota also influence
infiltration by affecting the presence of plant litter and creating macropores (Bardgett et al., 2001).
The role that vegetation plays in protecting the soil surface and creating soil structure is probably
larger in arid regions than in humid sites (Thompson, Harman, Heine and Katul, 2010).

Soil compaction that occurs through the process of land use change or via management
activities such as road building or grazing, is often in and of itself sufficient to substantially affect
infiltration, making it difficult to attribute changes to the ecosystem itself (Price 2011). Several
studies have suggested that roads and the location of timber harvest relative to roads have a larger
impact on runoff generation than the extent of land use change (Croke and Hairsine 2006). Soil
compaction due to cattle grazing also reduces infiltration (Trimble and Mendel 1995).

Wetlands and freshwater ecosystems also regulate water flow. By storing water and slowing
its movement, floodplain wetlands generally reduce flow speed and flow peaks, although
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permanently saturated headwater wetlands may either reduce or augment flood flows (Kadykalo
and Findlay 2016) (Bullock and Acreman 2003). Within waterways, vegetation reduces flow speed
(Montakhab, Yusuf, Ghazali and Mohamed, 2012).

Summary of how this NCP is produced:

e Direct: Evapotranspiration (ET) affects the quantity of liquid water available in the short term by
transferring water to the atmosphere

e Direct: Infiltration affects the movement of water from the surface into the subsurface,
increasing groundwater for base flow or direct use

e Direct: The speed of surface water flow is controlled by physical blockage of water flows on the
ground surface and short-term storage of water in wetlands and inland waters

6.3.2. How is it measured?
Direct measurement of evapotranspiration is difficult because it is a gas flux; it is frequently
measured using a water budget as a loss of liquid water or with an energy balance approach (Rana
and Katerji 2000). Hybrid measured-modeled approaches are also sometimes used, as with remote
sensing of evapotranspiration (Courault, Seguin and Olioso, 2005) or eddy flux measurements. The
impact of a change in vegetation on water regulation can be estimated as the expected difference in
evapotranspiration; this can be computed by comparing the behavior of similar watersheds with
different land cover or by tracking the hydrologic response of a watershed after a change in land
cover (Andréassian 2004). These methods are complicated by the need for extensive data over long
periods of time in order to differentiate hydrologic response to land cover change from response to
variations in rainfall. As a result, hydrologic models have been developed to simulate the behavior of
rainfall in a watershed, taking into account climate, soils, and vegetation (Beven 2011; Singh and
Woolhiser 2002). These models are often highly calibrated, however, and are frequently deployed
for purposes other than for what they were designed, so they may not be as successful at predicting
changes in water regulation as we would hope (Bléschl 2013; Garen and Moore 2005). Functionally,
most models rely on standardized values for water regulation based on soil, slope, and vegetation
(Garen and Moore 2005) (Renard, Foster, Weesies, McCool and Yoder, 1997) with parameter values
that are calibrated to make model outputs match measured data. To assess the role of land use on
water quantity regulation at large scales, calculations based on changes in ET have been used to
model likely impacts of afforestation on downstream flows (Zomer, Trabucco, Bossio and Verchot,
2008; Trabucco, Zomer, Bossio, van Straaten and Verchot, 2008).

For changes in water timing and location, point measurements of infiltration can be taken in the
field, and runoff generation relative to rainfall can also be measured directly (Soulsby et al., 2008).
Field measurements are often limited in both space and time, however, so the models are used to
scale up to watersheds. These models range from process-based models that attempt to represent
fine-scale movement of water to statistical or water-balance models applied at the watershed scale
(Singh and Woolhiser 2002) (Fox and Wilson 2010). Most watershed models need calibration with
local runoff data, and when that does not exist they are generally parameterized using coefficients
reflecting general performance of different vegetation types based on studies done in temperate
locations (Renard et al., 1997).

6.3.3. Links to other NCPS
NCP 4 - regulation of climate - When ecosystems divert water from the liquid to vapor form via ET,
this affects precipitation, a phenomenon called moisture recycling (Pielke et al., 2006).
NCP 7 - regulation of water quality — quality plays a key role in determining the usability of
freshwater
NCP 8 — Soils — soil quality is critical to infiltration
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NCP 9 - Natural Hazard impact reduction — floods

Because reduced infiltration and reduced water storage capacity in the soil increase runoff,
deforestation could increase flood peaks. Reduced flood peaks have been demonstrated in small
watersheds for small and medium peak flows, but there is no evidence for the effect of
deforestation on large floods; no direct effect of deforestation has been seen for large watersheds,
though land use change such as cropland drainage and increased siltation may increase flooding (van
Dijk et al., 2009).

Water is integral to the production of:
NCP 11 - Energy

NCP 12 - food and feed

NCP 13- materials

NCP 14 — medicines

Cultural context is critical in the demand for water, so its value is a function of
NCP 15 - learning

NCP 16 - Physical and psychological experiences

NCP 17 - Identity

6.3.4. Indicators of NCP (co-) production

NCP Production Indicator/ Proxy Rationale/ Data set Scale of Scale of
Function justification Measure | measure
for why this - space - time
indicator/
proxy was
selected
Water Change in ET | Land use change that Models of ET | NASA, MODIS Global
quantity causes a change in ET with Evapotranspiration
different land | Project (MOD 16);
cover types. Global Land
Could use Evapotranspiration
CGIARIna Amsterdam Model
pinch (GLEAM);
Global PET, Global
Aridity,

http://www.cgiar-
csi.org/data/global-
aridity-and-pet-

database
Water Change in Because of strong None UN-IGRAC, Global
location infiltration modifying impact of Groundwater
management/compaction Information System
as well as soil type, as well (GGIS),
as influence of root https://www.un-
structure, it’s not clear igrac.org/global-
there’s a good proxy at groundwater-
this point. information-system-
ggis
Water Change in Change in terrestrial Could get this
timing physical biomass; change in extent direct from
blockage of of wetlands and inland Nature
water water bodies group?

6.3.5. Trends in Co-Production

6.3.5.1. General (across all units of analysis)
Assessing trends in water regulation is complicated because changes in water availability are
largely a result of changes in climate and in human water extraction and river regulation (Milliman,
Farnsworth, Jones, Xu and Smith, 2008). In total, river discharge globally has remained constant over
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the past 50 years, though in about one-third of rivers discharge has changed by more than 30%.
(Milliman et al., 2008).

Trends in water regulation by ecosystems are therefore generally extrapolated from changes
in land use and land management. However, while the mechanisms by which ecosystems regulate
water quantity, described above, are reasonably well understood, evaluating the impact of
ecosystem change on water regulation remains difficult because the relative dominance of the
different processes are not yet well quantified (van Dijk and Keenan 2007). A large and growing body
of experimental studies of the water impacts of land use change clearly demonstrate that at small
scales ecosystem change affects water distribution (Brown, et al., 2005). Attempts to synthesize data
for large watersheds and watersheds with mixed land cover show limited effects, however (Ukkola
and Prentice 2013; Peel, McMahon and Finlayson, 2010). This probably reflects the overwhelming
influence of precipitation, selection bias in experimental studies, and methodological problems in
data analysis (van Dijk, Pefia-Arancibia and Bruijnzeel, 2012).

Global trends in deforestation, replacement of perennial vegetation with annual (un-
irrigated) cropland, and urbanization have likely increased runoff quantity and also flow speed and
size of flood peaks (Jacobson 2011; Ukkola and Prentice 2013). Paired catchment studies have
consistently demonstrated that woody vegetation reduces runoff (Bosch and Hewlett 1982; Sahin
and Hall 1996; Brown, et al., 2005). Afforestation of grassland, cropland, and shrubland reduces
flows by one third to thrTrabuccoee quarters; water quantity reductions from afforestation of
grassland are larger than afforestation of shrubland (Farley, Jobbagy and Jackson, 2005; Jackson et
al., 2005). The effect of land use change on low flows is about the same in absolute numbers as the
effect on annual flows, but the proportionate reduction in low flows is much greater (Farley et al.,
2005). Most reviews have found that at least 15-20% of a watershed must undergo a land use
change for an impact on water quantity to be measurable downstream (van Dijk and Keenan 2007).
Land management that compacts soil, such as grazing or road building, can cause increases in runoff
from less than 10% to up to 50% of rainfall (Marshall et al., 2009).

Modeling studies have sought to evaluate trends in runoff at large scales globally. The
majority find an increase in runoff, but several contest this; overall, modeling studies have been
unable to unambiguously attribute any change in runoff or ET to land use change (Ukkola and
Prentice 2013). Of modeling studies that have attributed changes in water fluxes to land use change,
they estimate the global net impact to be a decrease of about 5% in ET and an increase in runoff of
about 7%, with larger regional impacts (Sterling, Ducharne and Polcher, 2013). Another study
suggested that up to 50%, a total of 0.08 mm/year, of changes in global runoff can be attributed to
land use change (Piao et al., 2007). Based on changes in ET, models of afforestation in non-forest
areas show ~27% of land has a major impact and ~28% has a moderate impact on downstream
flows, indicating that more than half of global non-forested land is regulating water quantity
(Trabucco et al., 2008). Water regulation was particularly strong in the semi-arid tropics and in
conversion to trees from grasslands and subsistence agriculture (Trabucco et al., 2008).

Deforestation and cropland expansion have probably also increased groundwater recharge,
while urbanization has decreased recharge. Increased recharge after deforestation has been so large
in some places that the water table has risen and salinization is now a problem; in turn, afforestation
can lower the water table (Le Maitre et al., 1999).

Changes in groundwater recharge affect dry-season flow. Extensive reviews have found that,
across climates, afforestation on a scale large enough to reduce annual flows also reduces low flows
by similar absolute amounts, (Farley et al., 2005; Brown, et al., 2005). In humid regions, base flow
response to changes in forest cover are varied; increased ET from woody vegetation reduces total
water availability, but increased infiltration under forest, especially compared to soil compaction
from land management activities like high-density grazing, could increase infiltration and thus base
flow (Price 2011). Vegetation has the largest relative impact on recharge in arid climates and over
clay soils, though the absolute differences are the smallest under these conditions (Kim and Jackson
2012).
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Empirical studies of direct changes in infiltration following land cover change are limited. A
2007 comprehensive review of infiltration following afforestation in agricultural settings found only
4 studies (llstedt, Malmer, Verbeeten and Murdiyarso , 2007). Those studies did find increased
infiltration under tree cover, but there is no indication that this increased deep drainage to aquifers
and thus increased base flow. Where water ponds and there is no partitioning to runoff, any
increase in infiltration under woody vegetation is offset by increased ET, so recharge is reduced (Kim
and Jackson 2012). Over the last 300 years, one review estimated that the global transition from
forest and grassland to rain-fed cropland and pastureland decreased ET enough that groundwater
recharge was increased by 2 orders of magnitude (Scanlon, Jolly, Sophocleous and Zhang, 2007).

Water availability changes are largely a result of changes in climate, evapotranspiration, and
in human water extraction and river regulation (Milliman et al., 2008). Substantial experimental
evidence shows that at small scales increases in woody vegetation reduces runoff and land
management that causes soil compaction increases runoff (Bosch and Hewlett 1982; Sahin and Hall
1996; Brown, et al., 2005, Marshall et al., 2009). Woody vegetation also increases
evapotranspiration and infiltration, though it is not clear if afforestation-driven increases in
infiltration lead to increased base flow (lIstedt et al., 2007). Trends at larger scales in water
regulation by ecosystems are generally extrapolated from changes in land use and land
management, though studies are still limited and modeling studies inconclusive (Ukkola and Prentice
2013; Peel et al., 2010). Global trends in deforestation, replacement of perennial vegetation with
annual (un-irrigated) cropland, and urbanization have likely increased runoff quantity and also flow
speed and size of flood peaks (Jacobson 2011; Ukkola and Prentice 2013). In total, river discharge
globally has remained constant over the past 50 years, though in about one-third of rivers discharge
has changed by more than 30%. (Milliman et al., 2008). Trends in groundwater recharge vary
significantly by region, increasing in areas of deforestation and cropland expansion, while decreasing
in places of urbanization. Groundwater recharge affects temporal flows, particularly during the dry
season.

Summary of NCP trends:

e Trend (& why): Up — “more” regulation, meaning more water quantity available, following global
trends in deforestation and conversation from forest and grassland to cropland.

e Spatial variance (& why): High — Changes in ET have biggest impact in places where ET is water
limited

® Degree of certainty (& why): Moderate. Clear signal of increased water quantity following
deforestation, but signal is mixed/muted at large watershed scale

e Trend (& why): Down — more roads and heavier use of ecosystems
e Spatial variance (& why): Varied — probably depends a lot on soil type and slope
e Degree of certainty (& why): Low

6.3.5.2. By Units of Analysis

Unit of Analysis Direction of Rationale/ justification for why you think this trend is happening
arrow
CHANGE IN
AVAILABLE
WATER
1. Tropical and subtropical | UP Less ET = more water available following deforestation (Bosch and
dry and humid forests Hewlett 1982, Sahin and Hall 1996, Brown, et al., 2005)
LUC: Deforestation For groundwater in flat landscapes, across all climate and soil types in

woodlands, on average 6% of water input recharges groundwater (Kim
and Jackson 2012)

2. Temperate and boreal upP Less ET = More water available following deforestation (Bosch and
forests and woodlands Hewlett 1982, Sahin and Hall 1996, Brown, et al., 2005)

LUC: Deforestation
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Conifer/hardwood trend? Conifers tend to use more water than
hardwoods or eucalypts (Brown, et al., 2005)

For groundwater in flat landscapes, across all climate and soil types in
woodlands, on average 6% of water input recharges groundwater (Kim
and Jackson 2012)

3. Mediterranean forests,
woodland, and scrub

LUC: Deforestation
LUC: Woody
encroachment

DOWN

More ET - Changes in ecosystem composition in drylands tend to be shifts
to woody, deep rooted species, which reduce water availability
downstream (Le Maitre, et al., 2015). Less water available following
ecosystem change to more woody vegetation or invasive grasses.

Runoff volume strongly controlled by extent of bare soil (Cosandey et al.
2005). In dry savannah, surface runoff is negatively correlated with
vegetation cover, so invasive grass encroachment on shrubland or native
bunch grasses generally reduces runoff (Wilcox et al., 2012). However, if
increased grass cover increases fire frequency, runoff will increase
(Wilcox et al., 2012).

In water-limited environments, shrub patches generally have higher
infiltration and water-holding capacity due to lower raindrop impact, less
mechanical crust formation, and less ET plus more surface shading, litter
deposition, and mesofaunal activity (Stavi, Lavee, Ungar and Sarah,
2009).

4. Tundra and high
mountain habitats

Down

More ET = Less snow shading probably means more ablation and less
runoff (Varhola et al., 2010)

5. Tropical and subtropical
savannahs and grasslands

LUC: Conversion to
cropland

LUC: Afforestation

up

More water available following conversion to cropland, less following
afforestation.

Grasses are annual and shallower rooted than woody vegetation, so
grassland have higher relative water yield than forest and less than
cropland (Le Maitre, et al., 2015). For tropical grassland and savannah,
removal of trees causes less ET, which increases runoff but may also
cause less precipitation, (Salazar, Baldi, Hirota, Syktus and McAlpine,
2015)

In dry savannabh, surface runoff is negatively correlated with vegetation
cover, so invasive grass encroachment on native bunch grasses generally
reduces runoff (Wilcox et al., 2012). However, if increased grass cover
increase fire frequency, runoff will increase (Wilcox et al., 2012)..

Conversion of grassland to agriculture is widespread. Grassland to
dryland agriculture means less ET, more pronounced for tall grass than
short grass conversion (Pielke et al., 2006).

In places where grassland or shrubland has been afforested, runoff is
decreased on average by 44% (+/- 3%) and 31% (+/- 2%); the total
reduction is larger for wet sites and similar for average and low flows,
while the relative reduction is larger for low flows (Farley et al., 2005). On
average, it is reasonable to expect that afforestation of grasslands will
reduce streamflow by one-third to three-quarters (Farley et al., 2005).
However, the hydrologic effects of woody encroachment in dry savannah
have been mixed (Archer and Predick 2014).

In mixed grass-shrub ecosystems, shrubby patches generally have higher
infiltration and water-holding capacity (Stavi et al., 2009).

Herbivores exert a major control on the hydrologic function of grasslands
by compacting soils and thereby increasing runoff and decreasing
infiltration (Veldhuis, Howison, Fokkema, Tielens and OIff, 2014; Stavi et
al., 2009).

