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Abstract This chapter reports the findings of a Working Group on how atmospheric
nitrogen (N) deposition affects both terrestrial and freshwater biodiversity. Regional
and global scale impacts on biodiversity are addressed, together with potential indi-
cators. Key conclusions are that: the rates of loss in biodiversity are greatest at the
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lowest and initial stages of N deposition increase; changes in species compositions
are related to the relative amounts of N, carbon (C) and phosphorus (P) in the plant
soil system; enhanced N inputs have implications for C cycling; N deposition is
known to be having adverse effects on European and North American vegetation
composition; very little is known about tropical ecosystem responses, while tropical
ecosystems are major biodiversity hotspots and are increasingly recipients of very
high N deposition rates; N deposition alters forest fungi and mycorrhyzal relations
with plants; the rapid response of forest fungi and arthropods makes them good indi-
cators of change; predictive tools (models) that address ecosystem scale processes
are necessary to address complex drivers and responses, including the integration
of N deposition, climate change and land use effects; criteria can be identified for
projecting sensitivity of terrestrial and aquatic ecosystems to N deposition. Future
research and policy-relevant recommendations are identified.

Keywords Biodiversity ¢ Flora « Fauna ¢ Ecosystems ¢ Nitrogen effects ¢ Policy

49.1 Introduction

Reactive nitrogen (N)), by virtue of being an essential nutrient for life, exerts a
major influence on ecosystem structure and function. Human activities now convert
more atmospheric nitrogen (N) to reactive plant-available forms than all natural
sources combined and this has resulted in N becoming abundant in many ecosys-
tems where it has been historically scarce. Inputs of N to the Earth’s ecosystems
have increased 20-fold since 1860 (Galloway et al. 2008). Rockstrém et al. (2009)
conclude that the human interference with the global N cycle has already crossed a
threshold leading to an unacceptable level of environmental change. Interestingly,
these authors posit the threshold for the rate of biodiversity loss (defined as shifts in
species composition, loss of individual species, and reduced richness) has also been
crossed, and it is most likely that human impacts on N cycling and biodiversity loss
are, in part, connected.

Nitrogen has the potential to be transported through the atmosphere and deposit-
ed many kilometers from its source area, and atmospheric N deposition has become
amajor force of ecological change in areas both adjacent to and remote from sources
of emissions (Sutton et al. 2011). Large areas of industrial nations, and increasingly
large areas of developing nations, now receive N from atmospheric deposition in
amounts that are orders of magnitude greater than from naturally fixed N.

The following report summarizes the results of a Working Group on the con-
sequences of atmospheric N deposition on biodiversity. We describe a continuum
of effects of atmospheric N deposition on species and ecosystems from low, initial
increases in N deposition on natural undisturbed areas to high levels of atmospheric
N to historically altered and managed landscapes. We summarize known conse-
quences of N for biodiversity, point out information gaps, and make suggestions for
research and ways that policy could be altered to protect it. Our conclusions are as
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striking for what we do not know as for what we know and can document. Records
of global N deposition and biodiversity response are sparse, and many regions of
the world have little or no information on historic deposition, current deposition,
biotic inventories, or susceptibility of native species to N. Much of what we un-
derstand about N deposition impacts on biodiversity has been extrapolated from N
fertilization experiments, with limited studies along N deposition gradients.

