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Abstract

It is widely known that anthropogenic inputs, particularly from modern agriculture and fossil fuel combustion, are severely altering the nitrogen (N) cycle.
Humans have doubled the amount of reactive N (NR) input into our
environments, causing it to accumulate in ecosystems. However, N is anything
but stationary. In various forms, NR enters the atmosphere where it can travel long
distances and deposit back onto the biosphere. This chapter summarizes the
process and effects of N deposition on low-nutrient environments (LNEs)
which are signiﬁcantly altered by nutrient addition. Using serpentine as a model
environment, we conclude that primary effect of N deposition is an alteration in
competition and invasion patterns. Excess N allows nitrophilous invasive plants
to outcompete LNE-native plants. Other effects can further harm LNEs, including
N deposition-caused soil acidiﬁcation and toxicity that may be exceptionally
detrimental to LNEs and their plants, animals, and fungi. To mitigate effects of
N deposition on LNEs, certain strategies such as grazing and controlled burns
have proven effective in the short term. However, it will take a dramatic reduction
in anthropogenic NR input, particularly through changes to current agriculture
methods, to protect Earth’s unique and diverse LNEs from change.
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13.1

Introduction

Nitrogen is as essential to life as water. Without nitrogen (N), life’s most crucial
molecules—nucleic and amino acids—would not exist. Paradoxically, while N is
abundant on Earth, making up 78% of the atmosphere, most of this is in the form of
nonreactive N2 gas which cannot be used by 99% of organisms (Galloway et al.
2003). The few organisms that can utilize N2 by breaking its triple bond are a unique
group of “nitrogen-ﬁxing” bacteria and archaea that provide usable N for all other
organisms. These N ﬁxers are part of a larger N cycle that transfers N between its
nonreactive form (N2) and the reactive form (NR) which can be used by the majority
of organisms (Chapin et al. 2011). The cycle is governed by four major chemical
processes all taking place within microbes. They are deﬁned by Bernhard (2010) as
(1) nitrogen ﬁxation, the process previously described by which bacteria and archaea
convert N2 into ammonia (NH3); (2) nitriﬁcation, the conversion of NH3 into nitrate
(NO3) which is usable by plants; (3) anammox, the conversion of ammonium
(NH4+) and nitrite (NO2) back into N2; and (4) denitriﬁcation, the conversion of
NO3 back into N2. Under natural conditions, these processes provide enough NR
for life on Earth to ﬂourish without overburdening natural systems, because rates of
N ﬁxation and anammox/denitriﬁcation are roughly equal (Ayres et al. 1994).
However, like many of Earth’s cycles, the N cycle is being disturbed by anthropogenic inputs. Humans have more than doubled the amount of NR in the environment (Fig. 13.1; Fowler et al. 2015) due to three major sources: the combustion of
fossil fuels, cultivation-induced biological N ﬁxation (C-BNF), and the widespread
use of NH3-based fertilizer (Fig. 13.1; Galloway et al. 1995, 2003). When fossil fuels
are burned, both N2 from the atmosphere and organic N stored within the fuels are
converted into nitrous oxides (NOX) (Galloway et al. 1995). Combined, these
emissions account for roughly 15% of anthropogenic NR (Galloway et al. 2003).
However, NOX emissions in many regions have declined over the past two decades
(Fig. 13.2; Leip et al. 2011) due to the use of modern catalytic converters which
convert NOX into NH3 (Fenn et al. 2018). As a result, fossil fuel NH3 emissions
continue to increase in most countries, including an 11% total increase between 1990
and 2010 in the United States (Fig. 13.2; Xing et al. 2013; Fenn et al. 2018). C-BNF
results from the ability of some of the world’s most important crops, including
legumes, rice, and sugarcane, to form symbiotic relationships with N-ﬁxing
microbes in root nodules or rhizospheres (Galloway et al. 2003; Smil 1999; Reddy
et al. 2002; Baldani et al. 2002; Bernhard 2010). Widespread cultivation of these
crops has led to increased rates of N ﬁxation, contributing to an estimated 20% of
anthropogenic NR (Galloway et al. 2003). However, the use of NH3-based fertilizers
dwarfs all other sources, comprising about 50% of anthropogenic NR input
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Estimated range of preindustrial N fixation

Fig. 13.1 Stacked area graph of global emissions of the three greatest sources of NR (the HaberBosch process, fossil fuel combustion, and cultivation-induced biological nitrogen ﬁxation) over
the past 60 years. Haber-Bosch values come from USGS “Nitrogen Statistics and Information”
(https://www.usgs.gov/centers/nmic/nitrogen-statistics-and-information). Fossil fuel values are
from NOX emission data from EDGAR v.5 for 1970 to 2015 (https://edgar.jrc.ec.europa.eu/
overview.php?v¼50_AP; Crippa et al. 2019). Values for 1960–1969 and 2016–2019 were calculated by scaling NOX to fossil fuel carbon emissions (Friedlingstein et al. 2020). To convert to the
mass of contained N, all NOX emissions were counted as NO2 for molar mass. To calculate C-BNF
data, the total area of N-ﬁxing crops including legumes, rice, and sugarcane (FAOSTAT; http://
www.fao.org/faostat/en/#data/QC) was multiplied by ﬁxation rates from Smil (1999). Years without FAOSTAT data (1960, 2019, 2020) were scaled to population. Population data came from UN
World Population Prospects 2019 (https://population.un.org/wpp/). The estimated range of
pre-industrial N ﬁxation is from Vitousek et al. (2013)

(Galloway et al. 2003). Production of NH3-based fertilizers relies on the most
widespread chemical process in the world—the Haber-Bosch (HB) process, a
chemical reaction pioneered in the early twentieth century that converts N2 into
NH3. About 80% of the NH3 produced by HB is manufactured as fertilizer, with the
rest utilized in pharmaceuticals, explosives, and industrial processes (Chen et al.
2019). Humanity relies so heavily on this process that over half of the N in our
bodies comes from HB (Liu 2014; Howarth 2008). While these three sources
account for about 85% of anthropogenic N, with 70% being related to agriculture,
there are smaller sources such as biomass burning. Another source, which is of
increasing concern to scientists, is the use of long-term ﬁre retardants (LTFRs), such
as Phos-Chek®, which are chemically similar to N fertilizers (Box 13.1).
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Fig. 13.2 Deposition trends for NO3 (top) and NH4+ (bottom) in the United States. Five sites
from around the country were selected to cover a variety of elevations and latitudes. Data is sourced
from the National Atmospheric Deposition Program (University of Wisconsin) National Trends
Network (http://nadp.slh.wisc.edu/ntn/). The legend indicates site codes, which can be used to ﬁnd
more information about each site at the NADP website (http://nadp.slh.wisc.edu/data/sites/list/?
net¼NTN)