Microbiotic crusts in grasslands have conflicting roles, sometimes
increasing and sometimes decreasing infiltration, possibly because they
absorb water during small rainfall events but fill macropores and so
reduce infiltration during large rainfall events (Eldridge and Greene
1994).

Both runoff and groundwater recharge are generally increased under
cropland compared to grassland (Modernel et al., 2016).
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6. Temperate grasslands Up More water available following conversion to cropland, less following
afforestation.

LUC: Conversion to
cropland Shift to cultivation from native vegetation in semi-arid regions increases
LUC: Afforestation water yield because of reduced interception, reduced ET, shallower
rooting depths, and fallow periods (Scanlon et al., 2006).

Invasive grass encroachment on native bunch grasses generally reduces
runoff, and invasion of annual invasive grasses into semi-arid shrubland
and grassland may be as high as 7% (Wilcox et al., 2012)

Groundwater recharge in grasslands averages 11% in flat landscapes
across all climate and soil types (Kim and Jackson 2012). Temperate
grasslands do not necessarily generate much runoff when not grazed (5-
7% of rainfall), but soil compaction can dramatically increase runoff (up
to 50% of rainfall) (Marshall et al., 2009).

Shifting to cultivation generally increases recharge, but it can also reduce
recharge by interrupting preferential flow paths, particularly in frozen soil
(Scanlon et al., 2006).

7. Drylands and deserts Flat Little available water means little change

Changes in ecosystem composition in drylands tend to be shifts to
woody, deep rooted species, which reduce water availability downstream
(Le Maitre, et al., 2015). However, because deserts are water limited,
there is generally little to no recharge regardless of vegetation cover
(Wilcox et al., 2012).

In drylands in general, surface runoff is negatively correlated with
vegetation cover (Wilcox et al., 2012). However, if increased grass cover
increase fire frequency, runoff will increase (Wilcox et al., 2012).

Plants and animals can collect fog and dew for their own needs. In very
arid places, it is not clear that this changes the hydrology (i.e. the water is
consumed by the organism) (Malik, Clement, Gethin, Krawszik and
Parker, 2014, but the ability to capture non-precipitated water and thus
exist may influence other NCPs.

The one place drylands are not water limited is along rivers, so much
attention has been paid to riparian vegetation. Invasive species seem to
have about the same ET per area as native species, but if they can
colonize a larger area then they will use more water (Hultine and Bush
2011). Because the relative amount of the watershed that riparian
vegetation occupies is larger in lower order streams, the impact of
riparian vegetation reducing water availability is larger in smaller
watersheds (Hultine and Bush 2011). In large watersheds, it appears
there would be little impact from removing non-native riparian
vegetation (Hultine and Bush 2011)

In drylands, infiltration is greater near plants, particularly shrubs, which
increase hydrologic conductivity by protecting the surface and creating
macropores (Wilcox et al., 2012).

Biological soil crusts also play an important role in drylands, affecting
infiltration by changing water absorption and forming preferential flow
paths. Evidence from field studies suggests that soil crusts have different
effects in different climates, reducing infiltration and increasing runoff in
hyper-arid regions, mixed effects in arid regions, and increasing
infiltration and reducing runoff in semiarid cool and cold drylands (Belnap
2006). In tropical drylands, soil cursts form quickly after first rains and
runoff is fast. After herb layer springs up, more infiltration and less runoff
(Dubreuil 1985).

8. Wetlands — peatlands, Down Draining wetlands increases peak flows and flood return periods, though

mires, bogs impacts vary widely and sometimes include reductions in peak flow
(Kadykalo and Findlay 2016; Bullock and Acreman, 2003)

LUC: Draining

9. Urban/semi-urban Because of widespread impervious surfaces in urban areas, surface flow
is faster, flood peaks higher, and groundwater recharge reduced

LUC: Urban expansion (Shuster, Bonta, Thurston, Warnemuende and Smith, 2005). Peak flows

can more than double in some urbanized areas (Jacobson 2011). Green
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infrastructure in cities can counterbalance this, but it is not yet
widespread.

10. Cultivated areas
(including cropping,
intensive livestock,

farming, etc.)

LUC: Conversion from
grassland

LUC: Conversion from
Forest

Management: More
intensive agriculture

Up

More water available following conversion from some other ecosystem.

Change in water quantity depends on what was there before. Because
agricultural crops are generally short-season annual and have relatively
shallow roots, they usually have less ET than the native vegetation they
replace and so will increase water yield in a watershed (Scanlon et al.,
2007; Farley et al., 2005; Jackson et al., 2005).

Agriculture can include tree crops, which can potentially reduce water
yield, but there have been no clear reports of that, perhaps because the
tree density isn’t high enough (Dimitriou, Busch, Jacobs, Schmidt-Walter
and Lamersdorf, 2009).

When agriculture is irrigated, the excess water has a major effect on
water flows because it is a much larger consumer of water than the
ecosystem it replaced, so water yield downstream is reduced (Brauman
et al. 2016), though field-scale runoff and infiltration are increased under
irrigated agriculture (Kim and Jackson 2012).

Generally, abandonment of agricultural lands reduces water quantity
because of woody plant encroachment, but the land use history
frequently causes soils to be poorer and more bare soil to be exposed;
this would reduce ET (Garcia-Ruiz and Lana-Renault 2011).

Groundwater recharge is increased over cropland compared to grassland
and forest (Kim and Jackson 2012). For groundwater in flat landscapes,
across all climate and soil types, on average 11% of water input recharges
groundwater in croplands compared to 8% in grasslands and 6% in
woodlands (Kim and Jackson 2012). Deforestation for agriculture in
Australia increased recharge by up to 2 orders of magnitude (Scanlon et
al., 2006), and conversion of savannah to rainfed agriculture in southwest
Niger has increased recharge by up to an order of magnitude (Favreau et
al., 2009).

Agriculture increases recharge because ET under annual crops is low on
an annual basis and because high porosity makes the soil surface prone
to infiltration - conventional tillage increases infiltration via mechanical
soil surface disturbance and conservation tillage through practices such
as mulching to increase organic matter in the soil (Armand, Bockstaller,
Auzet and Van Dijk, 2009). Crop choice, particularly crops with tap roots,
and tillage practices increase biopores and thereby increase infiltration
and reduce runoff (Kautz 2015). Physical structures such as contour
terraces, cut-off drains, ridging, contour plowing, soil bunds and gabions
reduce runoff and increase infiltration (Wakindiki, Mochoge and Ben-Hur,
2007; Biamah, Gichuki and Kaumbutho, 1993). Indigenous conservation
practices to reduce runoff include water conservation techniques such as
temporary bunds made of crop residue and stone, earth bunds and
terraces, and vegetative strips and live fencing, as well as water
harvesting practices such as pitting and micro-basins (Wakindiki et al.,
2007). These practices are most common on arid and marginal
agricultural lands (Wakindiki et al., 2007) Tillage can increase infiltration
by breaking soil crusts in arid regions, though it may reduce infiltration in
humid regions by removing permanent vegetation and destroying
macropores in the soil (Dubreuil 1985). On average, conservation tillage
seems to reduce runoff more than conventional practice do, but the
impact is small (Armand et al., 2009)

One of the most dramatic ways agriculture affects hydrologic flows is via
land drainage — when naturally saturated soils are converted to
agriculture, ditches or below-ground drains may be installed to reduce
waterlogging of crops and thus improve yield. This speeds the movement
of water, creating faster and larger flood peaks, increasing baseflow, and
moderately increasing overall water yield (Blann, Anderson, Sands and
Vondracek, 2009). However, when subsurface drainage is installed, areas
with high water-tables, often former wetlands, it can increase soil water
storage space and thus reduce flood peaks. Compared to surface
drainage, subsurface drainage seems to reduce runoff and peak flow. The
effects can be mitigated by the design of the drainage network. The
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impact of both surface and subsurface drainage are strongly affected by
soil and climate (Skaggs, Brevé and Gilliam, 1994; Blann et al., 2009)

Trends
Dry season flow and baseflow should increase because of increased
infiltration (Kim and Jackson 2012).

Abandoning water management structures such as terraces increases
mass movement of soil and hydrologic connectivity between the hillslope
and channels, creating fast overland flow (Garcia-Ruiz and Lana-Renault

2011)
11. Cryosphere Flat? Warming will have dramatic impacts on hydrology, but it is not clear that
biota in this region has a measurable regulating effect (Bring et al., 2016)
LUC: Melting
12. Aquaculture areas NA No available reviews

Management: More

intensive

13. Inland surface waters In streams, vegetation directly reduces flow speed (Montakhab et al.,
and water bodies/ 2012). Vegetation also affects the structure of channels, which can in
freshwater turn affect flow speed (Corenblit et al., 2011)

LUC: Channelization?

Management: More

pollution

14. Shelf ecosystems NA Coastal and marine systems are downstream of freshwater bodies.

(neritic and intertidal Literature focuses on coastal and marine systems as water sources, not

zone, estuaries, on their role regulating freshwater (Liquete et al., 2013).

mangroves)

15. Open ocean pelagic NA Coastal and marine systems are downstream of freshwater bodies.

systems Literature focuses on coastal and marine systems as water sources, not
on their role regulating freshwater (Liquete et al., 2013).

16. Deep-sea NA Coastal and marine systems are downstream of freshwater bodies.
Literature focuses on coastal and marine systems as water sources, not
on their role regulating freshwater (Liquete et al., 2013).

17. Coastal areas NA Coastal and marine systems are downstream of freshwater bodies.

intensively managed and Literature focuses on coastal and marine systems as water sources, not

multiply used by people on their role regulating freshwater (Liquete et al., 2013).

6.4. Impacts on good quality of life

6.4.1. Different types of value
The value of water is mainly derived from uses including extractive (e.g. agriculture, industry,
energy, domestic), in-situ (e.g. transport, hydropower, recreational), and symbolic (e.g. religious).

6.4.1.1. What is the NCP contribution

Sufficient water for is critical for human wellbeing. Water may be removed from surface or
groundwater and used for irrigated agriculture, industry, or household use, or water may be used in-
situ, including for hydropower production, recreation, fishing, and river transportation. Water may
also have symbolic value for cultural and religious reasons. (Brauman et al., 2016; Florke et al.,
2013; Hellegers & Davidson, 2010; Kayser, Moriarty, Fonseca, & Bartram, 2013; Olmstead, 2010;
Yokwe, 2009; Molden, 2007; Zwart & Bastiaanssen, 2004; Molden, 2007). Irrigated agriculture is the
dominant user of water globally (Brauman et al., 2016; Brauman, Siebert and Foley, 2013; Turral,
2011; Hanjra & Qureshi, 2010; Molden et al., 2007). Changes in nature can change the availability of
water for all of these uses. Globally, water stress is increasing, but this is due primarily to changes in
demand for water, not to changes in water availability (Brauman et al., 2016; Flérke et al., 2013;
Wada, Beek et al. 2011; Turral, 2011; Hanjra & Qureshi, 2010; Liu, Zehnder, & Yang, 2009).
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Determining whether a change in water regulation by nature is beneficial depends on the
downstream context and is quantifiable only in contrast to the baseline condition against which new
regimes of water quantity, location, and timing are compared (Van Dijk and Keenan 2007; Brauman
et al., 2016). The impact of changes in water availability on quality of life generally depend on how
much water is available in relation to other factors of production.

6.4.1.2. How do we measure the contribution?

Though economic value is just one of the ways that the impact of water on quality of life can
be measured, studies of the economic value of water are widespread; economic value varies by use,
availability, price, policies, and regulations (Kemper et al, 2017; Hellegers & Davidson 2010; Bozorg-
Haddad, Malmier, Mohammad-Azari, & Loaiciga, 2016; Medellin-Azuara, Howitt, & Harou, 2012;
Olmstead, 2010; Ferraro, 2009; Arbués, Garcia-Valifias, & Martinez-Espifieira, 2003; Wang &
Lall,1999). The value of domestic water, for example, varies by season, weather, and regions, and, at
current prices, generally does not change much as price fluctuates (Olmstead, 2014, 2010; Arbués,
Garcia-Valifias & Martinez-Espifeira, 2003; Wang and Lall,1999).

6.4.1.3. Substitutability

Because in many cases the value of water lies in its use for irrigation, energy, and
transportation, substitutes for those activities that are less water-intensive provide a substitute. For
example, transportation via road or rail can substitute for river-based transpiration. Similarly,
shifting diets to foods that are less water intensive to produce, switching to varieties of crops that
are drought tolerant, cleaning and preparing food with less water, and reducing losses in the post-
harvest food value chain by minimizing food waste can functionally substitute for water supply (FAO
2012). When water is scarce, water can be substituted for or quality of life can be improved by
increasing agricultural output given the same volume of water consumed (Brauman et al., 2013;
Zwart and Bastiaanssen 2004).

Substitutes for regulation of water quantity, location, and timing can be provided by build
infrastructure such as dames, river diversion, managed aquifer recharge, inter-basin transfer, and
water recycling and reuse (FAO 2012).

6.4.1.4. Status and Trends in impact (value)
Water demand is growing globally (Hanjra & Qureshi, 2010), with water for irrigated
agriculture making up most of that demand (FAO, 2018) but demand increasing in the industrial,
electric, and domestic water use sectors as well.

6.4.2. Indicators by value

Value type Indicator/ Proxy Rationale/ justification for why we this | Data set Scale of Scale of
indicator/ proxy was selected Measure — measure -
space time
Where are people e.g. extent of irrigated | Irrigated ag: How has the change in
using this and how area. ALSO water water availability led to change in crop
are they using it. shortage, production: how has it changed because
And how scarce is it desertification we have more or less water. Is water
the constraining factor. Marginal value
Market value Energy: how much kw | Indicators by type of use Need some Population
Irrigated area and hrs that are Extractive modifier of Irrigation over
population dependent on water In situ scarcity time-
Ag: irrigated area Cultural seabird/fao
Joann Peter:
make it fit

134



NCP 13: Materials and assistance

6.5. Summary
Freshwater is critical for human wellbeing, and it is a limited resource distributed unevenly across
the globe by natural and human-driven processes. Human demand for water is increasing
worldwide, so water scarcity is increasing even when water availability does not change (Haddeland
et al. 2014, Brauman et al. 2016). These impacts are unevenly distributed across social and user
groups (WWAP 2015). Nearly 75% of irrigated area and 50% of the population globally are sited in
places where more than 75% of renewable water resources are consumed annually, seasonally, or in
dry years (Brauman et al. 2016). Changes in water availability are largely a result of changes in
climate, evapotranspiration, and in human water extraction and river regulation (Milliman et al.
2008). Ecosystems regulate freshwater by transferring water from the soil to the atmosphere,
interacting directly with the atmosphere through processes such as cloud water interception and
shading, developing flow paths from the ground surface through the soil, and physically interrupting
the flow of surface water (Brauman et al. 2007). The impact of land cover on water regulation occurs
local and regionally through changes in evapotranspiration as well as locally via impacts on runoff
(Beck et al. 2013; van Dijk et al, 2009). In total, river discharge globally has remained constant over
the past 50 years, though in about one-third of rivers discharge has changed by more than 30%
(Milliman et al. 2008). Trends in groundwater vary significantly by region, with groundwater
increases in areas of deforestation and cropland expansion (Rodell et al. 2018). Global trends in
deforestation, replacement of perennial vegetation with annual (un-irrigated) cropland, and
urbanization have likely increased runoff quantity and also flow speed (Sterling et al. 2013, Trabucco
et al. 2008). Modeling studies have been unable to unambiguously attribute large-scale measured
changes in runoff and evapotranspiration to vegetation change (Ukkola and Prentice 2013,
Haddeland et al. 2014).