49.2 Ecosystems, Communities and Organisms at Risk
from Nitrogen Deposition

Terrestrial and aquatic ecosystems can respond rapidly to increased N from atmo-
spheric deposition if they are N-poor initially, or have or are surrounded by soils of
low to moderate buffering capacity. If nutrient poor, N contributes to eutrophication,
and if soils have low buffering capacity, they are susceptible to acidification from
strong acid anions, including nitrate. Oligotrophic freshwater ecosystems may be
eutrophied or acidified by nitrate or ammonium deposition to surrounding soils with
poor buffering capacity (Baron et al. 2000; Rabalais 2002). Evidence from monitor-
ing, paleoecological reconstructions, and experiments show that oligotrophic arctic,
alpine, temperate grasslands, heathlands, deserts, Mediterranean vegetation, and
lakes are sensitive to slight increases in N availability (Gordon et al. 2001; Wolfe
et al. 2001; Fenn et al. 2003; Bowman et al. 2006; Rao et al. 2010; Bobbink et al.
2010; Dias et al. 2014, Chap. 27, this volume). Experimental and observational re-
sults indicate the loss of species is nonlinear; the greatest decline in species richness
occurs with slight increases of N above a natural, or experimental control deposi-
tion rate, and there is less change in diversity at higher depositions (Bobbink et al.
2010; Emmett 2007; Dise et al. 2011). The biodiversity of undisturbed landscapes
with background levels of N deposition is, therefore, theoretically at high risk from
N deposition.

Certain types of terrestrial organisms will be more susceptible to increased N
deposition by virtue of their low stature, higher N accumulation rates, or specialized
structures or hosts; these include bryophytes, oligotrophic lichens, insectivorous
plants, those with N-fixing nodules and mycorrhizal fungi (Gordon et al. 2001;
Bobbink et al. 2010). Specialist herbivorous insects on susceptible plants will be
vulnerable (Throop and Lerdau 2004). While N impacts can be predicted for taxa
or functional groups based on knowledge of the generalized response to N of some
members of the groups, and these are summarized in Bobbink et al. (2010), there is
a dearth of information on many particular species or guilds. While some research
has addressed the biodiversity of free-living microorganisms in response to N depo-
sition, this literature body has not been synthesized, yet these organisms constitute
most of the biodiversity of all ecosystems.
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Fig. 49.1 Conceptual depiction of the causes (italics) and effects of N, deposition to ecosystems
ranging from minimally disturbed to highly managed

49.3 Mechanisms by Which Nitrogen Deposition Affects
Biodiversity

Atmospheric N deposition alters species composition, richness, and productiv-
ity in terrestrial and freshwater environments via many pathways (Fig. 49.1). The
physical mechanisms, such as eutrophication-induced competition for light and soil
acidification, can be described as “bottom-up” processes. Species losses can also be
hypothesized to occur from “top-down” ecological processes including increased
herbivory and insect outbreaks. Different species are likely to be differentially sen-
sitive to different processes, but there is some evidence that both processes are
relevant (e.g. Hautier et al. 2009).

49.3.1 Physical Mechanisms

Eutrophication is a cascade of events that is triggered by relief from N limitation
in individual plants. Rates of native biodiversity loss due to eutrophication will
be greatest at the lowest and initial stages of N increases in the most oligotrophic
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environments (Baron et al. 2000; Bowman et al. 2006; Emmett 2007). Nitrogen
deposition continues to reduce plant diversity at higher deposition amounts (Clark
and Tilman 2008). Mechanisms include soil acidification which lowers pH, depletes
soils of nutrient base cations, and allows toxic metals such as aluminum to become
soluble (Bowman et al. 2008). Direct toxicity from gases, acidic aerosols and re-
duced N (ammonia and ammonium) in heavily polluted industrial or agricultural
areas can lead to plant and animal mortality (Riddel et al. 2008; Kronzucker et al.
2003; Wallace et al. 2007; Bobbink et al. 2010). Soil fauna are negatively affected
by N deposition through changes in soil acidity (Xu et al. 2009).

Eutrophication reduces the heterogeneous distribution of soil N and gives ni-
trophilous plants with high maximum growth rates a competitive advantage over
others; faster growing and large species outcompete slower growing and smaller
stature neighbours for light, water, and other nutrients (Egerton-Warburton and Al-
len 2000; Feest 2006; Gilliam 2006; Hautier et al. 2009; Bobbink et al. 2010; Dise
etal. 2011). Grasses, sedges, and ruderal species, some of which may have invasive
characteristics, are successful when N is abundant (Clark and Tilman 2008).