Box 13.1 Focus study: effects of long-term fire retardants on the N
cycle
Due to a combination of ﬁre suppression and climate change, wildﬁres are
increasing in intensity and frequency (Williams et al. 2019; Abatzoglou and
Williams 2016; Westerling et al. 2006). In the past decade, California has
repeatedly set new records for total area burned, with 2020 being the most
(continued)
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Box 13.1 (continued)
destructive year in modern history with around 1.7 million ha, or over 4% of
the state, burned (CalFire 2020). As a result, ﬁre suppression methods have
intensiﬁed. One tool being used more frequently is the application of longterm ﬁre retardants (LTFRs). LTFRs prevent combustion even after the water
in them has evaporated (Marshall et al. 2016). LTFRs are mostly a mixture of
water and ammonium salts, primarily diammonium phosphate and ammonium
sulfate. They are typically dropped from airplanes in liquid or powder form to
cover large areas. In the USA in 2013, over 100 million liters of LTFR were
used at a rate of up to 200 kg N and 400 kg P deposited per hectare (Marshall
et al. 2016).
LTFRs can stimulate plant growth because they are essentially a mixture of
N fertilizer and water. Larson and Duncan (1982) found that treating a
California annual grassland with diammonium phosphate LTFR doubled
plant biomass from 6 to 12 t ha1. However, because LTFRs are applied in
large quantities, treated areas will likely exceed their critical loads for N, and
detrimental effects will occur. Z. Raposo et al. (unpublished data) compared
serpentine soil treated with the widely used LTFR Phos-Chek with untreated
serpentine soil. Phos-Chek treatment increased soil P and NH4+concentrations
by 3430% and 1067%, respectively. Accompanying this was a lower Shannon
diversity index value for the plant community growing on the treated substrate.
Other studies support the idea that LTFR use can disrupt plant communities,
reducing native plant diversity and increasing exotic plant abundance after
application (Marshall et al. 2016; Bell et al. 2005; Besaw et al. 2011). At the
extreme rate of up to 200 kg N ha1, N toxicity can also occur. It is widely
conﬁrmed that LTFRs are toxic to aquatic organisms and users are instructed
to avoid spraying waterways (Giménez et al. 2004; Phos-Chek 2019). For
plants, researchers have observed both immediate and gradual leaf and plant
death, depending on the N sensitivity of the species (Bell et al. 2005;
Bradstock et al. 1987). Luna et al. (2007) found that as the concentration of
LTFR increases, seed viability and germination rates decrease. Mycorrhizae
are also affected, with Marshall et al. (2016) observing decreased AMF
abundance in both ﬁeld and greenhouse studies after LTFR treatment. Because
of these harmful effects on natural ecosystems, the success of LTFRs as a
wildﬁre management tool must be balanced with their detrimental ecosystem
impacts. Furthermore, LTFRs should be considered as another contributor to
N cycle disruption.
But there is a facet of the N cycle that allows anthropogenic N pollution to affect
environments far from sources: nitrogen deposition. However, it is important to ﬁrst
understand how anthropogenic NR enters the atmosphere. NR is released into the
atmosphere in three main forms: N2O (about 5%), NOX (40%), and NH3 (55%)
(Krupa 2003). Agriculture is the largest source of N2O, as it is a byproduct of
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denitriﬁcation processes in the soil as microbes decompose N fertilizers (Bhatia et al.
2013; Bernhard 2010). Most NOX released is a byproduct of fossil fuel combustion
(Olivier et al. 1998). Because NH3 is the largest source, it will be discussed here in
detail. Again, agriculture is the main culprit, with 80% of the NH3 released into the
atmosphere coming from either N fertilizers or livestock waste (Reis et al. 2009; Li
et al. 2016). Nitrogenous fertilizers are typically made from urea (CO(NH2)2) or
ammonium (NH4+) salts (Dari et al. 2019). However, once these are applied to soil,
they are converted into NH3 gas by naturally occurring reactions (see Dari et al. 2019
for an overview of the reactions). Conversion into NH3 gas also occurs for livestock
excretions, which contain urea. Once in gaseous form, agricultural NR is lost through
volatilization to the atmosphere. Another agricultural source is the cultivation of
leguminous crops which increases the rate of microbial N ﬁxation and thereby NH3
production. This NH3 can be volatilized if it is produced within a few centimeters of
the soil surface (Bouwman et al. 1997). NH3 is also produced by internal combustion
engines with catalytic converters, as discussed previously. Based on these factors,
gaseous NH3 emissions are high in areas both with intense agriculture (particularly
those areas that are hot, moist, and have alkaline soils; Ernst and Massey 1960;
Overrein and Moe 1967; Dari et al. 2019) and industry/urbanization.
Once N enters the atmosphere in these three forms, it undergoes alterations and
can be deposited back on Earth. While N2O is relatively inert and is not deposited
back on Earth (Singh 1987), it is a potent greenhouse gas (Vitousek et al. 1997). On
the other hand, NOX and NH3 are highly reactive. These forms return to Earth
through dry or wet deposition. Dry deposition occurs when gaseous or particulate
molecules are adsorbed by leaves or soil, particularly if the air is turbulent and the
surfaces are moist (Asman et al. 1998). NOX and NH3 are commonly dry-deposited;
however, dry deposition of NH3 typically occurs closer to the source because once in
the atmosphere most NH3 is converted into NH4+ aerosols which can remain in the
atmosphere for longer periods (Krupa 2003; Bouwman et al. 1997). NH4+ can also
be dry-deposited, although it is often wet-deposited when aerosols are incorporated
into clouds or are scavenged below clouds by precipitation (Aneja et al. 2008;
Asman et al. 1998). NOX is oxidized in the atmosphere, forming nitric acid
(HNO3), a component of acid rain (Vitousek et al. 1997). Furthermore, gaseous
NH3 and NOX can even diffuse directly into plant stomata if the atmospheric
concentration of the gas is higher than that in the leaf mesophyll (Asman et al.
1998; Campbell and Vallano 2018). Figure 13.2 shows US N deposition trends over
the past few decades.
Because of NR’s ability to convert to gaseous form, remain in the atmosphere for
some time, and then deposit back on Earth, N pollution can occur even in remote
areas. This is particularly true for NH4+, whose low deposition velocity allows it to
remain in the atmosphere for days. Kros et al. (2008) found that over 20% of NH4+
could remain in the atmosphere after traveling 1000 km (for a comparison of NR
deposition velocities, see Hanson and Lindberg 1991). Therefore, no terrestrial
ecosystems are spared from anthropogenic N pollution. To quantify N deposition
and determine which environments face the most risk, scientists typically use
“critical loads” which are the levels above which detrimental effects occur (Pardo
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et al. 2011). Critical loads are typically expressed in kg N ha1 year1 and usually
are in the 1–20 kg N ha1 year1 range depending on the environment. Table 13.1
outlines some of the many negative effects that can occur when critical loads are
exceeded.