Potential Nature’s Output of the joint |Impact on good
Contributions production quality of life
Indicator Biotic mediation of air- Water availability ~ |Water available
surface-groundwater for people
partitioning (water demand relative to
by vegetation, infiltration) demand
Trend -1 0 -2
During the last 50 Global trends in In total, river Human demand
years: deforestation, replacement of |discharge globally  [for water is
2 = Major increase perennial vegetation with has remained increasing
(>20%) annual (un-irrigated) constant over the  |worldwide, so
1 = Increase (5% to cropland, and urbanization past 50 years, water scarcity is
20%) have likely increased runoff (Milliman, increasing
0 = No change (-5% to  |quantity and also flow speed |Farnsworth, Jones, |(Haddeland et
5%) (also flow speed (Sterling, Xu and Smith, al., 2014;
-1 = Decrease (-20% to - |Ducharne and Polcher, 2013, [2008).Groundwater [Brauman,
5%) (Trabucco, Zomer, Bossio, van |has increased in Richter, Postel,
-2 = Major decrease (< - |Straaten and Verchot, 2008) |some regions and Malsy and
20%) decreased in others |Florke, 2016)
(Rodell et al., 2018).
Spatial variance 3 3 2
3 = opposite trends in  |Over the past 50 years, rivers |Surface and Impacts vary by
different regions discharge has changed in groundwater region, but all
2 = same directional about one-third of major river |availability has are affected
trends in different basins by more than 30% increased in some  |(WWAP 2015)
(Milliman et al., 2008). Trends |regions and
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regions but of
contrasting magnitude
1 = similar trends all
over the world

in groundwater vary
significantly by region, with
groundwater increases in
areas of deforestation and
cropland expansion (Rodell et

decreased in others
(Haddeland et al.,
2014).

al., 2018).
Variance across social [NA NA 2
groups Impacts on
3 = opposite trends for people are
different groups widely varied
2 = same directional depending on
trends for different adaptation
groups but contrasting capacity, but all
magnitudes are affected
1 = similar trends for all (WWAP 2015)
social groups
Degree of certainty 3 3 3
4 = Well established: The mechanisms by which Many studies Many
Robust quantity and ecosystems regulate water evaluating trends in |biophysical

guality of evidence &
High level of agreement
3 = Established but
incomplete: Low
quantity and quality of
evidence & High level
of agreement

2 = Unresolved: Robust
quantity and quality of
evidence & Low level of
agreement

1 = Inconclusive: Low
quantity and quality of
evidence & Low level of
agreement

quantity, described above, are
reasonably well understood.
However, predicting the
impact of ecosystem change
on water regulation remains
difficult because the relative
dominance of the different
processes, mediated by
climate, geography, and
ecosystem management, are
not yet well quantified (van
Dijk and Keenan 2007)

water resources,
but difficult to
attribute changes to
particular drivers

measures of
water scarcity;
direct linkages
to impacts are
less well
developed

Two to five most
important papers
supporting the
reported trend

Sterling et al., (2013). "The
impact of global land-cover
change on the terrestrial
water cycle." Nature Climate
Change 3(4): 385-390.

Trabucco et al., (2008).
"Climate change mitigation
through
afforestation/reforestation: A
global analysis of hydrologic
impacts with four case

studies." Agriculture,
Ecosystems & Environment

126(1-2): 81-97.

Haddeland et al.,
(2014). "Global
water resources
affected by human
interventions and
climate change."
Proceedings of the
National Academy
of Sciences 111(9):
3251-3256.

Rodell et al., (2018).
"Emerging trends in
global freshwater

availability." Nature

557(7707): 651-659.

WWAP (United
National World
Water
Assessment
Programme)
(2015). The
United Nations
world water
development
report 2015:
water for a
sustainable
world. Paris,
UNESCO.
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Milliman et al., (2008). Brauman et al.
"Climatic and anthropogenic (2016). "Water
factors affecting river depletion: An
discharge to the global ocean, improved
1951-2000." Global and metric for
Planetary Change 62(3-4): incorporating
187-194. seasonal and
dry-year water
van Dijk, and. Keenan (2007). scarcity into
"Planted forests and water in water risk
perspective." Forest Ecology assessments."
and Management 251(1-2): 1- Elementa 4.
9.
Haddeland et
al., (2014).
"Global water
resources
affected by
human
interventions
and climate
change."
Proceedings of
the National
Academy of
Sciences 111(9):
3251-3256.

6.6. Search methodology
Web of Science search for:
(water OR hydrologic)
AND
("ecosystem service" OR "environmental service" OR "freshwater service" OR "water regulation" OR
"freshwater regulation") OR ("water regulation" OR "water quantity" OR "water flow" OR
groundwater OR recharge* OR "water partition*" OR infiltrat*) OR ("land use change" OR "land
change" OR "land cover change" OR "LULC change")
AND
(vegetation OR ecosystem) OR (forest OR woodland OR scrub) OR (tundra OR mountain) OR
(savannah OR grassland OR rangeland) OR (cultivated OR crop OR livestock OR farm) OR (cryosphere
OR arctic)
AND
(Review OR “Systematic review” OR Meta-analysis OR Metaanalysis OR “Literature review” OR
Synthesis OR Overview OR “Synthesis matrix”)

1718 hits
title screen, left with 258 hits

Followed by: Google Scholar search for variants on “evapotranspiration measurement review”
Followed by: Google Scholar search for variants on “rainfall runoff model review”
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7. NCP 7 - Regulation of freshwater and coastal water quality
Primary Author: Kate Brauman

7.1. IPBES Definition:

Regulation — through filtration of particles, pathogens, excess nutrients, and other chemicals — by
ecosystems or particular organisms, of the quality of water used directly (e.g. drinking) or indirectly
(e.g. aquatic foods, irrigated food and fibre crops, freshwater and coastal habitats of heritage value)

7.2. Why is this NCP important?

7.2.1. What is the big environmental issue this pertains to?
The constituents in water, including minerals, nutrients, other chemicals, and pathogens, influence
its suitability for various human uses (Keeler, Polasky et al. 2012). Poor water quality is a critical
source of illness in people (Priss, Kay et al. 2002, Schwarzenbach, Egli et al. 2010), irrigation with
saline water is a global threat to agricultural productivity (Pitman and Lauchli 2002), pre-treatment
to create ultra-pure water is necessary for many types of manufacturing (Wood, Gifford et al. 2010),
and cultural and recreational enjoyment of water bodies is tightly linked to water quality. Globally,
water quality is declining, largely driven by human input of waste into water bodies (UNEP 2016).
Anthropogenic loading of nitrogen to the environment, for example, has probably doubled
ecosystem-available nitrogen (Fowler, Coyle et al. 2013).

7.2.2. How does this NCP play a role?
Nature can both contribute to and remove constituents in water; these changes may be either
beneficial or harmful depending on the desired use of water. Ecosystems may provide direct
additions of material to water, and through processing, uptake, and sequestration, they can also
remove particles, pathogens, nutrients, and chemicals from water. Whether a change in water
quality is considered beneficial depends on the suite of desired uses of water (Keeler,
Polasky et al. 2012). For example, mussels remove suspended solids, bacterial, and
phytoplankton from the water column, which is frequently interpreted as a benefit, but
invasive zebra mussels in North America do so to the extent that waters become very clear
and cannot support fish or other aquatic life (Macisaac 1996).

7.3. (Co-) production

7.3.1. How s it produced?
Contribution of constituents to water
Vegetation contributes leaf litter and bulk debris to streams (Helmers, Eisenhauer et al. 2005) as well
as providing dissolved organic matter through soil water (Leenheer and Croué 2003). Ecosystems fix
nitrogen naturally, and this can move to water bodies (Fowler, Coyle et al. 2013). Sediment in water
bodies comes from both the terrestrial landscape and from the re-suspension of sediments that are
already in lakes and streams (Walling and Fang 2003). Some ecosystems, particularly heavily
managed ones such as urban areas, agriculture, and timber plantations, receive substantial inputs of
nutrients and other potential pollutants and therefore contribute many of these constituents to
surface and groundwater bodies. Waste from human settlements and agricultural runoff are
considered to be the largest contributors to poor water quality (UNEP 2016).
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Additions to water bodies, through processes of vegetation senescence (Dosskey, Vidon et al. 2010),
by intercepting and then depositing airborne pollutants (Weathers and Ponette-Gonzalez 2011), or
because of direct heavy loading, may be positive or negative.

Removal of constituents from water - mechanisms

Ecosystems remove pollutants dissolved or entrained in water through physical (deposition,
infiltration), geochemical (sorption, precipitation, occlusion), and biological (plant or microbial
uptake) retention (Roberts, Stutter et al. 2012). These processes work in tandem; above-ground
vegetation physically reduces surface flow speed, enabling sediment deposition, sorption, and
infiltration (Arora, Mickelson et al. 2010, Sweeney and Newbold 2014). Dense root systems increase
permeability and porosity of soil and thereby increase infiltration (Roberts, Stutter et al. 2012).
Groundwater entering an ecosystem laterally or via infiltration interacts with soils and the
rhizosphere, where it can be taken up by plants or denitrified by microbes (Roberts, Stutter et al.
2012, Sweeney and Newbold 2014).

Ecosystems can take up nutrients, including nitrogen and phosphorus, as well as pesticides,
herbicides, petroleum, and metals (Williams 2002, Krutz, Senseman et al. 2005, Arora, Mickelson et
al. 2010). Plants may be selected and selectively planted to uptake certain chemicals from soil and
soil-water, a process called phytoremediation (Mirza, Mahmood et al. 2014) (Salt, Smith et al. 1998).
Ecosystems that sequester but do not break down toxic materials may need to be harvested;
sequestered compounds can then be recycled or waste more easily disposed of (Mirza, Mahmood et
al. 2014). Ecosystems that are taking up pollutants may saturate, losing their effectiveness, and
sometimes remobilizing once-sequestered pollutants (Hoffmann, Kjaergaard et al. 2009, Roberts,
Stutter et al. 2012). For ecosystems to regulate water quality, placement is critical, as potential
ecosystem pollutant sinks must be in a flow path of contaminated water (Rittenburg, Squires et al.
2015).

Aquatic processing of nutrients and other contaminants is also important (Rabalais 2002). Though
these processes can be critical for removing contaminants from water, the processes themselves
may be detrimental because they occur in the form of algal blooms (Rabalais 2002). In-stream
processes are moderated by riparian buffers, which may provide inputs to the system as well as
temperature control via shading, which can then affect in-stream processes and growth of in-stream
vegetation (Helmers, Eisenhauer et al. 2005). Animals, particularly aquatic animals, regulate
nutrients, pollutants, and particles through ingestion and excretion and also by physically perturbing
soils and vegetation (Withers and Jarvie 2008).

Sediment is another important constituent of water quality. Nature’s role in regulating sediment
production via erosion processes is largely addressed in NCP 8. Here, we note only briefly that
sediment export from the land surface to aquatic environments has increased steadily over time,
though in the past 50 years the amount of sediment in rivers and exported to the ocean has declined
in many places because sediment has been retained behind large dams (Syvitski and Kettner 2011).
Sediment moves off the land surface both through sheet erosion and mass wasting, including gullies
and bank collapse (Fox and Wilson 2010). Continuous vegetative cover improves both hillslope
(Zuazo and Pleguezuelo 2009) and bank stability (Fox and Wilson 2010), and root mass is also critical
for soil stability and thus reduced erosion (Gyssels, Poesen et al. 2005). Soil crusts are also important
in places where vegetation is sparse (Eldridge and Greene 1994). As with nutrients and chemicals,
the effectiveness of buffers in retaining sediment that has already been mobilized varies
considerably (Gumiere, Le Bissonnais et al. 2011). In aquatic environments, both vegetation (Wang,
Zheng et al. 2015) and fauna (Macisaac 1996)are important for removing sediments from the water
column, although bioturbation can also re-suspend sediments (Krantzberg 1985). Over time, the
vegetative control over sediment moving into and within rivers actually shapes the form of rivers
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(Statzner 2012).

Removal of constituents from water - effectiveness

Waste from human development and runoff from agricultural fields are the primary causes of poor
water quality, so controlling these inputs directly is critical to improving water quality (UNEP 2016).
Once unwanted constituents have gotten into water, nature’s ability to remove them is mixed. Many
types of pollutant-removal by ecosystems are a function of loading, so more removal occurs when
more pollutants are present (Smith, Swaney et al. 2003, Bouwman, Van Drecht et al. 2005).

Grass, trees, or shrubs at the edge of an agricultural field, frequently referred to as a buffer, is the
setting for which ecosystem regulation of water quality is most commonly quantified, though the
mechanisms and presumably the effectiveness are similar for all types of water quality regulation.
Buffers demonstrate mixed efficiency at pollution removal and reflect a large number of factors,
including soils, slope, precipitation patterns, and size of buffer area (Polyakov, Fares et al. 2005).
Buffer-strip effectiveness is lower in cold climates, where a large fraction of nutrient export occurs
before vegetation has begun to grow (Han, Xu et al. 2010), suggesting the importance of nutrient
processing by vegetation.

Removal of dissolved pollutants in surface flow by buffers is moderate, with about 40% removal
effectiveness (Mayer, Reynolds et al. 2007). Removal efficiency for pesticides in solution is similar,
averaging of 45% with a range from 0 to 100% retention (Arora, Mickelson et al. 2010). High water
flows are probably the most important factor in reducing buffer strip effectiveness (Sweeney and
Newbold 2014).

Buffers also remove pollutants from surface flow by trapping sediments and the pollutants that are
sorbed to them. On average, buffers 10 m wide trap about 65% of sediments delivered by overland
flow, while 30-m buffers trap about 85% of sediments (Sweeney and Newbold 2014). Again,
variation is high, with efficiency ranging from 54 to 100% (Liu, Zhang et al. 2008). Phosphorus is
frequently sorbed to sediment, and 41-95% of sorbed P is, on average, removed by buffers (Roberts,
Stutter et al. 2012) (Hoffmann, Kjaergaard et al. 2009). An average of 76% of pesticides sorbed to
sediments are removed by buffers, with a range of 2-100% (Arora, Mickelson et al. 2010). Buffers at
the edge of forestry operations are also very effective at reducing sediment delivery to water bodies
(Norris 1993).

Experiments done in controlled conditions with very low flows have frequently shown little
additional water quality benefit from buffers exceeding 10 m wide, but experiments focused on
more realistic situations, including heterogeneous flows and high flows, found that removal
efficiency increases with width, which can help make up for selective flow paths through buffers
(Sweeney and Newbold 2014).

Buffers also remove pollutants from water below ground. Removal of dissolved pollutants such as
nitrogen in subsurface flow through a buffer is quite effective (Mayer, Reynolds et al. 2007). Nitrate
removal efficiency averages 55% (range: 26-64%) for buffer widths <40 m and 89% (range: 27-99%)
for buffer widths >40 m (Sweeney and Newbold 2014). N removal can occur below the rooting zone,
and these soil processes do not seem to be altered by above-ground disturbance (Sudduth, Perakis
et al. 2013)

Because geographic conditions play such a large role in buffer effectiveness, there is no clear
consensus on the magnitude of effects at watershed scale (Sweeney and Newbold 2014).

Water quality is regulated by a variety of wet and aquatic ecosystems as well. Wetlands and

147



NCP 13: Materials and assistance

floodplains are effective at removing pollutants (Hoffmann, Kjaergaard et al. 2009), and the interface
between water and soil at a streambank is critical for processing nutrients (Lawrence, Skold et al.
2013). Within streams, vegetation improve water quality by stabilizing the channel as well as
entraining and sequestering pollutants (Montakhab, Yusuf et al. 2012). In stream processing of
pollutants is varied and a function of loading, but between 0 and 50% of N can be processed in
stream (Sudduth, Perakis et al. 2013). In coastal environments, seagrass entrains suspended
sediments, removing it from the water column (Adams, Hovey et al. 2016). Throughout the marine
environment, marine denitrification constitutes a substantial part of the nitrogen cycle (Fowler,
Coyle et al. 2013).

Summary of how this NCP is produced:
e Direct: Deposition of organic matter into water by ecosystems
e Direct: Uptake of nutrients and other pollutants into ecosystems
e Indirect: Some types of ecosystems are more likely to entrain pollutants, and their location
relative to sources of pollutants indicates whether they are providing a regulating service.

7.3.2. How is it measured?
Though measuring water quality is reasonably straightforward, measuring ecosystem regulation of
water quality much more complex. Though the mechanisms by which ecosystems regulate water
quality are well understood, the aggregate impact of those processes is not. Water quality regulation
is therefore generally measured as either 1) a mass balance, in which changes in water quality up
and down stream of an ecosystems are quantified; 2) using models which aim to account for
processes of pollutant uptake; and 3) by using land use as a direct proxy for either pollutant addition
or removal.

Filtration efficiency can be measured as the difference in concentration of the pollutant of interest
before and after it passes through a buffer, the mass of pollutant held in the buffer, or changes in
pollutant concentration at an outflow point before and after buffer installation (Norris 1993, Arora,
Mickelson et al. 2010, Sudduth, Perakis et al. 2013). These measurements require intensive and
ongoing efforts, however, and depending on how they are designed may not replicate field-scale
flows; as a result, pollutant removal in practice has general been found to be lower than under
experimental conditions (Helmers, Eisenhauer et al. 2005, Liu, Zhang et al. 2008).