Elevated N availability also disrupts the symbiotic relation between soil mycor-
rhizae and their host plants, which has evolved to provide N or phosphorus (P) to
plants when the availability is low in exchange for a supply of carbon (C) from
plants. The loss of symbiosis leads to reduced fungal associations and increased
parasitism (Johnson et al. 2003). Where N was previously limiting to growth, in-
creased primary productivity occurs with N deposition or experimental N additions,
but productivity occurs at the expense of biodiversity (Wolfe et al. 2001; Hautier
et al. 2009). Reductions in richness have been observed in response to N addition
experiments and across continental gradients from low to high atmospheric N depo-
sition in North American, European, and tropical Asian ecosystems (Gordon et al.
2001; Stevens et al. 2010; Clark and Tilman 2008; Bobbink et al. 2010; Lu et al.
2010). The decline in richness is attributed to both eutrophication and acidification
in temperate and tropical systems (Stevens et al. 2010; Lu et al. 2010).

There are many studies that document increases in biomass and shifts in domi-
nant taxa when oligotrophic waters became enriched with N, but surprisingly few
studies of the effect of N additions on algal species richness (Wolfe et al. 2001;
Nydick et al. 2004; Bergstrom and Jansson 2006; Lewis and Wurtsbaugh 2008;
Elser et al. 2009). An increase in eutrophic algae has the potential to alter food webs
and community structure. The concentrations of N and P drive productivity, but the
stoichiometric relation of N:P determines the abundance or dominance of individual
taxa (Rabalais 2002). High N, low P phytoplankton make poor food for P-rich zoo-
plankton that consume them. Alterations in zooplankton size and abundance in turn
affect higher trophic levels, such as fish (Elser et al. 2009).

49.3.2 Ecological Mechanisms

The effects of changing plant and fungal mycorrhizal communities can propagate
through the food web to influence animal behavior and abundance. Fungi can be
important foods for small mammals, and their absence can affect both plant and
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mammal fitness (Myers et al. 2000). For herbivorous insects, the N concentration
of host plants strongly controls processes such as growth, survivorship, popula-
tion levels and outbreak frequency (Throop and Lerdau 2004). High N accumula-
tion in plants can promote large insect outbreaks that have the potential to damage
their host plants, thereby affecting ecosystem structure and function (Kerslake et al.
1998). Changes in plant community composition may affect herbivore community
composition. Some insects are host-specific and may decline along with their host
plant. Invasions of Mediterranean annual grasses under N deposition in California
have reduced densities of the host plant of the rare Bay Checkerspot butterfly in
California, and caused local extirpations (Weiss 1999). Nitrogen deposition favors
plants with N-based defenses, such as members of the Solanaceae (Throop and
Lerdau 2004). Few herbivores are able to consume solanaceous plants, thus a shift
toward plants with N-based defenses will cause a shift in the herbivore community.

49.4 Mechanisms by Which Nitrogen Deposition Affects
Ecosystem Function

Alteration of food webs is one important way that N deposition affects how ecosys-
tems operate and the services they provide to society. Nitrogen deposition affects
decomposition rates, substrate quality, and can enhance terrestrial C sequestration
in some circumstances (Knorr et al. 2005; Hobbie 2008; Goodale et al. 2009). In-
creased N availability can also increase N,O emissions from soils and freshwaters
and lower CH, uptake (Goodale et al. 2009; Sutton et al. 2011). The occurrence of
N saturation in terrestrial systems adversely affects downstream water quality. When
excess N accumulates in freshwater and estuarine environments (from raised prima-
ry productivity) this promotes the development of noxious algal blooms, decreased
water clarity, decreased levels of dissolved oxygen, and lower diversity (Rabalais
2002; Rockstrom et al. 2009). The role of N in water eutrophication depends on its
relative availability with respect to other elements, such as C, P and silica (Billen and
Garnier 2007). The anthropogenic increase of N and P in lakes, reservoirs, rivers and
coastal waters is the main cause of eutrophication (Sutton et al. 2011).The ultimate
consequence of reduced biodiversity is a more homogeneous biotic environment,
and recent studies document homogenization and loss of structural diversity, in part
due to N deposition (Bobrovsky 2010; Britton et al. 2009; Keith et al. 2009).