13.2

Effects of N Deposition on Low-Nutrient Environments:
Overview

The diversity of Earth’s landscapes is epitomized by low-nutrient environments or
LNEs. For the purposes of this paper, LNEs are any terrestrial environment comparably low in plant essential nutrients. These environments are brought about due to
extreme chemical, physical, or climate conditions that leave certain habitats devoid
of nutrients such as potassium (K), phosphorus (P), and particularly N. The
conditions (see Table 13.2, column 4) can be “limiting factors” for plant growth
themselves or result in an N, P, or K deﬁciency that is a limiting factor. For example,
the soil instability of coastal dunes reduces productivity and nutrient cycling, thereby
reducing N/P/K availability. Likewise, in serpentine soils, the extreme chemical
conditions reduce N ﬁxation and cycling. But worldwide, N availability is one of the
most common growth-limiting factors for terrestrial environments, particularly in
temperate regions (Vitousek and Howarth 1991; LeBauer and Treseder 2008; Hou
et al. 2012). Despite the abundance of atmospheric N2, the LNE’s extreme
conditions cause breaks in the N cycle, preventing N ﬁxers from completely
reversing N limitation. Furthermore, natural disturbances such as ﬁre can drastically
reduce available N in environments (Vitousek and Howarth 1991). It is also important to know how plants are limited by nutrients. There are, however, conﬂicting
explanations. One is the multiple limitation hypothesis (MLH) which asserts that
plants will adjust growth patterns to optimize nutrient ratios so N, P, and C are
equally limiting (Bloom et al. 1985; Ågren et al. 2012). But there is also Liebig’s law
of the minimum (LM) (Liebig 1840, 1855). This older law states that the one nutrient
in least supply to the plant’s requirements will limit growth (although there can be
co-limitation at very strict ratios) (Ågren et al. 2012; Knecht and Göransson 2004).
Neither explanation ﬁts all plants, but, in the case of LNEs, most plants follow LM
(Ågren et al. 2012).
To withstand LNE’s nutrient limitations, some plants have evolved unique
adaptations. The most direct adaptation to low-N environments is N ﬁxation.
Legumes (Fabaceae) are a prime example. The roots of legumes support nodules
where N-ﬁxing bacteria in the genus Rhizobium reside. Additionally, there are about
200 species of angiosperms that associate with N-ﬁxing bacteria in the genus
Frankia. This is called actinorhizal symbiosis (Franche et al. 2009; Stewart 1967).
N-ﬁxing plants are widespread, but some are native to LNEs such as certain species
of the genus Lupinus which are native to California’s sand dunes (Maron and
Connors 1996). In another type of mutualistic relationship, many plants in LNEs
gain nutrients by partnering with mycorrhizal fungi. While the majority of land
plants partner with mycorrhizae, these partnerships are particularly valuable in LNEs
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Table 13.1 Harmful effects of N deposition in terrestrial environments, including plants, fungi,
and animals. The relevant sources provide further detail on these harmful effects
Harmful effect
Nitrogen toxicity
While NR is a crucial nutrient for plants, high
doses of certain forms can be toxic. Most
toxicity has been observed with exposure to
NH3 and NH4+. NHX can be absorbed through
the stomata or by roots, although it is rare for
NH3 to be taken up by roots. However, plants
cannot store NHX in their tissues, meaning it all
must be assimilated (converted into other
forms). It is when NHX uptake exceeds
assimilation capacity that it becomes toxic.
Toxic effects can manifest directly as foliar
injury; however, studies have also linked
excess NHX to decreased drought, frost, pest,
and pathogen resistance. This is likely due to
the increased water and energy costs associated
with NHX assimilation. Furthermore, excess
NHX can alter the biochemistry of plants,
changing amino acid ratios and disrupting
photosynthetic processes
Soil acidiﬁcation
While sulfur oxides were previously the largest
source of soil acidiﬁcation, that title now
belongs to N oxides. As discussed previously,
atmospheric NOX can form acid rain which
falls to earth and acidiﬁes soils. However,
NH4+ is once again an antagonist. When NH4+
is deposited in soil, it is converted to NO3
(by nitriﬁcation) or taken up by plants. Both
processes produce excess H+ ions and
therefore reduce soil pH. pH changes affect
nutrient availability, and extreme changes can
kill plants and soil fauna. More speciﬁcally,
soils buffer pH changes by releasing cations
(Ca2+, K+, Mg2+) which immobilizes excess
H+ ions. But in the long term, released base
cations may leach out of the soil, decreasing
the availability of these necessary plant
nutrients. Additionally, soil acidiﬁcation can
form positive feedback loop with base cation
availability: as pH decreases, so does base
cation availability and the ability to buffer. At
very low pH, soils buffer by releasing Al3+
which can be toxic to plants and soil microbes
Decrease in mycorrhizae populations
Many plants rely on arbuscular mycorrhizal
and/or ectomycorrhizal fungi (AMF/EMF) for
nutrient acquisition, particularly plants in
low-nutrient environments. A plant invests in

Relevant sources
Goyal and Huffaker (1984), Krupa (2003),
Díaz-Álvarez et al. (2015), Wang et al. (2019),
Wu and Blodau (2015)

Tian and Niu (2015), Bowman et al. (2008),
Horswill et al. (2008), Yang et al. (2018b), Lu
et al. (2014)

Lilleskov et al. (2002), Wallenda and Kottke
(1998), van Diepen et al. (2011), Phillips et al.
(2019), Weber et al. (2019)

(continued)
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Table 13.1 (continued)
Harmful effect
mycorrhizae by providing the fungi with sugar
(C) in exchange for improved access to
nutrients such as N and P. But when N
becomes abundant in soil due to atmospheric
deposition, plants allocate less C to
mycorrhizae. Therefore, N addition can select
for less mutualistic AMFs. Overall, N
deposition can signiﬁcantly alter mycorrhizae
populations, often more rapidly than plant
populations, since fungi are extremely
sensitive to changes in soil chemistry
Altering interspeciﬁc plant competition
While the factors mentioned above—direct N
toxicity, soil acidiﬁcation, and reduced
mycorrhizal interactions—can all reduce plant
diversity, a major cause is a change in
interspeciﬁc competition. Chronic N
deposition often favors nitrophilous and
invasive species that grow quickly and
outcompete native species. A common sign of
excessive N deposition on a landscape is an
increase in vegetative cover (total biomass) but
a decrease in native plant abundance and
diversity
Decrease in animal diversity
N deposition affects animals through three
pathways. The ﬁrst is direct toxicity, which has
the greatest impact on aquatic mussels and
amphibians where it can hinder normal
development and reproduction. N toxicity is
thought to be one of the main contributors to
the global decline of amphibian populations.
The second is through eutrophication of
aquatic habitats, leading to harmful algae
blooms which can asphyxiate aquatic
organisms. The third, which is the primary
threat to terrestrial organisms, is more indirect.
When N deposition decreases plant diversity,
fauna is affected. Such is the case with the
endangered Bay checkerspot butterﬂy of
California, whose habitat is serpentine
grasslands. N deposition has allowed invasive
annual grasses to outcompete the
checkerspot’s native annual host plants,
resulting in a decline of the butterﬂy
populations

Relevant sources

Bobbink et al. (2010b), Yang et al. (2018a),
Ren et al. (2019), Goldberg et al. (2017)

Hernández et al. (2016), Weiss (1999),
Balangoda (2018), Campbell and Vallano
(2018), Nijssen et al. (2017)
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Table 13.2 Selected LNEs. The plant community column lists common plant types. Because these
LNEs are broadly deﬁned, not all examples worldwide will have the same plant composition or
limiting factors; there may also be some overlap between LNEs. It is also important to note that
limiting factors inﬂuence one another, with chemical, physical, or climate factors resulting in
nutrient deﬁciencies. For information about how these LNEs are affected by N deposition, refer
to the listed sources
LNE
Acid
grasslands

Distribution
Gravelly, sandy
soils in Europe,
especially Great
Britain. Often
associated with
heathlands