A variety of models, ranging from simple mass-balance to spatially distributed process models have
been developed to track and predict changes in water quality due to land use (Donigian and Huber
1991, Borah and Bera 2003). These models help translate plot-scale studies to watershed scales
(Dosskey 2001). However, they still require substantial data for parameterization and calibration.

In practice, water quality is frequently assumed to be related to various land cover types (Ponette-
Gonzalez, Brauman et al. 2015). Buffers are generally considered to have capacity to absorb those
pollutants and thus provide a filtration service. In addition, unmanaged ecosystems without added

nutrients or pollutants that might be replaced by managed ecosystems where pollutants area added
(agriculture or urban areas) are sometimes considered to provide filtration.

7.3.3. Links to other NCPs (if applicable)

NCP 3 - regulation of air quality — Pollutants in the air can be deposited in water
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NCP 4 - regulation of climate — Changes in water input (precipitation) lead to more or less water for
dilution

NCP 6 — water flow regulation — more water means more dilution

NCP 8 - Soils — soil quality is critical to infiltration and reduced erosion

NCP 9 - Natural Hazard impact reduction — floods — high water flows during flooding often entrain
substantial land-based material into water, reducing water quality

Water quality affects the production of:
NCP 11 - Energy

NCP 12 - food and feed

NCP 13- materials

NCP 14 — medicines

Cultural context is critical in the quality of water demanded for various activities, so its value is a
function of

NCP 15 - learning

NCP 16 - Physical and psychological experiences

NCP 17 - Identity

7.3.4. Indicators of NCP (co-) production

NCP Production Indicator/ Rationale/ justification for why this indicator/ Data set Scale of Scale of
Function Proxy proxy was selected Measure measure
—space - time
Filtration Absorbent In cropland, Some kind
(unmanaged) | areathat’s of detailed
ecosystem not cultivated land cover
between or prevalence map? Sub-
pollution of buffer national
source and strips. In stats on
waterway urban, green adoption of
cover. buffer
Overall, strips or
existence of green
non-crop or infrastructu
urbanina re
place
dominated by
either

7.3.5. Trends in Co-Production

7.3.5.1. General (across all units of analysis)
Though the status and trends in water quality are beginning to be quantified globally (UNEP 2016),
extensive and robust measures or models of ecosystem regulation of water quality are very limited.

Nutrient loading from anthropogenic sources, particularly agriculture and wastewater, has increased
dramatically over the past 50 years (Smith, Swaney et al. 2003). This reflects both expansion of
agricultural land and increased nutrient inputs on new and existing agricultural land (FAOSTAT).
Expansion of agricultural land leaves less ecosystem area available for nutrient removal, so less
natural regulation of water quality is probably occurring. However, because nutrient processing
tends to be a function of loading, nutrient processing in still-existing ecosystems has likely increased
(Bouwman, Van Drecht et al. 2005)

A little over half of global reactive nitrogen is processed on land; the rest is processed in marine
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systems (Fowler, Coyle et al. 2013). Between 50 and 70 Tg of nitrogen is leached from land to the
ocean in fresh waters every year (Fowler, Coyle et al. 2013), perhaps double what it would be
without anthropogenic inputs of nitrogen (Schlesinger 2009). The amount of phosphorus in rivers
has probably also doubled (Filippelli 2008).

Thought overall land use change has created more sources than sinks of contaminants to water, in
some cases the recognition of the effectiveness of nature-based water treatment has led to
increased adoption. The effectiveness of wetland for treating wastewater has been recognized for at
least a century; this has been measured and codified to the point that constructed wetlands are now
a widely recognized and certified water treatment solution (Vymazal 2011). Similarly, the benefits of
agricultural buffers is now well-recognized enough that the use of buffer strips has been mandated
in some places (Lee, Smyth et al. 2004), though this is a small fraction of global farmland.

Summary bullet list of NCP trends (your assessment and rationale, briefly):

e Trend (& why): Down — expansion of landscapes that are net polluters (primarily agricultural and
urban areas where), means there is less land is available to provide filtration. However, filtration
seems to be largely a function of loading, so as pollutant inputs increase, so does filtration.

e Spatial variance (& why): Spatial variance is large. Pollutant loading varies enormously and
pollutant filtration varies in turn. Adoption of buffer strips and green infrastructure increases
filtration in regions with heavy loading.

e Degree of certainty (& why): Medium. Increase in pollutant loading from various landscapes is
well documents. Vegetative filtration does work, but its efficacy varies substantially.

7.3.5.2. By Units of Analysis

Unit of Analysis Direction of Rationale/ justification for why you think this trend is happening
arrow

1. Tropical and subtropical | Down Nutrient pulse following conversion, subsequent impacts depend

dry and humid forests on new land cover. Inputs from agriculture are higher than from

forest. Less N cycling in pasture soils could mean less N export,
and grass cover reduces N flow paths (Tomasella, Neill et al.
2009).

LUC: Deforestation

In plantations, intercropping with an herbaceous cover crop
reduces erosion substantially (Sidle, Ziegler et al. 2006)

2. Temperate and boreal Down Nutrient and sediment pulse follows deforestation, but regrowth
forests and woodlands quickly moderates impact. (Tomasella, Neill et al. 2009). Timber
harvesting increases sedimentation (Croke and Hairsine 2006).
Fire increases export of sediment, nutrient, and other pollutants,
suggesting these are being sequestered naturally {Smith, 2011

LUC: Deforestation

#4083}
3. Mediterranean forests, | Down De-vegetation decreases filtration, but abandonment of
woodland, and scrub agricultural lands may increase filtration (Garcia-Ruiz and Lana-

Renault 2011)
LUC: Deforestation

LUC: Woody

encroachment

4. Tundra and high Up More sediment export from shrubland than grassland, even
mountain habitats when grasses are invasive {Wilcox, 2012 #387}

Luc?

5. Tropical and subtropical | Down. Especially semi-arid savannahs are very sensitive to disturbance
savannahs and grasslands {Jacobs, 2007 #4084}. Conversion to agriculture means less area

to filter
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LUC: Conversion to
cropland
LUC: Afforestation

6. Temperate grasslands Down Conversion to agriculture means more input of pollutants and
less filtration

LUC: Conversion to

cropland

LUC: Afforestation

7. Drylands and deserts Flat N input is limited, so little filtration activity (Seitzinger, Harrison
et al. 2006)

LUC: Overgrazing and

vegetation removal (?)

8. Wetlands — peatlands, Down Worldwide, wetlands remove about 17% of anthropogenic

mires, bogs reactive nitrate inputs. (Jordan, Stoffer et al. 2011).

LUC: Draining Reduction in wetland area by drainage and channelization has
reduced overall wetland filtration ability, but individual wetlands
are very effective and are often protected or constructed
specifically for filtration purposes (Williams 2002)

9. Urban/semi-urban Down In urban areas, pollutant loading is high and large areas of
impermeable surface moves water quickly and reduces

LUC: Urban expansion possibilities for filtration (TSIHRINTZIS and HAMID 1997).
However, planned expansion of green areas within the urban
matrix provide substantial filtration, though they can also be a
pollutant source in the form of leaf litter

10. Cultivated areas Down Cropland is major source of nutrient pollution, stemming from

(including cropping, addition of nutrients on farm, quick movement of nutrients to

intensive livestock, waterways via drainage, and drainage of wetlands that would

farming, etc) historically have processed some of the nutrients in water (Blann,

LUC: Conversion from Anderson et al. 2009).

grassland
In general, less sediment in rivers after farmland abandonment

LUC: Conversion from (Garcia-Ruiz and Lana-Renault 2011)

Forest

Management: More

intensive agriculture

11. Cryosphere i Nutrient and carbon export from artic in rivers is strongly
controlled by ecosystem processes and will change with climate

LUC: Melting change, but not clear how (Bring, Fedorova et al. 2016)

12. Aquaculture areas Down Food sources to fish aquaculture increase water pollution.

5 However, Shellfish aquaculture removes nutrients. net removal
e of 0.28 g N year'1 per animal (Ferreira and Bricker 2016)
Management: More
intensive
13. Inland surface waters Up Freshwater systems (groundwater, lakes, rivers) account for
and water bodies/ about 20% of total global denitrification.,(Seitzinger, Harrison et
freshwater al. 2006).

- Rivers have a median denitrification rate of 16% but

LUC: Channelization? e .
denitrification can be as large as 60% (Mulholland, Helton et al.

Management: More 2008). N removal by large streams gets higher over a small range

pollution of inputs, but both large and small streams saturate
(Mulholland, Helton et al. 2008). The reported range of P cycling
efficiencies is large but can be up to 60% at low flow, though P is
in general turned over and so eventually becomes available in
some form downstream (Withers and Jarvie 2008) Lakes can
hold 10-50% of P input (Withers and Jarvie 2008) . Overall, in-
stream processing has probably increased because loading has
increased.

14. Shelf ecosystems Up Spatially distributed global models of denitrification suggest that

(neritic and intertidal
zone, estuaries,
mangroves)

continental shelf sediments account for 44% of total global
denitrification (Seitzinger, Harrison et al. 2006). Increased

151




NCP 13: Materials and assistance

processing with increased loading. Seagrass reduces sediment in
Luc? water (Adams, Hovey et al. 2016)

16. Deep-sea Spatially distributed global models of denitrification suggest that
oceanic oxygen minimum zones (OMZs) are responsible for 14%

Luce of total global denitrification (Seitzinger, Harrison et al. 2006)
17. Coastal areas Estuaries are responsible for ~1% of total global denitrification
intensively managed and (Seitzinger, Harrison et al. 2006).

multiply used by people

Luc?

7.4. Impacts on good quality of life
7.4.1. Different types of value

7.4.1.1. What is the NCP contribution
People value water filtration for a variety of reasons. When water is directly consumed,
environmental regulation of water quality can improve health outcomes by reading nutrients,
pathogens, and other pollutants in water (Townsend and Howarth 2010; (Jordan, Stoffer et al. 2011).
In setting with waterworks, including for domestic and industrial supply, the cost of water treatment
can be reduced if pollutants are removed from water before treatment, in some cases because
pollutants must be removed to meet health standards and in other cases because sediments or
other constituents in water hinders operations.

For those reliant on fisheries and for recreational water users, excess nutrients in water can cause
algal blooms that make recreation in or on the water unpleasant, and in extreme cases can cause
hypoxic zones that kill fish and other aquatic life (Dodds and others 2009; Howarth and Marino
2006; Pinckney and others 2006)e. There are also substantial non-material benefits to people
knowing that the water is clean.

7.4.1.2. How do we measure that value/contribution?
The value of regulation of water quality is measured in a variety of ways (Keeler et al, 2012),
including by the avoided cost of water treatment, economic methods such as additional travel to
cleaner lakes and increased value of homes near clear water bodies, heath measures, and through
religious and origin narratives about clean water.

7.4.1.3. Substitutability
Substitutes for output of high water quality include changes in the final handling or use of water,
such as moving the intake of a water system to a location with cleaner water. The natural regulation
of water quality can be substituted for by removing unwanted constituents in water in other ways,
such as by building water treatment plants, and by avoiding putting unwanted contaminants in
water in the first place.

7.5. Summary

Poor water quality is a critical source of illness in people, irrigation with saline water is a global
threat to agricultural productivity, clean water is necessary for many types of manufacturing, and
cultural and recreational enjoyment of water bodies is tightly linked to water quality (Pruss et al.
2002). Though access to clean water is increasing and water-borne disease is decreasing, these
trends are uneven across user groups (WHO and UNICEF 2017, Ezzati et al. 2002). Globally, water
quality has decreased, though some regions show improved water quality (UNEP 2016). Nutrient
loading from anthropogenic sources, particularly agriculture and wastewater, has increased
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dramatically over the past 50 years, leading to increased eutrophication (UNEP 2016, Smith et al.
2003). Industrial water pollution has decreased in some regions but increased in others (UNEP 2016).
Nature can both contribute to and remove constituents in water. Ecosystems may provide direct
additions of material to water, and through processing, uptake, and sequestration, they can also
remove particles, pathogens, nutrients, and chemicals from water (Brauman et al. 2007). Whether a
change in water quality is considered beneficial depends on the suite of desired uses of water
(Keeler, et al. 2012; Bernhardt 2013). For example, mussels remove suspended solids, bacterial, and
phytoplankton from the water column, which is frequently interpreted as a benefit, but invasive
zebra mussels in North America do so to the extent that waters become very clear and cannot
support fish or other aquatic life (Macisaac 1996). The effectiveness of natural pollutant removal,

such as through vegetated strips adjacent to waterways or in or wetlands, varies tremendously
(Mayer et al. 2007, Sweeney and Newbold 2014).

Potential Nature’s

Output of the joint

Impact on good

During the last 50 years:

2 = Major increase (>20%)

1 = Increase (5% to 20%)

0 = No change (-5% to 5%)
-1 = Decrease (-20% to -5%)
-2 = Major decrease (< -20%)

Natural systems
have the capacity to
remove pollutants
dissolved or
entrained in water
through physical,
geochemical, and
biological retention,
but the

Water quality has
decreased globally,
with nutrient
pollution and
pathogens
increasing and
industrial waste
having mixed
trends (UNEP

Contributions production quality of life

Indicator Capacity of Concentration of a) Reduced
ecosystem to filter |constituents incidence of water
(or add) constituent |(pollutants) inthe |borne disease
components water b) Avoided water
(extent of treatment costs
vegetation)

Trend -1 -1 a) 1

Water-related
disease accounts
for approximately
4% of the global
burden of disease
and has been
decreasing (Pruss,
Kay et al. 2002)
(Ezzati, Lopez,

3 = opposite trends in
different regions

2 = same directional trends in
different regions but of
contrasting magnitude

The extent and
pace of vegetation
removal varies
globally but overall

urbanization and

Regions where
industrial pollution
are well controlled
show improved

water quality, but

effectiveness of 2016). Rodgers, Vander
pollutant removal Hoorn and Murray,
varies 2002).
tremendously b) -1
(Mayer, Reynolds, Increases in extent
McCutchen and and quality of water
Canfield, 2007) treatment and
(Sweeney and sanitation have
Newbold 2014). increased global
Impervious surfaces spending on water
and removal of infrastructure
vegetation have (WHO and UNICEF
reduced potential 2017)
filtration.

Spatial variance 2 3 a) 2

Water-borne

disease prevalence
differs substantially
worldwide and has

been decreasing
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1 = similar trends all over the
world

impervious surfaces
have increased
(Seto, Glineralp,
and Hutyra, 2012)

nutrient pollution
has increased
everywhere and
organic pollution
has increased in
places with growing
urban populations
and insufficient
sewage treatment
(UNEP 2016).

everywhere,
though at different
rates (Pruss, Kay,
Fewtrell and
Bartram, 2002)

b) 2

Spending on water
infrastructure has
increased globally,
but at different
rates (WHO and
UNICEF 2017)

\Variance across social groups [NA NA a) 2
3 = opposite trends for Water-borne
different groups disease prevalence
2 = same directional trends differs substantially
for different groups but among social
contrasting magnitudes groups; it has been
1 = similar trends for all social decreasing
groups everywhere,
though at different
rates. Different
diseases are
becoming
prevalent. (UNEP
2016)
b) 2
All groups are
increasing spending
on water
infrastructure, but
by differeing
amounts.
(WHO and UNICEF
2017)
Degree of certainty 2 3 a) 4
4 = Well established: Robust [The mechanisms by |Many small studies |Water-borne
quantity and quality of which ecosystems  |and some disease is well
evidence & High level of filter water are government studied (WHO and

agreement

3 = Established but
incomplete: Low quantity and
quality of evidence & High
level of agreement

2 = Unresolved: Robust
quantity and quality of
evidence & Low level of
agreement

well-understood,
but the
effectiveness of
filtration varies
widely among
studies

(Mayer, Reynolds,
McCutchen and

Canfield, 2007)

reporting, but
globally consistent
water quality
indicators and
measurement are
still lacking.
(GEMS/Water 2018)

UNICEF, 2017).

b) 4
Expenditures on
infrastructure are
not necessarily
well-tracked, but
exent and
expansion of
infrastructure is
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1 = Inconclusive: Low
quantity and quality of
evidence & Low level of
agreement

(Sweeney and
Newbold 2014).

monitored (WHO
and UNICEF 2017)

Two to five most important
papers supporting the
reported trend

Mayer, Reynolds,
McCutchen and
Canfield, 2007).
"Meta-Analysis of
Nitrogen Removal
in Riparian Buffers."
Journal of
Environmental
Quality 36(4): 1172-
1180.