49.5 Interactions of Nitrogen Deposition with Other
Human-Induced Stresses

Nitrogen deposition adds an additional stress to many, if not all, ecosystems already
affected by climate change, land use, other air pollutants, invasive species, and
habitat fragmentation. In arctic and montane systems warming is compounding the
effects of even slight increases in atmospheric N deposition for both terrestrial and
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aquatic habitats (Wolfe et al. 2006; Baron et al. 2009). Nitrogen oxide and sulphur
dioxide emissions are the major precursors of acid rain; their deposition has brought
about dramatic changes to soil base cation availability and is, or may be, responsible
for long-term trends in forest vegetation structure, songbird breeding success, and
food web dynamics in lakes of temperate Europe and North America (Bowman
et al. 2006; Long et al. 2009; Hames et al. 2002; Jeziorski et al. 2008).

In Californian Mediterranean-type and desert ecosystems, N deposition contrib-
utes to a positive feedback between loss of native plants, increases in annual grass
invaders, and the frequency of fire that transforms native communities, perhaps
permanently (Talluto and Suding 2008; Allen et al. 2009; Rao et al. 2010); in semi-
arid European ecosystems, plant community responsiveness to N addition could be
mediated by forbs (Ochoa-Hueso and Manrique 2010). A decline in tropical forest
floor diversity appears to be due to N deposition-induced soil acidification alone
(Lu et al. 2010), but in many areas of the tropics undergoing rapid land use change
and industrialization there is the potential for interaction of N deposition with other
stress factors.

49.6 Visualizing the Connectivity Between Nitrogen
Deposition and Biodiversity

Bobbink et al. (2010) map the overlay of current and potential future N deposition
with the Global 200 Ecoregions (Olson and Dinerstein 2002) that represent areas of
distinct assemblages of natural communities and species, and are recognized as pri-
ority conservation areas for protecting a broad diversity of the Earth’s ecosystems.
Areas of concern include much of Southeast Asia, Mexico and Central America,
southern Brazil and Central Africa. Such maps are particularly effective at illustrat-
ing regions where investigation is greatly needed to document current species com-
position and atmospheric deposition, and where monitoring for trends in cause and
effect needs to be conducted. Additional visual portrayal is needed for at least two
resolutions of scale. General global maps depicting biomes of known concern are
important for illustrating the wide extent of N deposition effects (e.g., Fig. 49.2).
Refinements of maps like this to portray finer-scale, or more targeted resolution of
specific areas of concern or species of concern will be a useful tool for identifying
specific areas for either research or conservation.

Phoenix et al. (2006) noted that analyses of the impacts of N deposition on biodi-
versity have occurred mainly on terrestrial landscapes of northern Europe and North
America. What is lacking is a global-scale description, and analysis of the role of
N deposition in ‘biodiversity hotspots’ (defined by high levels of plant species en-
demism, as well as threat; Myers et al. 2000). The average deposition rate across
hotspots was 50 % greater than the global terrestrial average in the mid-1990’s and
could more than double by 2050. A comparison of patterns of global N deposition
with the recently defined set of freshwater ecoregions of the world (Abell et al.
2008) is also required.
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Fig. 49.2 Biomes of known N deposition effects on biodiversity

Further, it is essential to compare patterns of N deposition with patterns of spe-
cies irreplaceability (high endemism) and vulnerability (high threat). This can be
done relatively easily, at a regional or global scale, for some taxonomic groups.
Regional species distribution and conservation status information is available for
many types of animals (e.g. [UCN 2009, www.iucnredlist.org; NatureServe 2009,
www.natureserve.org/explorer/). These data provide the capacity to compare distri-
butions of range-restricted or threatened species overlain with current or projected
future N deposition maps, providing powerful visual images of where to conduct
research on biodiversity and N deposition, or where critical loads for N deposition
have been exceeded. Similar distribution maps for fungi, plants, insects, and algae,
which are not available, will be needed for this approach to add substantially to the
effort already found in Bobbink et al. (2010). Much of this spatial information is
available via public databases and portals such as the Integrated Biodiversity As-
sessment Tool (http://www.ibatforbusiness.org).