Calcareous
grasslands

Northwestern
Europe on chalk
and limestone,
especially in Great
Britain

Coastal dunes

Worldwide

Fens

Temperate, boreal
peatlands in
N. America,
Europe, and
Siberia

Carex spp.
Orchids
Bryophytes
Sphagnum and
Drepanocladus
mosses

Fynbos

South Africa’s
Cape Floristic
Region

Heath

Worldwide, but
particularly
common in
Europe, Australia,
California, and
Chile
Temperate, boreal
peatlands in
N. America,

Ericaceous taxa
Aspalathus,
Leucospermum,
Protea, shrubs
Bulbs
Calluna vulgaris
Ericaceous, other
shrubs varying
greatly by region

Ombrotrophic
bogs

Plant community
Bedstraw (Galium
spp.)
Bent (Agrostis
spp.), Festuca
grasses
Dwarf shrubs
(Calluna vulgaris)
Bryophytes
Lichens
Festuca spp.
Sedges
Wildﬂowers such
as Thymus
polytrichus,
Polygala vulgaris
Ammophila,
Elymus, Panicum
grasses
Carex sedges

Sphagnum mosses
Carex and
Eriophorum
sedges

Limiting
factors
N/P deﬁciency
Acidic soils
Base cation
deﬁciency
Aluminum,
heavy metal
mobilization

N/P deﬁciency
Alkaline soils
Shallow soils

N/P/K
deﬁciency
Erosion, soil
instability
Low soil
organic matter
N/P deﬁciency
Often alkaline
Waterlogged
Low
decomposition
rates and lowN cycling
N/P deﬁciency
Acidic soils
Mediterranean
precipitation
patterns
N/P/K/Mg
deﬁciency
Acidic soils
Shallow soils

N/P deﬁciency
Acidic soils
Waterlogged

N dep sources
Stevens et al.
(2011), BRIG
(2011),
Gaudnik et al.
(2011)

Ridding et al.
(2020), Van
Den Berg
et al. (2011),
Smits et al.
(2008)
Remke et al.
(2009), Jones
et al. 2004,
Maun (2009)

Kooijman
(2012),
Verhoeven
et al. (2011),
Wieder et al.
(2020)
Witkowski
(1988),
Manning
(2018),
Malan (2009)
Aerts and
Heil (2013),
Bähring et al.
(2017),
Maskell et al.
(2010)
Larmola et al.
(2013),
Bubier et al.
(continued)
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Table 13.2 (continued)
LNE

Distribution

Plant community

Europe, and
Siberia

Serpentine

Tundra

General
sources

Andromeda,
Calluna, Erica
heaths
Carnivorous plants
Worldwide, but
Highly variable,
particularly in
ranging from fens/
New Caledonia,
bogs to sparse
Cuba, California,
outcrops.
and the Balkan
Specialized
Peninsula
insectivorous
plants including
Darlingtonia spp.
and Nepenthes
spp. Vegetation
often stunted or
dwarfed
Arctic, Antarctic,
Mosses
and alpine
Lichens
environments
Small ericaceous
shrubs
Sedges
Silene acaulis
(cushion plant)
WHO (2000), Bobbink et al. (2010a)

Limiting
factors

N dep sources
(2007), Aerts
et al. (1992)

N/P/K
deﬁciency
Low Ca/Mg
ratio
Shallow soils
Low water
retention
High heavy
metal (Ni, Cr)
content

Vallano et al.
(2012),
Huenneke
et al. (1990),
Pasari et al.
(2014)

N/P/K
unavailability
Waterlogged
soils or
permafrost
Freezing
temperatures

Choudhary
et al. (2016),
Zong et al.
(2016), Burns
(2004)

where soil nutrients are scarce. For example, AMF association has been shown to
reduce N and P loss in a sandy grassland LNE (van der Heijden 2010). Proteoid
roots, or root clusters, are another adaptation common to LNEs. First discovered in
the Proteaceae family of southwestern Australia and South Africa, these roots have
tightly clustered lateral rootlets that extend out only a short distance from the main
root (Watt and Evans 1999). Proteoid roots increase total root surface area and
release large quantities of root exudates that can mobilize cation-bound P and
organic N (Watt and Evans 1999; Lamont 2003; Lambers et al. 2006). Lastly,
some of the most renowned LNE-adapted plants are carnivorous, such as the
Venus ﬂytrap (Dionaea muscipula) or the trumpet pitcher plants (Sarracenia
spp.). Carnivorous plants have evolved worldwide in a variety of environments
including bogs, fens, lakes, and serpentine soils (Jules et al. 2011; van der Ent
et al. 2015). Elaborate leaf modiﬁcation adaptations allow them to capture and digest
insects: their primary N source. Generally, they reside in environments with plenty
of water and sunlight but on soils lacking in N, P, and K (Givnish et al. 1984). Some
carnivorous plants obtain up to 90% of their N from prey (Ellison 2006).
With these unique adaptations, plant life inhabits LNEs’ unfavorable conditions
with remarkable diversity (Table 13.2). For example, there are OCBILs, or old
climatically buffered infertile landscapes (Hopper 2009). These landscapes are rare
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worldwide, found in a few unglaciated regions particularly in southwestern
South Africa, southwestern Australia, and Venezuela. However, these regions
boast remarkable plant diversity. Despite OCBIL rarity, at least 12 terrestrial biodiversity hotspots (out of 36 total; Myers et al. 2000) contain OCBILs (Hopper et al.
2016). But, in general, infertile soils worldwide boast high plant diversity.
LNE-adapted plants must compete for nutrients which fosters diversity in morphological (i.e., phenotypic) traits such as different rooting depths or physiological traits
such as N-ﬁxing ability (Huston 1995). On the other hand, fertile environments have
higher biomass so plants are generally competing for sunlight, which can be more
restrictive to functional trait diversity (Huston 1995).
LNE-adapted plant species share a few other general characteristics. Since LNEs
have reduced biomass, forbs, grasses, and shrubs dominate instead of large trees.
These plants typically demonstrate slow growth, high resource use efﬁciency, and
long-lived tissues (Funk 2013). This is supported by leaf economics spectrum (LES)
data (Reich et al. 1997; Wright et al. 2004). At one end of the spectrum are plants
with low leaf mass per unit area (LMA), short leaf lifespan, high rates of photosynthesis, and high foliar N content; at the other end are the LNE-adapted plants, with
high LMA, long-lived leaves, lower photosynthesic rates, and lower foliar N content
(Funk 2013). At this end of the spectrum, LNE-adapted plants use N more efﬁciently. With longer-lived, higher LMA leaves, a plant can achieve carbon gain
(photosynthesize) at rates greater than or equal to plants in more fertile soils (Bloom
et al. 1985; Bubier et al. 2011; Hiremath 2000). Without disturbance, these plants
retain their niches by maintaining low-N conditions, since their litter is also low in N
and decomposes slowly (Hobbie 1992; Santiago 2007).
Unfortunately, it is the very nature of these diverse LNEs that they are more
susceptible to the effects of N deposition. LNEs have lower critical N loads than
more fertile landscapes, meaning dramatic ecological effects can occur with relatively low levels of deposition. One of the biggest concerns about N deposition in
LNEs is a resulting increase in invasive species. Typically, limiting factors of LNEs
limit invasive species establishment and thus protect native plant diversity (Alpert
et al. 2000). But under N deposition, limiting factors are altered. For example, the
growth of peat mosses (Sphagnum spp.) was found to be limited by N in northern
Sweden, but by P in southern Sweden where N deposition was three times greater
(Aerts et al. 1992). Furthermore, as explained by the theory of ﬂuctuating resource
availability, “a plant community becomes more susceptible to invasion whenever
there is an increase in the amount of unused resources” (Davis et al. 2000).
Therefore, if an LNE is subject to N deposition, species that previously could not
survive in the low-N conditions can now colonize and perhaps become invasive.
N-enriched LNEs are also particularly vulnerable to invasion because LNE-native
plants have inherently lower productivity (growth rates/plasticity) and are slow to
absorb excess nutrients. This gives invasive species more time to take advantage of
them (Funk 2013). On the other hand, plants native to high-nutrient environments
have inherently higher productivity (growth rates/plasticity) and can more rapidly
assimilate excess N. While there are slow-growing invasive species, most belong to
the end of the leaf economics spectrum characterized by fast-growing plants with
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short-lived, N-rich foliage (Ordonez and Olff 2013; Funk 2013). They are often
larger than LNE-native species because as N availability increases, so does optimal
plant size (Goldberg et al. 2017). Invasive species also generally have greater
phenotypic plasticity, allowing them to better utilize excess nutrients (Davidson
et al. 2011). Therefore, when there is excess N, these nutrient-loving plants invade
and grow rapidly, blocking sunlight and outcompeting smaller LNE natives. If N
deposition is accompanied by disturbance such as ﬁre that creates unoccupied
spaces, invasion intensity can further increase (Milbau et al. 2013; Boscutti et al.
2018; Alpert et al. 2000). Overall, the change in species composition associated with
invasion can cause LNEs to accumulate more biomass and retain N, creating a
positive feedback loop of rapid change from the original LNE (Maron and Jefferies
1999).