Sweeney and
Newbold, 2014).
"Streamside Forest
Buffer Width
Needed to Protect
Stream Water
Quality, Habitat,
and Organisms: A
Literature Review.'
JAWRA Journal of

the American
Water Resources

Association 50(3):
560-584.

Seto, Gineralp,
and Hutyra, 2012).
"Global forecasts
of urban expansion
to 2030 and direct
impacts on
biodiversity and
carbon pools."
Proceedings of the

National Academy

of Sciences
109(40): 16083.

UNEP (2016). A
Snapshot of the
World’s Water
Quality: Towards a
global assessment.
Nairobi, Kenya,
United Nations
Environment
Programme: 162.

Smith et al., (2003).

"Humans,
Hydrology, and the
Distribution of
Inorganic Nutrient
Loading to the

Ocean." BioScience

53(3): 235-245.

GEMS/Water
(2018). Progress
on Ambient Water
Quality — Piloting
the monitoring
methodology and
initial findings for
SDG indicator
6.3.2, UN
Environment on
behalf of UN-
Water.

Ezzati, Lopez,
Rodgers, Vander
Hoorn and Murray,
2002). "Selected
major risk factors
and global and
regional burden of
disease." The
Lancet 360(9343):
1347-1360.

(Pruss, Kay,
Fewtrell and
Bartram, 2002).
"Estimating the
Burden of Disease
from Water,
Sanitation, and
Hygiene at a Global
Level."
Environmental
Health Perspectives
110(5): 537-542.

UNEP (2016). A
Snapshot of the
World’s Water
Quality: Towards a
global assessment.
Nairobi, Kenya,
United Nations
Environment
Programme: 162.

WHO and UNICEF
(2017). Progress on
drinking water,
sanitation and
hygiene: 2017
update and SDG
baselines. Geneva,
World Health
Organization (WHO)
and the United
Nations Children’s
Fund (UNICEF).
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7.6. Search methodology

Web of Science search for:

(water OR hydrologic)

AND

(("ecosystem service" OR "environmental service" OR "freshwater service" OR "water regulation" OR
"freshwater regulation") OR ("water regulation" OR "water quantity" OR "water flow" OR
groundwater OR recharg* OR "water partition*" OR infiltrat*) OR ("land use change" OR "land
change" OR "land cover change" OR "LULC change"))

AND

(vegetation OR ecosystem) OR (forest OR woodland OR scrub) OR (tundra OR mountain) OR
(savannah OR grassland OR rangeland) OR (cultivated OR crop OR livestock OR farm) OR (cryosphere
OR artic)

AND

(Review OR “Systematic review” OR Meta-analysis OR Metaanalysis OR “Literature review” OR
Synthesis OR Overview OR “Synthesis matrix”)

1718 hits
title screen, left with 258 hits

Followed by: Specific additions from bibliographies of included papers, including other papers by
same authors

Followed by: Google Scholar search for variants on “buffer function review”
Followed by: Google Scholar search for variants on “global nitrogen export review”

Total included in review: 58 papers
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8. NCP 8 - Formation, protection and decontamination of soils and

sediments
Primary Author: Nsalambi Nkongolo
Contributing Authors: Amanullah Khan, Ahmad S. Muhaimeed

8.1. IPBES Definition:
Sediment retention and erosion control, soil formation and maintenance of soil structure and
processes (e.g. such as decomposition and nutrient cycling) that underlie the continued fertility of
soils important to humans. Filtration, fixation, degradation or storage of chemical and biological
pollutants (pathogens, toxics, excess nutrients) in soils and sediments that are important to humans.

8.2. Why is this NCP important?

8.2.1. What is the big environmental issue this pertains to?

Soil is the solid material on the Earth’s surface resulting from interactions of the hydrosphere,
biosphere, lithosphere and atmosphere with the underlying hard rock (Jenny, 1941and1980). Soil is a
fundamental natural resource providing food, fibre, and energy. It plays a central role in a wide range
of human activities and supports many NCP (Blum, 2005; Frossard et al., 2006). However, is well
established in many parts of the world that soil loss rates are one to two orders of magnitude greater
than average soil formation rates (FAO and ITPS, 2015).

Soil contamination (pollution) is one of the ten major soil threats identified in the 2015 Status of the
World’s Soil Resources report (FAO and ITPS, 2015), and soil contamination because of anthropogenic
activities is a widespread problem globally (Bundschuh et al., 2012; DEA, 2001; EEA, 2014; Luo et al.,
20009; SSR, 2010). Concern over soil contamination stems primarily from health risks. Soil pollution has
a direct impact on food security (FAO, 2006) and there is a direct link between the quality and safety
of the food we eat and the level of soil pollutants (Téth et al., 2016). Additionally, soil pollution affects
food availability by reducing crop yields due to toxic levels of pollutants that hamper crop growth and
reduce soil biodiversity (Vargas et al., 2016).

8.2.2. How does this NCP play a role?
Soil is a basic resource and the foundation of all civilizations (Hillel 1992; Young and Crawford 2004)
as well as serving as a major link between climate and biogeochemical systems (Yaalon, 2000). Soils
are also a key reservoir of global biodiversity, ranging from micro-organisms to flora and fauna. This
biodiversity plays a fundamental role in supporting soil functions and therefore NCP associated with
soils. Soil provide NCP by performing six essential functions (USDA 2014; Clothier et al. 2009; Doran
2002; Robinson et al. 2013):

1. Serving as a media for growth for plants and providing habitat for animals that live in the
soil.

2. Regulating water by absorbing, holding, releasing, and altering most of the water in
terrestrial systems. Soil thereby helps control where rain, snowmelt, and irrigation water
goes. As water and dissolved solutes flow over the land or into and through the soil, soils
filter that water.

3. Transforming wastes and nutrients by storing, transforming, and cycling carbon, nitrogen,
phosphorus, and other nutrients.

4. Filtering and buffering potential pollutants as minerals and microbes in soil degrade,
immobilize, and detoxify organic and inorganic materials, including industrial and municipal
by-products and atmospheric deposits. Direct effects of pollutants in soil may not be
immediately revealed because soils to store and immobilize them (FAO and ITPS, 2015).
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5. Modifying the atmosphere by emitting, absorbing, and storing gases (carbon dioxide,
methane, water vapour, and the like) and dust.

6. Providing engineering media for construction of foundations, roadbeds, dams and buildings,
and protecting archaeological artefacts.

8.3. (Co-) production

8.3.1. How is this NCP produced?

Healthy soils are living systems; they boast a huge diversity of micro-organisms. These microbes
maintain soil structure, regulate nutrient and water cycles within the soil and the atmosphere
(including soil detoxification and decomposition of organic matter), sequester carbon, and are
involved in symbiotic relationships with plants (some bacteria and fungi capture atmospheric nitrogen
and convert it into a usable form for plants). The ability of a soil to support any of these functions
depends on its structure; composition; and chemical, biological, and physical properties, all of which
are both spatially and temporally variable (Blum, 1993; Harris et al., 1996; Jenny, 1980; Karlen et al.,
1997).

Living organisms are one of the environmental factors are responsible for the soils we have today
(Jenny 1941), though soil formation is a complicated natural process influenced by climate, relief,
mountain rocks, organisms, and time (FAO, 2015a). In general, all soil formation begins with the
accumulation of parent material. Next is the build-up of organic materials. Pioneer species (most often
grasses and alga) live and die and organic matter builds up on the surface of the parent material and
also beneath the surface in the rooting zone. Accumulation of organic material is often the first visible
soil forming process and is initiated by burrowing soil fauna such as earthworms. By digestion of
organic and mineral material, soil fauna promote the formation of the clay mineral complex and
homogenise the top soil by the transport of fine textured material. The burrowing activity of
earthworms creates stable and continuous macro pores (Lal, 1988).

Soils develop over time and are therefore part of a dynamic system. Many soils are formed within time
spans of 100 to 10,000 years because it takes about 100 to 200 years to form each inch of soil, on
average, and most soils are 5 to 6.5 feet deep. Quantifying the rate of soil formation has become
important in response to the consideration of soil as a renewable resource.

Soil microflora is a key component of soils that not only plays a significant role in the basic soil
processes but is also actively involved in enhancing soil fertility and thus crop productivity. Microbial
activity in soil has a strong impact on its physical properties and bioremediation and biocontrol of
phytopathogens in agricultural soils. Soils become nutrient-rich from the growth and decay of deep,
many-branched grass roots. Roots, both living and dead, hold the soil together and provide a food
source for living plants. Living organisms affect the structure of soils. Conversion of tree species and
liming can decrease soil compaction (Muys 1989). Vegetation affects soil biological activity and humus
quality while liming increases earthworm activity.

When soil moisture is high, as in wet or humid climates, there is a net downward movement of water
in the soil for most of the year, which usually results in greater leaching of soluble materials,
sometimes out of the soil entirely, and the translocation of clay particles from upper to lower horizons.
In arid climates there is net upward movement of water in the soil, due to high evapotranspiration
rates by vegetation growing on the soil surface, which results in upward movement of soluble
materials such as salts. These accumulated materials can become cemented, making them
impenetrable to roots and lowering infiltration tremendously.

Soils can store and immobilize pollutants. The degree of retention of pollutants is influenced by the
presence of other pollutants and their concentration, quantity of oxygen, humidity, temperature, pH,
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nutrients, bio- augmentation, products of co-metabolism, and so on. Soil pollution destroys the
physical, chemical, and biological balance, which ensures soil fertility. Soil pollution can inhibit enzyme
activity, reducing the diversity of fauna and flora.

Summary bullet list of how this NCP is produced:
e Direct: Soils are formed by the interactions of lithosphere, biosphere, hydrosphere and
atmosphere.
e Direct: Soils are formed through the transformation of unconsolidated geological materials
by pedogenic processes through the effects of natural soil formation factors.

8.3.2. How is (co)production of this NCP measured?
Soil formation can be measured through the thickness, types, and arrangement of soil horizons. Soils
can be classified as either renewable or non-renewable based on soil formation to loss ratio (Grierson,
1992). This assessment must be made over time spans that can yield statistically reliable data to verify
whether soil is forming faster or slower after changes to management or treatments have been
incurred (Friend,1992). Monitoring soil depth within cropping systems or forests will help scientists
gauge a soil's base ground renewal rate. A preliminary analysis of available world data on rates of soil
formation indicates that a likely, satisfactory time period to monitor gross changes in soil or land is
from 11 to 15 years. How developed a soil is can be determined from looking at the profile?
Soil Electrical Conductivity (EC) has a strong relationship with other soil characteristics and is easier,
less expensive, and faster than other soil property measurements (Seifi et al., 2010).

There are a variety of approaches to monitoring and remediating contaminants in soils (Pascucci
2011). The toxicity of metal contaminated soils has been assessed with various bioassays (Hirano and
Tamae 2011). Visible and near-infrared reflectance spectroscopy has potential for the estimation of
various heavy metal concentrations in soil (Shi et al., 2014).

Soil microorganisms are bioindicators of soil health and activity. The earthworm could be a useful
living organism for bio-monitoring of soil pollution because of their bio-accumulative ability (Hirano
and Tamae 2011).

8.3.3. Links to other NCPS
NCP2 - pollination —
NCP3 —air quality — Soil play very important roles to improve air quality though out the remulation
of CO3, N2O and CH4 emissions, carbon sequestration( FAO and ITPS,2017), and reducing the
negative environmental effects of pesticides, heavy metals and other pollutants

NCP4 - climate — Soil regulates CO,, N,O and CH4 emissions and is important for carbon
sequestration (FAO and ITPS,2017). In turn climate has an important role in soil formation. Soils in
warmer or wetter climates are more developed than soils in cooler or drier climates. Warm
conditions promote the chemical and biological reactions that develop parent material into soil.
Climate may have strong or weak, permanent or periodical, and primary or secondary impact on soil
processes as shown in the following table (Szabolcs,1990; Varallyay,1990 and 1994, 2002).

Soil Degradation Climatic Causative
Processes Sceneries Factors
Cold and Cold Hot Hotand Natural Anthropic
Dry and and Wet
Wet Wet
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Soil Erosion by 4 1 4 1 1,2,3 9,10,11,12
Wind
Soil erosion by 3 4 2 4 3 9,10,11,12
Water
Acidification 3 1 4 1 2,4 13,15
Salinization/Alkaliz 2 4 1 4 5,6,8 14
ation
Physical 3 2 2 1 - 10,12
Degradation
Water Logging 4 1 4 2 5,6,7 11,12,14
Biological 3 2 2 1 - 11,16
Degradation
Soil pollution 2 3 3 4 - 16

1 =strong, 2 = Medium , 3 =Slight , 4 = Negligible

Causative Factors:

1-Undelating 9- Deforestation

2 — Parent Rock 10- Overgrazing

3- Lack of Permanente and dense vegetation 11- Improper tillage practices

4- Litter Decomposition 12- Irrational land use

5- Low laying land 13- Irrational fertilizer application

6- Improper drainage 14- Improper irrigation

7- High water table(non saline) 15- Acid deposition

8- High water table( saline) 16- Chemical soil pollution

NCP6 — water quantity — Water is important for the transformation and translocation of soil
components through soil profile and leading to soil formation. In general, the rate of soil formation
of humid regions is greater than those of arid regions due to more available water.

NCP7 — water quality — Soil filters and buffers substances in soil water and transforms contaminants
. Erosion control affects the amount of sediment in water; too much or too is a water quality issue

NCP9 - hazards — sediment is disproportionately produced during heavy rain events often related to
flooding

NCP10 - pests — Soils are a basic prerequisite to producing biomass (energy), food, fodder, fiber, and
other products, ( FAO,2015). Soils also have a direct influence on the ability to distribute food, the
nutritional value of some foods and, in some societies, access to certain foods through local
processes of location and preferences ( Gregory, 2012).

NCP11 - energy - The medians of the net of energy values vary from one location to other
depending on soil types and increase in the direction from the heavy to light soils and from dry to
wet year( Woli, et al.2012).

NCP12 - food — Soils most obviously contribute to food security in their essential role in crop and
folder production , so affecting the local availability of particular foods. They also have a direct
influence on the ability to distribute food, the nutritional value of some foods and ,in some socrties,
the access to certain foods through local processes of location and preferences ( Gregory, 2012).

NCP13 — materials —
NCP14 - medicine — Soil contains a wide array of tiny microhabitats that create enormous variation

in soil microbes. This diverse group of microbes, of which there are billions in an average teaspoon
of soil, compete with one another; the methods microbes use to subdue other microbes in the soil
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can be adapted to fight infections in the human body (Brady and Weil ,1999). It has been estimated
that nearly 80 percent of antibacterial agents approved between 1983 and 1994 have their origin in
the soil (FAO and ITPS, 2015). More recently, an antibiotic from an uncultured soil bacterium that
can kill the causal agent of tuberculosis (Mycobacterium tuberculosis) has been identified (Wall et al.
2015).

NCP15 - learning —

NCP16 — experiences -
NCP17 - identities -

8.3.4. Indicators of NCP (co-) production

NCP Production Indicator/ Rationale/ justification for why this indicator/ Data set Scale of Scale of
Function Proxy proxy was selected Measur measur
e— e-time
space
soil soil Rain-use Gibbs, H. K. and J. M. Salmon (2015). "Mapping http://w 0.07 1981-
degradation efficiency the world's degraded lands." Applied ww.fao.or degree 2003
adjusted Geography 57: 12-21. AND Bai, Z. G., et al. g/geonet
NDVI. (2008). "Proxy global assessment of land work/srv/
degradation." Soil Use and Management 24(3): en/metad
223-234. ata.show
?id=3706
1&currTa
b=simple

8.3.5. Trends in Co-Production

8.3.5.1. General (across all units of analysis)
Deeper soils on flatter country and in well protected positions due to natural forest cover may well
be forming faster than their loss rate, but because real soil formation rates are rarely measured, no
one really knows which soils are "renewable," depth-stable, or forming at a rate equivalent to the
measured soil loss rate (Hall,et al.1982). At the very least, a basic background figure of 150 years per
inch worldwide (with a range of 100 to 200 years per inch) can be assumed. On that basis alone, any
land or development that will result in the loss of more than 0.06 inch of soil per year could be
considered non sustainable.