49.7 Conclusions and Recommendations

Specific conclusions were reached regarding the state of the knowledge of regional
and global impacts on biodiversity, as well as potential indicators of these impacts:

» There is a spectrum of responses to N deposition, for example, rates of loss in
biodiversity are greatest at the lowest and initial stages of N deposition increase;
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» Changes in terrestrial species compositions are related to the relative amounts of
N, C and P in the plant soil system;

» Enhanced N inputs have implications for both the freshwater C cycle and global
Ccycle;

» Nitrogen deposition is having a negative effect on European and North American
vegetation composition;

*  While very little is known about tropical ecosystem responses, tropical ecosys-
tems are major biodiversity hotspots and are increasingly recipients of very high
N deposition rates;

» Nitrogen deposition dramatically alters forest fungi and mycorrhyzal relations
with plants; the rapid response of forest fungi and arthropods makes them good
indicators of change which should receive more attention;

» Nitrogen deposition increases sensitivity to climate change and other stresses;

» Climate change, air pollution, and land use must be addressed as integrated prob-
lems;

» Predictive tools (models) that address ecosystem scale processes are necessary to
address complex drivers and responses;

 Criteria can be identified for projecting sensitivity of terrestrial and aquatic eco-
systems to N deposition:

— Nutrient poor conditions (flora adapted to low nutrients and low to moderate
buffering capacity);

— Highly weathered soils (high Ca/Al ratio in soil);

— Sensitive sites typically have one of more of these characteristics: a high pro-
portion of N-fixers, potential for increases in ruderal species, insectivorous
plants, high bryophyte cover (often sites with communities of high potential
significance); seasonally dry climates.

Research recommendations that follow from the scientific evidence to date are to:

» Expand empirical information about, and theoretical underpinnings of, ecosys-
tem and food web responses to increasing N deposition. Identify which changes
are important and potentially irreversible. Investigate responses to the reduction
of N deposition. Can recovery occur?

» Conduct assessments of the distribution, ecology, conservation status, threats,
and risk of extinction for species of different taxonomic groups, especially fresh-
water species and many terrestrial invertebrates, in order to make meaningful
comparisons and models of the relationship between species composition in eco-
systems, N deposition, and resultant compositional change of the species diver-
sity over time.

» Conduct an assessment of understudied regions of the world, such as the tropics
and developing regions of Asia. Which ecosystems, communities, and organ-
isms are vulnerable to atmospheric N deposition? What are current deposition
amounts and trends? What risks do future N deposition amounts pose to natural
areas and their species?

* Quantify the connections between N deposition effects on biodiversity and sub-
sequent change in ecosystem services.
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» Develop and apply more modeling capability related to N deposition effects on
ecosystems/biodiversity, particularly for aquatic systems, non-temperate forest
or alpine ecosystems.

Based upon the scientific evidence to date, the policy implications are to:

* Protect highly vulnerable ecosystems that are still unaffected by N deposition
impacts;

*  Where current or future N deposition overlaps with areas of high biodiversity
conservation value (in terms of numbers of endemics- ecoregions etc), conduct
inventories of species and implement monitoring of changes over time;

» Consider N deposition effects in conjunction with other human-caused drivers of
climate change and land and water use;

* Build on existing knowledge to define connections between biodiversity and
ecosystem services;

» There are different pathways by which N deposition affects biodiversity, which
policy making should consider including:

— Competitive advantage of some species over others;

— Enhancement of invasive species over natives (which in some places can alter
disturbance cycles such as fire return frequency);

— Nutrient imbalance propagated up the food chain;

— Acidification through loss of ANC or base cations.

Overall, the workshop recommended that:

* The CBD continue to recognize that excessive N affects biodiversity;

* The LRTAP Convention continues to recognize that loss of biodiversity is an
important adverse effect of N transport and deposition;

* A combined approach to the problem by both Conventions might be a productive
means to address the impacts of N deposition on biodiversity.
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