13.3

Introduction to Serpentine Environments

One of the most unique LNEs is serpentine. Serpentine landscapes are often
described as otherworldly, appearing in stark contrast to nearby non-serpentine
landscapes (Figs. 13.3 and 13.5; Kruckeberg 1986; Rajakaruna 2004). They are
typically rocky with shallow soil tinted green by serpentine minerals or red by
oxidized iron (Harrison and Rajakaruna 2011). As the serpentinite bedrock is
weathered, it becomes soil characteristically high in trace and heavy metals Fe,
Mg, Ni, and Cr and generally low in the nutrients N, P, K, S, Ca, and Mo
(Kruckeberg 1984; Alexander et al. 2007). These extreme soil conditions reduce
plant growth rates, leading to reduced organic matter accumulation and cation
exchange capacity (Rajakaruna and Boyd 2008). Because the soil proﬁle is often

Fig. 13.3 The densely vegetated Buck Creek serpentine area of western North Carolina (left; credit
Thomas Samojedny) compared to a more rocky, barren California serpentine outcrop in the
foreground, sharply deﬁned by the more vegetated marine sandstone and shale in the background
(right; credit Ryan O’Dell)
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poorly developed and shallow, serpentine soils commonly have low water holding
capacity. Combined, serpentine’s extreme conditions have been nicknamed the
“serpentine syndrome” (Jenny 1980).
However, these common characteristics can manifest differently depending on
the site. Most of the serpentine sites we discuss follow the less lush California
(Mediterranean) model. But while the description of a rocky and sparsely vegetated
landscape may ﬁt some serpentine sites, including many California sites, it does not
ﬁt all. For example, the Buck Creek serpentine area in western North Carolina is
densely vegetated with perennial forbs and shrubs and has a thin canopy of dwarf
Pinus rigida (Mansberg and Wentworth 1984; Marx 2007). Buck Creek is much
more productive than many of the California serpentine outcrops, but it still would
be considered unproductive when compared to the lush Nantahala National Forest
surrounding it (Fig. 13.3). Therefore, it is more useful to compare serpentine sites to
their adjacent landscapes than to one another. While this chapter focuses on
California serpentine, serpentine soils are present in small patches globally (Brooks
1987). For a review of other regions, see Galey et al. (2017) for South and Southeast
Asia, Rajakaruna et al. (2009) for eastern North America, and Teptina et al. (2018)
for circumboreal/temperate regions.
Serpentine’s challenging edaphic conditions have contributed to high levels of
plant endemism (Rajakaruna 2018). For instance, California serpentine outcrops
harbor 14.7% of its endemic plants (Safford and Miller 2020). This accounts for
about 250 taxa, a remarkably high number given serpentine soils cover less than
1.5% of the state (Safford et al. 2009). Due to their restricted ranges, many of these
endemics are rare, and 192 (77%) are listed in the California Native Plant Society
Inventory of Rare and Endangered Plants (Safford and Miller 2020). Many of these
rare plants can grow well in more fertile soil; however, they are restricted from fertile
substrates due to their low competitive ability (Anacker 2014; Sianta and Kay 2019).
Therefore, serpentine acts as a refuge for them. In just the San Francisco Bay Area
alone, serpentine grasslands harbor 14 federally listed endangered species including
13 plants and 1 insect, the Bay checkerspot butterﬂy (Euphydryas editha bayensis)
(Elam et al. 1998). Rare plant alliances can also be found on serpentine, including
the California pitcher plant (Darlingtonia californica) alliance in serpentine
wetlands/fens (Jules et al. 2011) and the Sargent’s cypress (Hesperocyparis
sargentii) alliance found along ridges in California’s Coast Ranges (Alexander
et al. 2007). While these refugia are not abundant, the exclusive ecosystems serpentine soils support make them an ideal setting to study ecology, evolution, and
conservation (Harrison and Rajakaruna 2011; Rajakaruna et al. 2014).

13.4

Insights from N Deposition on Serpentine

According to Fenn et al. (2010), the critical load for N deposition in serpentine
grasslands is 6 kg N ha1 year1. But in California, many serpentine grasslands are
experiencing deposition above this critical load (Fig. 13.4). As discussed in the
introduction, N deposition varies by region, tending to be greater near urban areas
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Fig. 13.4 Map of 2019 total N deposition rates and locations of serpentine substrate across
California. Areas with the greatest N deposition include the San Francisco Bay area, the Los
Angeles area, and the heavily agricultural Central Valley. Zoomed area includes the location of
the two serpentine grasslands mentioned in the chapter, the city of San José and the Jasper Ridge
Biological Preserve. Deposition grid data from NADP Tdep (http://nadp.slh.wisc.edu/committees/
tdep/tdepmaps/). Serpentine substrate layers from USGS (https://mrdata.usgs.gov/geology/state/
sgmc-unit.php?unit¼CAum3)