Erosion hazard, defined as very steep slopes (>30%) or moderately high slope (8—30%) accompanied
by a sharp textural contrast within the soil profile, varies from 10% for soils of North Africa and Near
East to 20% for soils of Europe.

Summary bullet list of NCP trends (your assessment and rationale, briefly):

e Trend (& why): The rate of soil formation as reflected by type, number, arrangement and
thickness of horizons are highly affected by climatic conditions. In general, the rate indicator
of soil formation increases from the soils of arid regions to more humid regions due to the
effect of more available water for pedogenic processes to be more active, as well as, more
dense forest vegetation.

e Spatial variance (& why): Type and amounts for the dominant soil components ( mineral
and organic fractions ) vary from one ecological region to other due to the variation with one
or more of soil formation factors and the activity of the pedogenic processes which related
to climatic conditions.
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o Degree of certainty (& why): Remarks of soil formation can be recognized clearly with high
certainly in the soil of humid regions rather than arid regions due to the availability of soil

moisture..

Soil contamination is mostly assoaciated with heavy agricultural and industrial activities in developed
countries. In developing countries, it is mostly concentrated in oil producing countries and those with
high population densities. While efforts are underway to manage soil pollution in developed countries,
there still a long way to go for developing countries

8.3.5.2. By Units of Analysis

Unit of Analysis Direction of Rationale/ justification for why you think this trend is happening

arrow
1. Tropical and Up Increasing soil moisture will increase the net downward movement of water in the soil,
subtropical dry which usually results in deeper soil profile (White,1987).
and humid forests
LUC: Deforestation

Down

2. Temperate and Down
boreal forests and
woodlands

LUC: Deforestation

3. Mediterranean Up
forests, woodland,

and scrub

LUC: Deforestation

LUC: Woody

encroachment

4. Tundra and high  Down
mountain habitats

LucC

6. Temperate
grasslands

LUC: Conversion to
cropland

LUC: Afforestation
7. Drylands and
deserts

LUC: Overgrazing
and vegetation
removal (?)

8. Wetlands —
peatlands, mires,
bogs

LUC: Draining

Deforestation will Increasing soil loss by erosion processes

soil formation has been influenced by forest vegetation, are generally characterized by
‘litter layers’, recycling of organic matter and nutrients, including wood, and wide varieties
of soil-dwelling organisms(Boyle,2005). Boreal forest soils are typically low in fertility and
acidic, with a thin A horizon (Turkington,2001)

Soil formation in a Mediterranean climate show a moderately deep soil profile with a more
or less well-defined clay illuviation in the subsoil and the development of a characteristic
red matrix colour( Verheye and Rose,2005)

The tundra region derives its name from the Finnish word "tunturia," which means treeless
plain. The tundra is characterized by a harsh, frost-laden landscape, minus-zero
temperatures, lack of precipitation, nutrients, and extremely short seasons. Divided into
two major categories, the artic tundra and alpine tundra, the tundra environment is
characterized by a distinct climate, flora and fauna( Barretto ,.2017).

The soil of the temperate grasslands is deep and dark, with fertile upper layers. It is
nutrient-rich from the growth and decay of deep, many-branched grass roots. The rotted
roots hold the soil together and provide a food source for living plants.

Soils in dry areas do not have a lot of plants, and therefore, they do not have a lot of organic
matter. Also, there are very little soil microbes to convert plant matter into organic matter.
The dry soils are vary ,they can be deep or shallow.

Bog soils dominated by slow growing mosses occur in very wet, cool climates in sites where
ground water is minimal, so that growth depends on nutrients brought in with rainwater.
The plant communities of peat-forming mires have simple floristics and share many species
in a total flora of about 250 species (Helman et al. 1988, McDougall and Walsh 2007).
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8.4. Impacts on good quality of life
8.4.1. Different types of value

8.4.1.1. What is the NCP contribution
Soils are a basic prerequisite to producing biomass (energy), food, fodder, fiber, and other products,
( FAO,2015). Soils also provide habitat, modify the atmosphere, regulate water quantity and quality,
and provide engineering media.

8.4.1.2. How do we measure that value/contribution?
Health impacts of soil contamination are a primary way that direct impacts of soil NCP are measured
(Toth et al., 2016).

The impact of soil NCP is often measured by its absence and its effect on the production of other
NCP. For example, soil degradation and pollution reduces crop yields (NCP 12) (Vargas et al., 2016).

Changes in soil protection affect water quality (NCP 7) and water-related hazards such as flooding
(NCP 9). Soil loss and sediment in rivers, lakes, and reservoirs is often a problem, reducing, for
example, reservoir capacity to store water and produce hydroelectricity. However, reducing erosion
and therefore the input of sediment to streams and floodplains can be equally detrimental, causing,
for example, the sinking of New Orleans and Venice.

8.4.1.3. Substitutability
The NCP of soil fertility can be substituted for by the addition of either mineral fertilizer or nutrient
management techniques such as conservation tillage, crop rotation, and organic fertilization. It is
also possible to grow crops without soils through the process of hydroponics.

Erosion control can be substituted for with built infrastructure such as berms and dams. Once
erosion has occurred, soils can be moved from other locations.

Contaminant regulation by soils would be unnecessary if soils were not polluted.

8.4.1.4. Status and Trends in impact (value)
Erosion negatively affects crop yields by reducing 'the plant population and by depleting fertility
factors(Baboule et al.,1994).
Soil pollution has a direct impact on food security (FAO, 2006.Contaminants can be taken up by
plants and accumulate in the food chain, compromising the safety of the food consumed by both
humans and animals (Téth et al., 2016).

8.4.2. Indicators of NCP impact

8.4.2.1. Indicators by value

Value type Indicator/ Rationale/ justification for why Data set Scale of Scale of
Proxy we this indicator/ proxy was Measure — measure
selected space - time
Soil fertility Crop yield It appears that the relationship national 1994

between yield ratio, land
degradation and soil fertility is
not very strong( Keyzer and
Sonneveld,2001).
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Erosion control Soil depth

The risks of global annual loss of

food production due to
accelerated erosion may be as
high as 190x10° Mg of cereals,
6x10° Mg of soybeans, 3x10° Mg
of pulses, and 73x10° Mg of
roots and tubers( lal,2010)

Contaminant
regulation

Food security

Soil pollution has a direct impact
on food security (FAO,

2006.Contaminants can be
taken up by plants and
accumulate in the food chain,
compromising the safety of the
food consumed by both humans
and animals (Téth et al., 2016).

8.5. Summary
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Global

Global

2010

Soil is a fundamental natural resource which people rely on for the production of food, fibre, and
energy. The properties of different soils affect fertility and thus crop production (Foster,1981;and
Lathum,1994). Soils also filter and buffer pollutants, cycle nutrients, and hold and store water (USDA
2014, Clothier et al. 2009, Doran 2002; Robinson et al. 2013). Soil is considered a non-renewable
resource as it takes thousands of years to form from eroding rocks and sediments and requires very
specific topographical, meteorological, and biological conditions (FAO,2015b).

Potential Nature’s

Output of the Joint

Impact on good quality of

2 = Major increase (>20%)

1 = Increase (5% to 20%)

0 = No change (-5% to 5%)
-1 = Decrease (-20% to -5%)
-2 = Major decrease (< -20%)

practices and
environmental
change

are affecting
belowground
communities
globally which
cause a decline in
soil biodiversity

nutrients and increase in
soil erosion,
compaction,
contamination, sealing,
crusting and
desertification due to
poor soil management
practices

Contributions Production life
Indicator Soil biodiversity  |Soil Quality Soil degradation impact on
crop productivity
Trend -1 Poor land- - 1 Decline in soil -1 Crop yield reduction is
During the last 50 years: management carbon, biodiversity, associated with soil

degradation, irrespective
of whether improved
agricultural practices are
being applied or not
(Sonneveld et al., 2016).

Spatial variance

3 = oposite trends in different
regions

2 = same directional trends in
different regions but of contrasting
magnitude

1 = similar trends all over the world

3
The variations
between

regions, soil types
and soil
management
practices lead to
opposite in
different regions

3
The variations between
regions, soil types and
soil management
practices lead to
opposite in different
regions

3There are examples of
where soil
degradation(erosion) has had
no effect or has had a
positive effect on crop
production (Lal and
Moldenhauer, 1987). Crop
productivity in northern
Europe is not likely to be
significantly reduced by soil

erosion (Bakker et al., 2007)
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Variance across user groups

3 = opposite trends for different
groups

2 = same directional trends for
different groups but contrasting
magnitudes

1 = similar trends for all social groups

3
User groups vary greatly in
their capacity to compensate
the reduction in crop
production due to soil
degradation. Higher income
crop producers can use
fertilizers

Organization of
the United Nations
and
Intergovernmental
Technical Panel on
Soils, Rome, Italy

Hunt, HW. and
D.H. Wall. 2002.
Modeling the
effects of loss of
soil biodiversity on
ecosystem
function. Global
Change Biology,
8:33-50

Technical Panel on Soils,
Rome, ltaly

Guo, L. B,, & Gifford, R.
M. (2002). Soil Carbon
Stocks and Land use
change: a met analysis.
Global Change Biology,
8(4), 345-360

Degree of certainty 4 4 3

4 = Well established: Robust Decline soil quality and |Decline in crop yield as the

guantity and quality of evidence & well known problem results of soil degradation is

High level of agreement established, but more work in

3 = Established but incomplete: Low is needed to better

guantity and quality of evidence & understand the contrasting

High level of agreement trends among regions and

2 = Unresolved: Robust quantity and social groups

quality of evidence & Low level of

agreement

1 = Inconclusive: Low quantity and

quality of evidence & Low level of

agreement

The two most important papers FAO and ITPS FAO and ITPS (2015). Sonneveld, B. G.J. S., M.

supporting the reported trend (2015). Status of  |Status of the World’s  |A. Keyzer and D. Ndiaye
the World’s Soil Soil Resources (SWSR) — (2016). Quantifying the
RESOL:II’CES (SWSR) Mai.n Report. Fooq an.d impact of land degradation
— Main Report. Agrlcultur.e Organ.|zat|on on crop production: the
Food and of the United Nations .

: case of Senegal. Solid

Agriculture and Intergovernmental

Earth, (7): 93-103

Rattan Lal & William C.
Moldenhauer (1987) Effects
of soil erosion on crop
productivity, Critical Reviews
in Plant Sciences, 5:4, 303-
367, DOI: 10.1080/07352688
709382244

Bakker M. M., Govers G.,
Jones R. A. and Rounsevell M.
D. A. (2007) “The Effect of
Soil Erosion on Europe’s Crop
Yields”, Ecosystems 10:1209—
1219
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Nature contributes to better soil quality through improvement in soil biodiversity, but mainly
in enhancing soil organic carbon (SOC) which is a strong determinant of soil quality, soil health and
crop productivity. SOC is also agreed to play a crucial role in soil formation, soil protection as well
other functions and ecosystem services (FAO and ITPS, 2015; FAO, 2017a; Gaiser et al., 2013). Globally,
poor soil management practices have led to a decline in soil carbon, biodiversity, and nutrients and to
an increase in soil erosion, compaction, contamination, sealing, crusting and desertification., resulting
in soil degradation and poor soil quality (FAO and ITPS, 2015; Lal, 2015a). These trends are not uniform
globally, however, improving in North America for example where the majority of cropland has shown
improvements in SOC stores due to the widespread adoption of conservation agriculture (e.g. reduced
tillage and improved residue management) (Pierzynski and Brajendra, 2017; FAO and ITPS, 2015; Lal,
2015b). Despite discrepancies in country and regional estimates of SOC stocks (Kochy et al., 2014;
Hengl et al., 2017; Hartemink et al., 2010 and Sanchez et al., 2010), FAO (2017) suggests that more
than 60% of the 680 billion tonnes of carbon is found in ten countries: Russia, Canada, USA, China,
Brazil, Indonesia, Australia, Argentine, Kazakhstan and Democratic Republic of Congo.

Soil degradation is the physical, chemical and biological decline in soil quality. It is caused by
erosion (wind and water), salinity, loss of organic matter, decline in fertility, increase in soil
acidity and alkalinity, decline in soil structure (increase in soil compaction and surface sealing
and soil contamination which all affect crop productivity. Among these factors, soil erosion
is the biggest threat to crop productivity as it removes organic matter, nutrients and prevents
vegetation growth, which negatively affects overall biodiversity (Panagos et al., 2018;
Scherr, 2000). However, the consequences of land degradation are severe especially for
poorer societies that do not have the available means to compensate loss of land productivity
(Blanco-Canqui and Lal, 2010). For example, crop productivity in northern Europe is not likely
to be significantly reduced by soil erosion, however, for the southern Europe the threat of
erosion-induced productivity declines is stronger (Bakker et al., 2007)
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9. NCP: 9 - Regulation of hazards and extreme events
Primary Author: Kate Brauman
Contributing Authors: Katie Arkema, Benjamin Mirus, Owen Price

9.1. IPBES Definition:

Amelioration, by ecosystems, of the impacts on humans or their infrastructure caused by e.g. floods, wind,
storms, hurricanes, seawater intrusion, tidal waves, heat waves, tsunamis, high noise levels, fires

Reduction, by ecosystems of hazards like landslides, avalanches

Increase, by organism, of probability of hazards (e.g. beaver dams affecting floods)

9.2. Why is this NCP important?

9.2.1. What is the big environmental issue this pertains to?
While the number of disasters and people affected varies substantially year to year, close to 350
major disasters affecting close to 600 million people were reported in 2016, and the overall trend
has been increasing over time (Guha-Sapir, Hoyois et al. 2016). Less-developed countries and those
with less robust institutions tend to be more affected by disasters (Kahn 2005). Changing drivers,
including the risks of climate change and increased vulnerability of populations, are increasing both
the incidence and impacts of disasters (Van Aalst 2006).

9.2.2. How does this NCP play a role?
Nature and nature-based features can both increase and reduce disaster risk by increasing,
preventing, or buffering the impacts of hazards and by changing people’s exposure to hazards
(Renaud, Sudmeier-Rieux et al. 2013). Nature-based approaches to disaster risk reduction are
becoming increasingly appealing because they are frequently lower-cost than built infrastructure
and related approaches to disaster risk reduction and because they frequently provide a suite of co-
benefits that built infrastructure cannot.

9.3. (Co-) production

9.3.1. How is this NCP produced?
Nature helps regulate hazards and their impacts through a variety of mechanisms. The physical
structure of vegetation can serve a protective role by physically blocking hazards such as waves or
rockfall, roots can help secure soils and sediments, keeping the abiotic elements of an ecosystem in
place, and areas dedicated to natural ecosystems may physically displace people and structures that
would be damaged by natural hazards. Ecosystems also help reduce hazards and their impacts by
dissipating energy, moving water, and regulating fuel for fires. The role of nature in coastal
protection, landslide reduction, floods and flood impact, and fires are discussed below.

Coastal Protection:

A growing body of research indicates that ecosystems have the potential to ameliorate the impacts
of coastal hazards on humans and infrastructure by attenuating waves, securing sediments, and
reducing storm surge (Spalding et al. 2014, Bridges et al. 2015, Sutton-Grier et al. 2015, Beck and
Lange 2016, Gedan et al. 2011, Shepard et al. 2011, Pinsky et al. 2013, Barbier et al. 2013, Narayan
et al. 2016, Gittman et al. 2014). For example, coastal forests, such as mangroves, and intertidal
vegetation, such seagrass and saltmarsh, can attenuate waves, reduce storm surge, inhibit re-
suspension of sediments, and stabilize soils (Koch et al. 2009, Wamsley et al. 2010, Gedan et al.
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2011, Shepard et al. 2011, Pinsky et al. 2013, Barbier et al. 2013, Moller et al. 2014, Moller et al.
1999, Zhang et al. 2012, Mazda et al. 1997). Coral and oyster reefs also attenuate waves and trap
sediments (Beck and Lange 2016, Monismith 2007, Ferrario et al. 2014, Scyphers et al. 2011, Gourlay
1994, Meyer et al. 1997, Piazza et al. 2005, Borsje et al. 2011). While reefs may have less influence
on surge or large storm waves, they filter out the high energy waves over the long-term, creating a
nearshore wave climate that is conducive to the growth of coastal vegetation which in turn have
their own ameliorating effects (Meyer et al. 1997, Piazza et al. 2005, Guannel et al. 2016). Seagrass
beds reduce water flow and waves, as well as retaining sediments through soil stabilization and
turbulence reduction near the bed (Bradley and Houser 2009, Koch et al. 2009, Nepf 2012, Chen et
al. 2007). Through their higher elevation, dunes can protect coastal communities from flooding;
they also supply sediment to beaches following storm events (Silva et al. 2016, Duran and Moore
2013).

In general, protective services provided by coastal ecosystems can be classified as hydrodynamic or
sedimentary processes (Koch et al. 2009, Nepf 2012, Moller et al. 1999, Gourlay 1994, Maza et al.
2013, Luhar and Nepf 2016, van Rooijen et al. 2016). At the most fundamental scale, a plant stem
immersed in moving fluid experiences viscous and drag forces. These forces in turn cause plants to
move, further perturbing the surrounding fluid and promoting turbulence, which dissipates energy.
Similarly intricate local flow patterns also emerge around the irregular geometry of rigid organisms
like coral reefs and mangroves (Monismith 2007). These complex interactions between submerged
habitats and nearshore waters ultimately translate into energy extracted from the mean flow, which
underlies the commonly observed and reported wave attenuation (or “hydrodynamic dampening”)
by coastal ecosystems.

Hydrodynamic conditions are interlinked with shoreline geomorphology through erosion of the bed
and sediment transport processes. Marsh and mangrove shoots and roots trap sediments (Gedan et
al. 2011, Boorman and Ashton 1997, Wolanski et al. 1998), thus enhancing coastal protection by
raising the local topography over the course of years. Dense, deeply submerged seagrass canopies
may have relatively little dampening effect on the propagating waves, but their inhibition of near-
bed turbulence may play an important role in trapping and avoiding resuspension of fine sediments
(Nepf 2012, van Rooijen et al. 2016, Yang et al. 2013) that would otherwise be carried further away
by the flow. This sediment retention could in turn protect a sandy beach from erosion in a single
event or in the long-term. Soil stabilization provided by vegetation (Michelli et al. 2002, Gedan et al.
2011, Nepf 2012) makes it more difficult for waves and currents to erode the bed, potentially
influencing bathymetry (Chatenoux and Peduzzi 2006).

Although the effect of vegetation on soil may seem inherently protective, accurate quantification of
this process is needed to avoid undesired trade-offs. For example, a densely vegetated sand dune
may resist erosion and protect inland areas from flooding. However, too little erosion can starve
adjacent beaches under extreme events (Silva et al. 2016), indirectly promoting coastline retreat.
Moreover, like built approaches to shoreline protection (e.g., seawalls) ecosystems have a threshold
beyond which they fail and can no longer protect people and property. Energetic waves can tear up
plants (Mork 1996, Mendez and Losada 2004), expose sediments, and increase erosion as seen both
in the laboratory (Coops et al. 1996) and in the field (Knutson et al. 1981, Cahoon 1996). Plants also
bend or break in rapid unidirectional flows (Nepf 2012, Maza et al. 2013), offering less resistance to
the flow (Gedan et al. 2011, Moller et al. 2014), thus losing much of their dampening effect. Unlike
dense aquatic meadows, sparse submerged canopies can enhance local turbulence, causing
increased bed shear stress and thus potential scour near the base of the plants (Nepf 1999, Tinoco
and Coco 2016).
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In sum, the production of coastal protection services varies dramatically according to several abiotic
and biotic variables. These include the type of hazard (e.g. storm waves vs. tsunami) and its
magnitude (e.g., flow speed, wave height etc.), as well as spatial variation in shoreline elevation and
type (e.g., muddy or sandy versus rocky). Various attributes of species morphology are particularly
important, such as the density and geometry of blades, shoots, and trunks for mangroves, saltmarsh
and seagrass (Koch et al. 2009, Gedan et al. 2011, Beck and Lang 2016) and the distance between
reef crest and water level, the width of the reef shelf, the distance offshore (i.e., fringing versus
barrier reef) and roughness for coral reefs (Monismith et al. 2007, Ferrario et al. 2014, Narayan et al.
2016, Scyphers et al. 2011). The width of the natural buffer can have large influences on the degree
to which habitats ameliorate coastal hazards and importantly, different species of coral, kelp,
mangroves and other systems, may have very different morphologies (e.g., Porites divaricata vs.
Acropora palmate coral and Macrosystis pyrifera vs. Laminaria hyperborea) and thus different
magnitudes and mechanisms of influence on coastal protection services (Elwany et al. 1995, Mork
1996).

Summary of how this NCP is produced:

Direct: Coastal ecosystems dissipate energy

Indirect: Configuration of multiple habitat types (e.g., coral reef, mangrove forests, saltmarshes) that
provide coastal protection through different mechanisms and may interact with each other over the
short and long-term to ameliorate the effects of coastal hazards through wave attenuation, surge
attenuation, and avoided sedimentation or soil erosion.

Indirect: Marginal effects of ecosystems relative to other abiotic factors such as shoreline type,
orientation and elevation, forcing conditions (waves, wind, surge), sea-level rise which all influence
the extent to which the distribution and extent of coastal habitats matter for reducing erosion and
flooding impacts for people and property.

Landslides

A landslide is a specific sub-type of natural hazards involving the downslope movement of rock, soil,
and organic materials due to the effects of gravity (Highland and Bobrowsky, 2008). The term
landslide refers both to this slope movement as well as to the resulting landform. Landslides occur
when the forces resisting movement (e.g., cohesion and friction) are exceeded by the forces driving
instability (e.g., gravity), which involves some mechanism that triggers the instability (Lu and Godt,
2013). Triggers include other hazards such as earthquakes (e.g. Collins and Jibson, 2015) or volcanic
eruptions (e.g., Glicken, 1996), as well as triggers related to climatic factors such as hillslope
hydrological processes (lverson, 2000; Lu and Godt, 2013; Bogaard and Greco, 2016) and erosional
processes (e.g., Collins and Sitar, 2008).

Although biota could have the potential to marginally influence the distribution of landslides
triggered by earthquakes or volcanic eruptions, the primary seismic or volcanic hazard dominates
the resulting impact to humans. Thus, the possible impact of biota on co-seismic and volcanic
landslides is likely negligible and has not been studied in detail. In contrast, hydrologically triggered
landslides involve some combination of increased subsurface pore-water pressure and decreased
shear strength of the mobile earth materials (lverson, 2000; Lu and Godt, 2013; Bogaard and Greco,
2016), both of which can be influenced by vegetation and potentially also by some animals.

Vegetation is known to influence slope stability in two primary ways: by influencing hydrological
processes and through the apparent strength properties of soils (Glade et al., 2005). Through the
process of transpiration, vegetation removes water from the subsurface, which decreases
antecedent soil moisture and pore-water pressures, generally reducing the susceptibility of a slope
to failure during a subsequent rainfall event. In some circumstances forest clearing can therefore
lead to enhanced landslide susceptibility (Eigenbrod and Kaluza, 1999). During storms, vegetation
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canopy can intercept precipitation, some portion of which evaporates and never reaches the
subsurface, which further decreases soil moisture and thereby enhances the stability of vegetated
slopes (Dhakal and Sidle, 2004). Vegetation also influences the strength of hillslope materials by
introducing root strength, which can reinforce the slope and reduce the probability of landsliding
(e.g., Schmidt et al., 2001). Although not widely studied, burrowing and grazing animals can change
subsurface hydraulic and strength properties of soils, which, depending on the type of change, can
either increase or decrease a slopes susceptibility to landsliding. However, limited research has
focused specifically on the topic and is typically considered in the broader context of land-use
change (e.g. Glade, 2003).

Erosion-triggered landslides involves a change in topography that undermines some portion of the
slope leading to an instability and failure. Through the same processes of canopy interception and
root strength, vegetation can reduce erosion, therefore in some cases reducing the probability of
landslides. Burrowing and grazing animals generally contribute to natural erosional processes, and
while the direct link to landslide susceptibility remains poorly characterized it could lead to some
increase.

Overall the locations of interest related to NCP and landslide occurrence are steep terrain where
vegetation change (e.g. change in forest structure, or deforestation) is likely to take place.

Summary of how this NCP is produced:

Direct: Root strength enhances slope stability

Indirect: Transpiration reduces slope wetness

Indirect: Canopy interception and evaporation reduce slope wetness
Indirect: Grazing and burrowing can alter subsurface properties and erosion

Flood control
Nature regulates the generation of flood waters, the conveyance of flood waters, and the impact of
floods.

The mechanisms by which nature affects flood generation are the same as those described in detail
in NCP6 Regulation of water quantity and flow. Briefly, ecosystems can reduce the size of flood
peaks by creating storage space in the soil to retain water because vegetation transfers water to the
atmosphere and through physical blockage of water flow (Brauman, Daily et al. 2007). Flood
regulation affects primarily small to mid-size floods and floods at small spatial scales (Van Dijk, Van
Noordwijk et al. 2009) (Fletcher, Andrieu et al. 2013); ecosystem flood regulation has been found to
be negligible for events higher than 20% mean annual flood (Dadson, Hall et al. 2017) and is most
effective during storms with lower rainfall intensities (Depietri, Renaud et al. 2012). In some cases,
particularly with headwater wetlands, ecosystems can exacerbate flooding (Kadykalo and Findlay
2016). Ecosystem management, particularly the placement of roads, substantially affects flooding
(Eisenbies, Aust et al. 2007).

Ecosystems also regulate the speed at which water moves across the landscape and through
channels, which affects the timing and size of flood peaks. (Brauman, Daily et al. 2007). Vegetation
with high contours or relief is most likely to slow floodwaters (Lyytiméaki and Sipild 2009). Within
streams, vegetation stabilizes riverbanks and reduces river energy and flow speed (Palmer, Filoso et
al. 2014) (Bechtol and Laurian 2005) (Elosegi and Sabater 2013).

Nature can also reduce the impact of flooding; floodplains and wetlands provide space for
floodwaters to expand, reducing the height and energy of downstream flood peaks (Kadykalo and
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Findlay 2016). Ecosystems may also help combat land subsidence by promoting groundwater
recharge, helping protect low-lying areas. (Bechtol and Laurian 2005)

Summary of how this NCP is produced:

Direct: Evapotranspiration by vegetation creates storage space for flood waters in the subsurface
Direct: Rough vegetation slows water movement

Direct: Natural channels slow flow speeds and floodplains and wetlands provide room for
floodwaters to expand

Fire control

Ecosystems have a profound effect on fire due to the patterns of fuel amount, spatial distribution
and availability to burn (periodic dryness)(Archibald, Lehmann et al. 2013). People can and do
manipulate fire to increase the benefit and reduce the impact, though accidental fire can also
increase the impact (Bowman, Balch et al. 2011). In fire prone ecosystems, the great majority of
species are adapted to fire, but the nature of that adaptation varies, so that for each species there is
a minimum time to reach reproductive maturity after a fire within which time a second fire will
cause possible loss of that species. Likewise there is also a maximum period after fire when the
species will be lost due to natural death in the absence of a second fire. This defines the tolerable
fire interval required to maintain a species in an area.

Two types of landscape fire are recognized: wildfire and prescribed burning. The main objective of
prescribed burning is to reduce the area burnt by wildfire, and the associated risk. In practice the
effectiveness of these programs is hard to measure, but research suggests that between 1 and 10 ha
of prescribed burning is required to reduce wildfire area in the long term (Price and Bradstock 2010,
Price, Russell-Smith et al. 2012, Price, Pausas et al. 2015). Prescribed burning is more effective in
ecosystems with higher natural fire frequencies and slower fuel recovery rates (Price, Pausas et al.
2015). Prescribed burning, or the deliberate burning of landscapes has a history extending thousands
of years in all continents (Bowman, Balch et al. 2011, Jones 2012, Abrams and Nowacki 2015).
Prescribed burning usually occurs in smaller patches, in milder weather, in cooler seasons, and with
less intensity or severity that wildfire (Russell-Smith, Yates et al. 2007), though there is considerable
overlap between the two.

Summary of how this NCP is produced:
Direct: VVegetation growth controls fuel amount and ability to burn

9.3.2. How is (co)production of this NCP measured?
Nature’s contribution to disaster risk reduction is measured in a variety of ways. The direct physical
processes by which nature interacts with hazard-drivers can be measured in laboratory settings,
such as with sea grasses in flumes. Measurements in-situ more accurately represent real-works
conditions but frequently occur in complex settings that make it difficult to disentangle the role of
nature. In-situ, measurements are frequently made of hazard elements like wave high before and
after the wave comes in contact with an ecosystem such as a seagrass bed. Indirect measures of the
role of nature are often made by statistically comparing the impact of disasters in places with and
without natural hazard reduction and through modeling studies. Vulnerability indices, which account
for the presence of certain natural characteristics along with characteristics of vulnerable human
populations, are also used to measure the impact of nature in hazard reduction.

Coastal Protection

At local scales coastal protection is generally measured by placing wave sensors in and around
coastal habitats such as seagrass (Bradley and Houser 2009), saltmarsh (Moller et al. 1999, Shephard
et al. 2011), kelp forests (Elwany et al. 1995), and coral reefs (Ferrario et al. 2014). The overarching
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goal of such studies is often to quantify wave attenuation through vegetation and across reefs (Koch
et al. 2009, Pinsky et al. 2013) or to assess local scale shoreline accretion or retreat (Feagin et al.
2009, Scyphers et al. 2011, Shephard et al. 2011). Another goal of wave attenuation studies in the
laboratory and field is to estimate the drag coefficient (Pinsky et al. 2013). The drag coefficient is an
important part of extrapolating the influence of vegetation at the local or patch scale to a larger
seascape scale using quantitative models. Accurate parameterization of the drag force or energy
dissipation caused by vegetation (Kobayashi et al. 1993, Mendez and Losado 2004, Bradley and
Houser 2009, Maza et al. 2009, Luhar and Nepf 2006, van Rooijen et al. 2016) is difficult because of
the complexity of the physical phenomena involved and wide variety and variability of attributes
(geometry, stiffness, density, buoyancy, etc.) of nearshore vegetation (Nepf 2012). Similarly, coral
reefs are characterized by a complex geometry and spatially variable roughness, which are difficult
to parameterize in numerical models (Monismith 2007).

Ideally, quantifying production of coastal protection services at larger scales involves isolating the
contribution of one or more coastal or marine ecosystems relative to the bathymetry, distance from
shore, wave height, and other abiotic variables (Koch et al. 2009, Pinsky et al. 2013, Guannel et al.
2015, NRC 2014). This is because amelioration of coastal hazards by habitats varies tremendously
based on forcing conditions and shoreline morphology (see production section above). However,
modeling coastal processes and nearshore hydrodynamic conditions is difficult and time intensive.
Much of the work related to coastal hazard modeling involves highly complex surge and wave
models that forecast impacts of storms of varying sizes on coastal regions and communities. Recent
advancements in these models include incorporating parameters that reflect the role of coastal
habitats in reducing flooding and erosion and the ability to assess trends in coastal protection as a
result of habitat change through time. However, many of these models require several months,
extensive data, and highly trained technicians to run, which would largely be prohibitive at the
global scale. Yet such efforts are underway for coral reefs (Spalding et al. 2016).

One alternative approach are exposure and/or vulnerability indices (Beck et al. 2013, Arkema et al.
2013, USACE 2015), which incorporate the extent and spatial distribution of multiple coastal
ecosystems into relatively simple frameworks for coastal hazards (Arkema et al. 2013, Wamsley et al.
2015). While not capturing hydrodynamic and geomorphological processes, such an approach
incorporates more readily available data at a global scale, allows for an assessment of change in
social benefit through changes in coastal habitats and estimates the marginal role of ecosystems
relative to various abiotic variables that have been identified as good indicators of exposure to
hazards (e.g., shoreline type, elevation, waves, sea-level rise, Hammar-Klose and Thieler 2001,
Wamsley et al. 2010, Arkema et al. 2013).

Landslides

The influence of vegetation is very difficult to measure directly at the scale of a single tree or shrub,
though considerable efforts have been made to relate vegetation distribution to the apparent
cohesion of a hillslope introduced by root tensile strength (Nilaweera and Nutalaya, 1999; Schmitt et
al., 2001; Reubens et al., 2007; Greenwood et al., 2007; Genet, 2008; Vergania et al., 2017). At the
watershed scale, linkages between deforestation and increased landslide occurrence in steep terrain
have been documented (e.g., Swanson and Dryness, 1975; Dhakal and Sidle, 2004; Johnson et al.,
2007). Landsliding is a localized phenomena, so it remains difficult to objectively define direct
linkages between vegetation change and landslide occurrence at the global scale. However, linkages
between vegetation density and landslides in some locations (Miller and Burnett, 2007) suggests a
correlation that could be investigated globally.