with high levels of NOX and NH3 emissions from automobiles and industry, or in
heavily agricultural areas. For serpentine grasslands south of the heavily urbanized
San Francisco Bay Area, a conservative estimate placed N deposition in the range of
10–15 kg N ha1 year1, greatly exceeding the critical load (Weiss 1999). More
recently, Fenn et al. (2010) found similar deposition amounts at nearby sites, with
one site exceeding 15 kg N ha1 year1. At another serpentine grassland, the
Edgewood Natural Preserve upwind of San José but bordering busy highway
280 (Fig. 13.4), deposition was also around 15 kg N ha1 year1 (Fenn et al.
2010). For these sites near urban centers, dry deposition (mostly NH3, NO2,
HNO3) was much more substantial than wet deposition. However, since NH4+ and
HNO3 can remain in the atmosphere for long periods, wet deposition is still of
concern, especially for remote serpentine sites.
Because these Bay Area grasslands are exceeding their critical loads, they offer
important insights into the effects of N deposition. N deposition notably increases
biomass in serpentine grasslands, as was observed in the Jasper Ridge Global
Change Experiment (Fig. 13.5) which exposed a grassland to elevated CO2, temperature, precipitation, and N deposition for 5 years. NO3addition caused the largest
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Fig. 13.5 Jasper Ridge Biological Preserve in April 1981 (left; credit Bruce Bohm) and April 2009
(right; credit Nishanta Rajakaruna). In the 1980s, Lasthenia californica (yellow) and other
serpentine-tolerant California native forbs create an abrupt demarcation between the serpentine
and non-serpentine soil. However, due to environmental changes (which include N deposition;
https://jrbp.stanford.edu/research/projects/nitrogenous-air-pollutant-monitoring), this pattern is no
longer as striking, as the serpentine outcrop is increasingly invaded by non-native grasses such as
Lolium multiﬂorum (annual ryegrass), Bromus hordeaceus (soft brome), and Avena spp. (wild oats)

increase in biomass among the four global change drivers tested (Dukes et al. 2005;
Zavaleta et al. 2003). However, the primary detrimental effect of N deposition is an
increase in invasive species establishment. When soil fertility increases, the habitat
becomes accessible to plant species previously excluded from the area. It is important to note that serpentine communities, like other LNEs, are naturally resistant to
invasion and are frequently dominated by native species even when neighboring
substrates are heavily invaded (Harrison and Rajakaruna 2011; Gelbard and
Harrison 2003). This is because serpentine’s limiting factors (particularly low N
availability) make it difﬁcult for invasive species to establish themselves. For
instance, California grasslands have experienced one of the most extreme global
invasion episodes, with dozens of species from Eurasia invading after Spanish
settlers arrived (Baker 1989). Some of the last remaining locations still dominated
by native California grasses are serpentine environments (Huenneke et al. 1990).
Therefore, it is of particular concern that serpentine substrates are now being
invaded (Fig. 13.5). This is primarily due to increasing N deposition which increases
the fertility of serpentine soils, allowing non-native annual grasses and forbs to
invade. Due to invasive plants’ high phenotypic plasticity (Nielsen et al. 2019;
Davidson et al. 2011; Harpole et al. 2007) and adaptability, they can overcome the
remaining limiting conditions such as the extreme Ca/Mg ratios and make use of the
excess N. Previous studies have identiﬁed the inﬂuence of N deposition on grassland
species’ competitive ability (Wedin and Tilman 1993; Lamb et al. 2007). However,
only a few studies, such as Huenneke et al. (1990), have demonstrated the effects of
N deposition on serpentine invasion. Huenneke et al. set up a fertilization ﬁeld
experiment in a serpentine grassland in Santa Clara County, California. Their study
included two serpentine “clades,” with half of the plots dominated by small forbs and
the others by grasses. Plots were fertilized with N, P, non-NP fertilizer, or a mixture
of all three. The ﬁrst main observation was that during year 1 of fertilization, biomass
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increased to levels typical of non-serpentine grasslands. This provided evidence that
low nutrient availability was the primary limiting factor at this site. However, during
year 2, drastic community-level changes occurred. Total plant species richness
decreased for all fertilizer treatments, from 12.3 to 9.5 species in forb plots and
from 8.6 to 5.1 in grass plots. Unsurprisingly, non-native plant biomass increased,
while native biomass decreased. Furthermore, forb plots became more similar to
grass plots, highlighting the susceptibility of serpentine-native forbs, which contribute the most to serpentine plant diversity (Zavaleta et al. 2003). Based on this study,
they concluded “increased nutrient availability, without physical disturbance of soil
or of native vegetation, can favor the invasion and success of non-native species in
an ecosystem where natural levels of resource availability are low” (Huenneke et al.
1990).
Other studies also support these ﬁndings. In a serpentine revegetation study by
O’Dell and Claassen (2006), the effects of various nutrient amendments were tested.
Nutrient addition increased native biomass at revegetation sites, but it also made
sites more susceptible to invasion so they determined nutrient addition should be
accompanied by invasion reduction strategies. M. Devlin et al. (unpublished data)
found that N and P addition in a greenhouse study favored Bromus hordeaceus and
Avena fatua, two non-native annuals, over Festuca microstachys and Plantago
erecta, two serpentine natives. N and P addition increased seed mass and aboveground biomass much more signiﬁcantly for B. hordeaceus and A. fatua, suggesting
non-natives are better equipped to utilize excess nutrients (Fig. 13.6). In another
greenhouse study simulating N deposition, Vallano et al. (2012) compared the
abundance and competitive ability of ﬁve serpentine grassland native species,
Plantago erecta, Layia gaillardioides, Lasthenia californica, Vulpia microstachys,
and Cryptantha ﬂaccida, against the most common invasive grass in the area—
Lolium multiﬂorum. While all species showed a positive biomass response to N