Flood Control

180



NCP 13: Materials and assistance

Incidence of flooding is widely measured, but direct measurements of the effect of land cover on
flooding is limited and relies on robust measurements of floods in watersheds that are comparable
save some known difference in land cover (Hewlett 1982). Lacking this information, assessments of
the impact of land cover on flood regulation is largely statistical (Van Dijk, Van Noordwijk et al. 2009)

Fire Control

The area burnt by wildfire can be measured using satellite technology such as MODIS imagery, which
provide global coverage at ~0.5 km resolution (Justice, Giglio et al. 2002, van der Werf, Randerson et
al. 2008). This is inadequate for most management programs due to the coarse resolution and poor
detection rates for low intensity fires (including prescribed burns). Therefore, many fire agencies
maintain their own fire history mapping derived from finer-scale satellites such as Landsat (Murphy,
Cochrane et al. 2015), or from operation mapping of fire boundaries. Estimating the benefit from
prescribed burning is essentially a research question, requiring statistical analysis of the feedback of
prescribed fire on wildfire (Price and Bradstock 2011) and monitoring of biodiversity (Russell-Smith,
Watt et al. 2012).

Tolerable fire intervals are usually applied to plant communities and are a very useful way to
measure, map and monitor the fire regime status of the landscape. They are used in several
countries to guide fire planning and intervention, especially in protected areas, including South
Africa (Rogers 2003) and Australia (Kenny, Sutherland et al. 2004), and they are being considered in
the USA (Moritz, Hurteau et al. 2013). Typically, a map will show the areas below threshold (two
fires occurring too frequently), within threshold, and above threshold (unburnt for too long).

As with fire history mapping, fire interval analysis is a proxy for landscape health (e.g. of biodiversity
or soil), which is often the true objective of fire management, and it is assumed that acceptable
intervals actually translate into benefits.

9.3.3. Links to other NCPS
Natural hazards affect ecosystems as well as people, and these changes almost always affect the co-
production of NCP in those ecosystems. Hazards can also have direct impact on NCP. For example,
reduction in wildfire risk lessens impacts on air and water quality, soils, future hazards, food, and
materials.

NCP2 - pollination -

NCP3 — air quality — Fire has a direct impact on air quality

NCP4 — climate — vegetation providing hazard regulation, including coastal vegetation, store and
sequester carbon in above and belowground biomass as well as in sediments. Landscape fire
influences many climate-related processes, by reducing the albedo of affected land (a warming
effect), introducing black carbon into the troposphere (cooling), reducing convection (reduced
rainfall), and emitting greenhouse gases (Bowman, Balch et al. 2009). Annual global emissions from
biomass burning (landscape fire plus human consumption of biomass) is estimated at about 50%
that of fossil fuel emissions (Bowman, Balch et al. 2009).

NCP5 - ocean acidification -

NCP6 — water quantity -Wildfire changes runoff regimes (Smith, Sheridan et al. 2011)

NCP7 — water quality — In nearshore areas, subtidal and coastal vegetation filter out nitrogen,
phosphorus and bacteria. Wildfire can influence water quality by removing vegetation and exposing
the ground to run-off, soil erosion and the input of nutrients in the ash (Smith, Sheridan et al. 2011).
NCP8 - soils -

NCP10 - pests —

NCP11 - energy -

NCP12 - food - Food-producing areas may be protected by ecosystems. In addition, the hazard-
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protecting ecosystems themselves may provide food or feed. Nearshore ecosystems providing
coastal protection also provide nursery and adult habitat for economically important fish and
invertebrates. A benefit of landscape fire is in the provision of resources for food (i.e. managing
vegetation for cropping or forage).agricultural cultivation.
NCP13 — materials —
NCP14 - medicine -
NCP15 - learning — In ancient traditions such as in Australia, burning practices are learned over a
lifetime, are governed by complex rules and are highly complex in their planning and execution
(Garde, Nadjanerrek et al. 2009). |
NCP16 - experiences - Coral reefs draw millions of tourists for snorkeling and SCUBA diving globally
NCP17 - identities - New research into human health and wellbeing shows importance of blue
viewsheds and ocean access for restorative nature and fostering physical activity.

9.3.4. Indicators of NCP (co-) production

NCP Production Indicator/ Rationale/ justification for why this indicator/ Data set

Function Proxy proxy was selected
Sub-NCP From There’s good evidence? It’s the easiest? We have | URL, citation

summary the data? The data time series is long enough?

bullets
Coastal Width of reef | Coral reefs There’s good data, we have good evidence; not UNEP-WCMC, WorldFish Centre, WRI,
Protection: crest, height distribution sure about time series TNC (2010). Global distribution of warm-
Avoided relative to and extent water coral reefs, compiled from
erosion, water level multiple sources including the
flooding Millennium Coral Reef Mapping Project.
and wave Version 1.3. Includes contributions from
attenuation IMaRS-USF and IRD (2005), IMaRS-USF
, esp. (2005) and Spalding et al. (2001).
related to Cambridge (UK): UNEP World
influence Conservation Monitoring Centre. URL:
on long- http://data.unep-wcmc.org/datasets/1
term wave
climate
Coastal Width of Mangrove There’s good data, we have good evidence; not Data Provided By: US Geological Survey
Protection: buffer in distribution sure about time series (USGS) 1997, 2000
Avoided cross shore and Citation:http://onlinelibrary.wiley.com/
storm direction; abundance doi/10.1111/j.1466-
surge, wave | density, 8238.2010.00584.x/pdf
attenuation | width etc. of
; sediment roots, trunks,
retention canopy
Coastal Width of Saltmarsh There’s good data, we have good evidence; not Mcowen C, Weatherdon LV, Bochove J,
Protection: buffer in distribution sure about time series Sullivan E, Blyth S, Zockler C, Stanwell-
Avoided cross shore and Smith D, Kingston N, Martin CS, Spalding
storm direction; abundance M, Fletcher S (2017). A global map of
surge, wave | density, saltmarshes. Biodiversity Data Journal 5:
attenuation | width etc. of e11764. Paper DOI:
; sediment shoots https://doi.org/10.3897/BDJ.5.e11764;
retention Data URL: http://data.unep-

wcmc.org/datasets/43 (v.4)

Coastal Width of Coastal forest | Not sure Global land use land cover
Protection: buffer in distribution
Avoided cross shore and extent
storm direction;
surge, wave | density,
attenuation | width etc. of
; soil trunks,
erosion canopy
Coastal Globally Role of ecosystems for coastal protection
Protection: available depends on elevation and depth
Indirect combined
factor Bathy/Topo
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Coastal Globally Literature shows that influence of ecosystems NOAA WaveWatch Ill data
Protection: available data | depends on wave heights
Indirect for waves and
factor wind
Coastal Globally Distance from shoreline to edge of the A globally available dataset of the
Protection: available continental shelf is a good indicator of storm continental margins was prepared by
Indirect continental surge the Continental Margins Ecosystem
factor shelf (COMARGE) effort in conjunction with
the Census of Marine Life (Arkema et al.
2013)
Fire fire mapping and analysis of fire intervals are the
usual metrics for measuring landscape fire.
However, they do not measure the cost or
benefit from fire directly so they are proxies.

9.3.5. Trends in Co-Production

9.3.5.1. General (across all units of analysis)
Coastal Protection
Several recent studies have aimed to assessed coastal protection globally using wave attenuation as
a metrics for coastal protection. For corals, Ferrario and colleagues (2014) synthesized data from 27
field studies across the Atlantic, Pacific and Indian oceans and found on average coral reefs provide a
97% reduction in wave energy. Similar syntheses of saltmarsh studies from across the globe found
wave attenuation in saltmarshes varied substantially (from about 10-90%) with distance into the
marsh and wave height as critical factors (Shephard et al. 2011, Gedan et al. 2011). Koch and
colleagues (2009) similarly showed variability and non-linearity in coastal protection services
provided by reefs and vegetation. However, for many of the studies compiled in the meta-analyses
above, incident wave heights are low (>3 m). Pinsky et al. 2013 re-analyzed existing wave height
studies in kelp, marsh, seagrass, and mangrove and found that wave attenuation varies with drag
coefficient and that failing to account for a decline in drag under storm conditions could
overestimate wave attenuation by 19-1600% in the high hazard context when coastal protection
really matters. Thus, larger habitat areas may be needed to provide coastal protection services than
originally thought. In the most recent quantitative synthesis of 69 studies of wave attenuation
across multiple habitats, Nayaran and colleagues (2016) again find wave attenuation to be highly
variable, reporting that on average, coastal habitats reduce wave heights by 35-71%.

The aforementioned lay out the evidence that coastal ecosystems modify nearshore hydrodynamic
conditions such as wave attenuation. But they are limited from an NCP perspective because, with
the exception of Narayan et al. (2016), they lack a connection between reduction in wave heights
(provided by nature — often at a location offshore) to processes that matter to people and
infrastructure such as avoided erosion and flooding (Arkema et al. 2017). They also do not provide a
comprehensive global assessment. To address this deficiency, The Nature Conservancy, through
their Mapping Ocean Wealth Project (Spalding et al. 2016), modeled flood hazards and potential
damage costs from four different storm return periods (one-in-10 year, one-in-25, -50, and -100-year
storms). They estimated land, population, and built capital (S) flooded across all coral reef coastlines
to a 90 meter resolution and examined flooding in cross-shore profiles every two kilometers for all
coral reefs globally. They found that small declines in the height of the reef crest allow much more
wave energy to pass through to flood coastlines. For one-in-10-year events, storm costs would more
than triple with the loss of just one meter in the height of the reef crest. Reefs provide significant
benefits even for higher intensity, 100-year events where damages would increase to $219 billion
with reef degradation. The countries that may see the greatest annual benefits relative to their GDP
include many Small Island Developing States, particularly across the Caribbean (Spalding et al. 2016).
The study did not explore trends in coastal protection provided by coral reefs through time nor the
status of other habitat types.
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Loss of coastal and estuarine habitats suggests an overall downward trend in coastal protection
services. However, the suite of techniques recently developed by researchers and practitioners for
implementing natural and nature-based approaches is growing (Arkema et. al 2017). Thus, some
coastal areas are seeing an increase in the use of nature-based approaches to coastal protection,
including oyster restoration (Scyphers et al. 2011), installation of sills to facilitate marsh recruitment
and growth (NOAA 2015), mangrove conservation through private protected area programs, and
coral reef enhancement by out-planting recruits (e.g., Johnson et al. 2011). At the larger scale, the
Netherlands, Belgium, US, and several other countries are increasingly investing in massive planning,
restoration, and engineering projects (CPRA et al. 2012, van Slobbe et al. 2012, Temmerman and
Kirwan 2015), such as the Dutch’s innovative “sand engine” (Stive et al. 2013). In the Caribbean, the
government of Belize in 2016 passed the country’s first Coastal Zone Management Plan in part to
safeguard reefs, mangroves, and seagrass for coastal defense (Arkema et al. 2015). The Bahamian
government, in the wake of Hurricanes Joaquin and Matthew, has agreed on more than $3 million
loan with the Inter-American Development Bank to invest in mangrove restoration for coastal
protection following sustainable development planning that accounted for changes in coastal
protection services (Arkema et al. 2017). Throughout the Indian Ocean, nature-based approaches
have taken hold, but there is often limited input from science and questionable benefits for people
and ecosystems (Feagin et al. 2010, Mukherjee et al. 2010). While in South Africa, stakeholders are
engaging heavily in processes to inform coastal resilience planning (Reyers et al. 2015).

While no studies have yet assessed trends in coastal protection services globally, there are a few
regional examples of modeling coastal vulnerability through time. New York, United States, provides
a case example, showing spatial variability in changes in vulnerability through time, noting in
particular the loss of marsh islands in the center of Jamaica Bay placing shoreline areas at increased
risk of impacts from coastal hazards (2016).

Summary of NCP trends:

e Trend (& why): Mostly down, up in some places

e Spatial variance (& why): Spatial variance is large. Attenuation of hydrodynamic conditions
such as wave heights and influence on sediment transport processes varies enormously.
Adoption of natural and nature-based approaches to coastal protection services is growing in
the US, Europe, the Caribbean and elsewhere but shoreline hardening continues apace
elsewhere.

e Degree of certainty (& why): Medium. Coastal protection provided by ecosystems does work,
but its efficacy varies substantially. Also no studies exist that assess coastal protection services
globally for multiple sometimes interacting habitats.

Landslides

Generally the study of NCP related to landslide occurrence have focused on vegetation and land use
change (Swanson and Dryness, 1975; Glade, 2003; Dhakal and Sidle, 2004; Greenwood et al., 2007;
Johnson et al., 2007). Most landslides hazard assessment studies emphasize the physical processes
related to landsliding (e.g., Corominas et al., 2014; Iverson et al., 2015). Although some studies have
investigated the differences between root strength of difference species or have examined root
strength impacts for a given biome (e.g., Schmidt et al., 2001; Reubens et al., 2007; Vergania et al.,
2017), there is insufficient evidence to comment on how vegetation influences slope stability
differentially across different biomes. In particular, the dual role of vegetation in reducing soil
wetness through transpiration and reinforcing slopes through root strength is difficult to isolate
from the combined impacts of soil properties and thickness, topographic slope, and hydroclimatic
setting on predisposing factors to landslide initiation.
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Summary of NCP trends:

e Trend (& why): Unknown

e Spatial variance (& why): Probably high
e Degree of certainty (& why): Low

Flood

The extent to which ecosystems regulate flooding is unclear, but has probably declined. There are no
indications of change in upland ecosystem regulation of flooding, though any effect would likely be
on small to mid-sized floods and in small watersheds, so it would be difficult to detect (van Dijk and
Keenan 2007). However, extensive modification of river channels throughout the world has reduced
their ability to control flooding along their length (Schoof 1980). In addition, as more people move
into floodplains and fill wetlands (McDermott, Michaels et al. 2015), these areas are no longer able
help abate floods. Finally, roads play an important role in flood generation (Eisenbies, Aust et al.
2007), so as roadbuilding expands (Dulac 2013), natural regulation of flooding has probably declined.

Summary of NCP trends:

e Trend (& why): Declining — more roads, river channel modifications, and fill of wetlands and
flood plains

e Spatial variance (& why): High — flooding is inherently local, though ecosystem changes affecting
flooding are happening globally

o Degree of certainty (& why): Medium — low certainty about upstream ecosystem regulation of
flooding, higher certainty about effects of channel modification, roads, and floodplain fill.

Fire

Landscape fire is almost ubiquitous around the world (Bowman, Balch et al. 2009, Krawchuk, Moritz
et al. 2009). Although wildfire occurs naturally as a result of lightning, in most fire prone areas of the
world people are now the main cause of unplanned ignitions (Liu, Yang et al. 2012, Ganteaume,
Camia et al. 2013, Mundo, Wiegand et al. 2013, Price 2015, Syphard and Keeley 2015, Collins, Price
et al. 2016), although probably not in the boreal forests (Achard, Eva et al. 2008, Magnussen and
Taylor 2012).

Fire weather severity is projected to increase around the world (Flannigan, Krawchuk et al. 2009),
and in several regions the increase is already detectible (Westerling, Hidalgo et al. 2006, Clarke,
Lucas et al. 2013, Veraverbeke, Rogers et al. 2017). Wildfire activity is expected respond by
increasing (Flannigan, Krawchuk et al. 2009, Keywood, Kanakidou et al. 2013). However, the
magnitude of change will be variable, and in ecosystems where fire is already limited by fuel
availability (arid and most semi-arid zones), increased temperature will probably reduce plant
growth and hence fire activity will probably be reduced (Bradstock 2010). This response is further
complicated by the possibility that CO, enrichment will improve the water use efficiency of plants
(Hovenden and Williams 2010). In the Mediterranean, fire is also increasing because of
abandonment of traditional land use practices (Duguy, Alloza et al. 2007). These subtleties make
prediction of future fire activity difficult.

It is difficult to estimate how much burning was undertaken before modern times, but in savanna
ecosystems up to 30% of the vegetation may have been burnt each year (Russell-Smith, Yates et al.
2007, Archibald, Staver et al. 2012). In modern developed countries, prescribed burning is usually
carried out by Government agencies with large budgets. Examples of very proactive prescribed
burning programs are in the forests of Western Australia where approximately 8% of the forest is
burnt per year (Boer, Sadler et al. 2009) and Kruger National Park in South Africa where 21% is burnt
each year (Govender, Mutanga et al. 20