Control

N+P

Control

N+P

Fig. 13.6 Results of M. Devlin et al.’s (unpublished data) greenhouse study. Left, aboveground
biomass compared for serpentine-native and non-native plants with and without N + P fertilization
(native vs. non-native, p < 0.01). Right, seed mass for the same groups (native vs. non-native,
p < 0.001)
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fertilization, Lolium multiﬂorum’s response was by far the strongest, suggesting it
has a competitive advantage under N deposition. Weiss (1999) conﬁrmed these
effects in the ﬁeld, noting areas once dominated by P. erecta, Layia gaillardioides,
and Lasthenia californica are being overrun by Lolium multiﬂorum. This alteration
has led to a rapid demise of the Bay checkerspot butterﬂy since P. erecta is its host
plant (USFWS 2009) and Layia gaillardioides and Lasthenia californica are nectar
sources (Weiss et al. 2007; Hernández et al. 2016). For instance, in the Edgewood
Natural Preserve mentioned earlier, the butterﬂy’s population decreased from 5000
in 1997 to zero in 2002 (Fenn et al. 2010). Cases like these demonstrate the severity
of N deposition’s inﬂuence on invasion and the accompanying ecosystem-level
effects.
Once N deposition has occurred, the ecosystem-level effects are difﬁcult to
reverse. One reason is that the removal of invasive species is often very difﬁcult.
But another reason is that exotic grasses, such as Festuca perennis and Bromus
hordeaceus, tend to have higher foliar N content (Franck et al. 1997) and produce
more litter than natives (Huenneke et al. 1990). This can generate a positive feedback
loop where high soil N levels are reinforced with each subsequent litterfall (Esch
et al. 2013). Plus, since LNEs such as serpentine tightly recycle nutrients, the effects
of N deposition can last longer (Elam et al. 1998). Another important factor is that
many serpentine sites experience reduced or sporadic rainfall, including California
serpentine grasslands, which occur in a Mediterranean climate with distinct wet and
dry seasons. This may be a problem because N deposition can decrease the ability of
LNE-adapted plants to withstand ﬂuctuations in rainfall (Eskelinen and Harrison
2015; Fernandez-Going et al. 2012).
Additionally, California’s Mediterranean climate allows deposited N to accumulate over the dry season in soil or on leaf surfaces and become available all at once
after seasonal rainfall begins, leading to large pulses of N input (Ochoa-Hueso et al.
2011; Greaver et al. 2016). These pulses can lead to N toxicity, particularly for
serpentine-native plants adapted to low N. While there are not any concrete
examples of N toxicity for serpentine plant species, there is evidence it occurs.
Huenneke et al. (1990) ﬁrst suggested that N fertilization hinders germination and
establishment of serpentine-native seedlings after documenting a dramatic decrease
in native abundance during year 2 of fertilization, despite native seeds constituting
the majority of seed rain. Vallano et al. (2012) also found that, for one serpentinenative grass Vulpia microstachys, N fertilization decreased stomatal conductance
which can reduce photosynthetic capacity. Moreover, if N deposition is
accompanied by changes in soil Ca/Mg ratios, toxicity may be worsened. Ghasemi
et al. (2015) found that for the serpentine-endemic species Alyssum inﬂatum, higher
Ca/Mg ratios increased mortality when exposed to NH4+, likely since Ca2+ is known
to stimulate NH4+ absorption (Fenn et al. 1995; Fenn and Feagley 1999). Since
invasive species alter nutrient cycling on serpentine in general, it is possible that
Ca/Mg ratios will be altered as well. N deposition may even have differing effects for
the same species on and off serpentine. Watanabe et al. (2012) found that the growth
of a hybrid larch was stunted by N addition on serpentine. Comparing effects
between plants on serpentine and brown forest soils, larches grown on brown forest
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soil responded positively to N addition, while those grown on serpentine had
decreased N allocation to the photosynthetic apparatus (Watanabe et al. 2012).
While the mechanisms behind these effects are unclear, it is apparent that N deposition is responsible for unusual effects on serpentine plants.
An associated effect of N deposition on serpentine is soil acidiﬁcation. As stated
previously, there are a few N-cycling processes that decrease soil pH by releasing
H+, including nitriﬁcation and ammonium uptake by plants (Bolan et al. 2003; Yang
et al. 2018b). The rates of these processes increase when more N is added to the
system. Serpentine soils vary in their sensitivity to soil acidiﬁcation. More developed
serpentine soils with high clay and organic matter percentages will have a greater
buffering capacity than less developed, sandy soils (Ryan O’Dell, Bureau of Land
Management, California Department of the Interior, Region 10). But in all serpentine
soils, acidiﬁcation can alter nutrient cation availability since Ca2+ and Mg2+ are
released for buffering and then are more prone to leaching. Moore and Zimmermann
(1977) found that, in one laboratory study, acidiﬁcation decreased the Ca/Mg ratio
from 1:37 to 1:152. Acidiﬁcation is also concerning because it can increase the
availability of toxic metals: at low pH, Mn, Al, Cr, Cd, and Ni become more
concentrated (i.e., bioavailable) in soil solution (Bolan et al. 2003). While many
serpentine-adapted plants can tolerate low Ca/Mg ratios and high heavy metal
concentrations (Ferrero et al. 2020), acidiﬁcation may push plants past tolerance
limits.
Nitrogen deposition also affects serpentine-associated mycorrhizae. Various
studies have conﬁrmed serpentine plants are strongly associated with mycorrhizae
(Hopkins 1987; Moser et al. 2005; Gladish et al. 2010; Branco and Ree 2010).
However, the fact that N deposition has been shown to decrease mycorrhizae
populations (Lilleskov et al. 2002; Weber et al. 2019; Wallenda and Kottke 1998)
may have stronger implications for serpentine plants since mycorrhizal associations
can alleviate the effects of the serpentine syndrome. For example, mycorrhizae can
reduce the toxicity of heavy metals found in serpentine (Southworth et al. 2014). In
plants that do not tolerate high Ni concentrations, AMF inoculation was shown to
decrease Ni uptake (Vivas et al. 2006; Guo et al. 1996), while it increased uptake in
Ni-tolerant hyperaccumulators (Orłowska et al. 2011; Husna et al. 2017). Another
study found AMF inoculation improved drought tolerance and increased P uptake
for Knautia arvensis on serpentine (Doubková et al. 2013). Thus, with increasing N
deposition and accompanying drops in mycorrhizae populations, certain serpentine
plants may be less equipped to survive serpentine’s harsh conditions.
These combined impacts of N deposition are causing drastic changes to serpentine plant communities and many other LNEs worldwide. From microscopic
mycorrhizae to the charismatic Bay checkerspot butterﬂy, N deposition is disrupting
serpentine environments. These changes affect the spatial ecology of the landscape;
non-native species invasion and decline in native plant abundance decrease the
heterogeneity of serpentine landscapes, as when diverse native annual forblands transition into less diverse non-native annual grassland (Harrison and Rajakaruna 2011).
It is possible (although untested) that N deposition is also a contributing factor in the
plant community shifts documented on serpentine outcrops in the mid-Atlantic,
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USA, where savanna-type native vegetation is being replaced by non-native
conifer-dominated woodlands (Burgess et al. 2015). Thus, serpentine environments
are not only losing their title as a refuge for rare and unique plants but also their
charm.

13.5

Mitigation Strategies

Certain palliative strategies have proven helpful in lessening the symptoms of N
deposition. Liming can be used to ameliorate N deposition-caused soil acidiﬁcation
(Huettl and Zoettl 1993; Bolan et al. 2003). Most other mitigation efforts target
invasive species, using biomass reduction strategies such as livestock grazing.
Livestock grazing appears to be particularly successful in California’s serpentine
grasslands, where it favors native forbs and reduces exotic grasses (Weiss 1999;
Safford and Harrison 2001; Pasari et al. 2014; Jain 2015). Pasari et al. (2014) found
that, in a serpentine grassland fertilization study, removal from grazing decreased
native plant diversity slightly. Another study by Beck et al. (2015) found that, in
ungrazed plots, native plant diversity decreased. They also found that grazing
increased the temporal stability of native forb cover, meaning that native forbs
were less susceptible to population ﬂuctuations under grazing.
However, grazing does not appear to be as successful a strategy for
non-serpentine grasslands. Harrison et al. (2003) found that grazing decreased native
plant species richness for a non-serpentine grassland by 11.7% while increasing
richness by 14.4% for a serpentine grassland. They hypothesized that since serpentine grasslands typically have smaller exotic populations, native plants may better
utilize the space and light made available by grazing. But grazing cannot eliminate
all invasive species such as ones inedible to livestock. At the Coyote Ridge serpentine grassland (Fig. 13.4), barbed goatgrass (Aegilops triuncialis) is a major invasive
threat. Grazing increased its density, perhaps because livestock dispersed its seeds,
and herbicides had to be used to reduce the numbers to hand-pulling density (Weiss
et al. 2011). Therefore, grazing is not a foolproof solution for managing invasion in
grasslands, particularly non-serpentine ones.
Another biomass reduction strategy is prescribed ﬁre which has been shown to
increase native species richness on serpentine grasslands (Harrison et al. 2003).
Gillespie and Allen (2004) found ﬁre increased native diversity in a serpentine
chaparral habitat. But, like grazing, prescribed ﬁre is not a perfect solution. Harrison
et al. (2003) found that ﬁre decreased native diversity in non-serpentine grasslands.
Furthermore, ﬁre may only be successful in regions where it is a frequent natural
phenomenon, as ﬁre reduced native plant diversity on serpentine in tropical New
Caledonia and Cuba, where natural ﬁres are not frequent (Gillespie and Allen 2004).
Fire can also be detrimental to water quality because it can mobilize N, which can
lead to eutrophication in downstream habitats. Because of these limitations, ﬁre and
grazing may need to be combined with other strategies such as mowing, which when
timed properly, can thwart early-sprouting invasive grasses, and selective thinning,
which can remove some stored N from forest ecosystems (Fenn et al. 2010).
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However, these strategies are extremely costly and labor-intensive and only practical
for small areas.
Due to the limitations of palliative strategies, preventing N deposition is likely the
best solution. And the best way to do this is to limit the amount of NR added to the
atmosphere and land each year. The ﬁrst area to target is NR emissions from fossil
fuel. Current estimates place global NOX emissions around 40 Tg N year1, of which
58% comes from fuel combustion (Jaeglé et al. 2005; Martin et al. 2003). Aber et al.
(2003) concluded that eliminating NOX produced by fossil fuel combustion would
decrease N deposition in northeastern US forests by over half. Many NR emission
reduction strategies are feasible because they can be simultaneously used to reduce
CO2 emissions. And, as discussed in the Introduction, these strategies have worked
to reduce NOX emissions, including a 40% reduction in the European Union between
1990 and 2009 (ETC/ACC 2015). However, fossil fuel NH3 emissions are still
increasing, with few attempts globally to regulate NH3 aside from those in the
Netherlands and Denmark (Fowler et al. 2015). Therefore, the threat of N deposition
should be another impetus to switch to renewable energy sources and enact stricter
pollution control policies.
The other prevention target, and perhaps the one with the most potential for
change, is in agriculture. Livestock produces a lot of NR, mostly urea in urine and
feces. Therefore, changing the global diet to demand less meat would drastically cut
NR emissions (Costa Leite et al. 2020). Farmers can also reduce the protein content
of livestock feed to reduce excess livestock N excretion (Hou et al. 2016). Recent
experiments with dietary additives, such as urease inhibitor, have proven effective in
reducing livestock-produced NH3 by nearly half (Ti et al. 2019). However, the most
effective prevention strategies center on inefﬁcient Haber-Bosch fertilizer use.
170 Tg NR was added to global croplands in 1995, the majority from HB fertilizer,
yet only 12% of that NR ended up in humans (Smil 1999, 2002). A more recent
(2010) estimate of nitrogen use efﬁciency (NUE), or the ratio between N actually
incorporated into crops and that applied to crops, estimated a value of only 42%
(Zhang et al. 2015b). Increasing the NUE must be prioritized, particularly since
global fertilizer use will increase to satisfy the growing global human population’s
demand for food.
On average, 18%, and as much as 64%, of applied N is lost to the atmosphere
through NH3 volatilization (Pan et al. 2016). But fertilizer application techniques can
reduce both the overall amount needed and the resulting volatilization. This can be
accomplished temporally or spatially. One temporal strategy is splitting up fertilizer
treatments into two or three smaller doses, which aligns nutrient availability better
with plant need, rather than having a surplus after one large treatment. In a Hawaiian
sugar cane plantation, spread-out smaller doses required one-third as much fertilizer
total compared to a single treatment (Matson et al. 1996). Results from Shaanxi
Province, China, showed that when splitting up treatments was correlated with low
soil nitrate measurements, N fertilizer use could be reduced by 79% without yield
loss (Zhao et al. 2006; Zhang et al. 2015a). Controlled release fertilizers are an
alternative to multiple treatments, which in a meta-analysis by Pan et al. (2016) was
calculated to reduce NH3 volatilization by 68%. Spatial strategies concern the depth
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at which fertilizer is incorporated. When fertilizer is incorporated at depths >7.5 cm,
NH3 volatilization drops drastically, while NUE increases (Liu et al. 2015; Rochette
et al. 2013). While these strategies are more labor-intensive, they are much more
efﬁcient than typical broadcasting.
There are a few other strategies that can reduce NH3 volatilization. Amendments
can be added, such as NBPT, a popular urease inhibitor that reduces the rate of
conversion between urea and NH3, thereby reducing volatilization by as much as
90% (Gioacchini et al. 2002; San Francisco et al. 2011; Rawluk et al. 2001). While
not used in fertilizers, alum can reduce NH3 volatilization by upwards of 80% when
added to poultry litter ( 2016, 2011). Fertilizer choice is also extremely important.
Urea is most commonly used because it is inexpensive and rapidly converts into
nitrates for plant use. But compared to urea, many other fertilizers are more efﬁcient.
Bayrakli (1990) found using ammonium sulfate or diammonium phosphate reduced
overall volatilization to 3.1% and 2.3%, respectively, compared to 32.6% for urea. Ti
et al. (2019) found using ammonium nitrate, ammonium sulfate, and urea phosphate
instead of urea reduced NH3 emissions by 88.3%, 82.9%, and 76.2%, respectively.
They also found switching urea fertilizer to ammonium nitrate was the single most
effective strategy in reducing NH3 emissions.
Alternatives to HB fertilizers may be an even better choice. Intercropping has
been used for centuries in traditional agriculture systems. Intercropping can occur on
a spatial scale, by alternating crops between or among rows, or on a temporal scale,
by alternating crops between growing seasons or by staggering growth within a
season (Lithourgidis et al. 2011). A popular form is alternating leguminous crops
with non-leguminous crops, either spatially or temporally, so that the N ﬁxed by the
leguminous crops fertilizes the other. Thus, intercropping can greatly improve soil
fertility and NUE. Another strategy called green manure often blurs the line with
intercropping. Like intercropping, green manure crops can be grown during fallow
periods or simultaneously with the main crop; however, they are not typically
harvested for revenue (Hirel et al. 2011). Instead, their sole purpose is to fertilize
the soil. After growing for a short time, the plants are incorporated into the soil or left
on top as mulch. Typically, N ﬁxers such as Trifolium alexandrinum or others such
as rye are used (Reddy 2016). When grown during fallow periods, green manures
also help reduce soil erosion, nitrate leaching, and weeds (Sullivan 2003). Organic
amendments like compost and manure can also be used instead of HB fertilizer, with
the added beneﬁt of restoring valuable soil organic matter which has been depleted
worldwide (Lal 2009; Karlen and Rice 2015; Ladha et al. 2011).
But the best option to reduce N pollution from agriculture is to combine these
organic and chemical strategies. This has led to a method called integrated nutrient
management (INM; Janssen 1993). INM is successful because practitioners begin
with a thorough assessment of soil nutrients, follow with an evaluation of current
practice efﬁciency, and then make recommendations to improve crop yield while
reducing N losses (Wu and Ma 2015). Three principles guide INM: (1) using all
possible sources of nutrient input including atmospheric deposition and organic
sources, (2) matching nutrient demand with supply both spatially and temporally,
and (3) reducing N losses while improving yields (Jat et al. 2015; Wu and Ma 2015).
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While INM is certainly more time-consuming than simply broadcasting urea, it can
prove to be cost-effective by reducing total fertilizer use, improving soil health, and
increasing crop yields.

13.6

Future Directions

As in all other ﬁelds, there are discoveries to be made and methodologies to be
improved. One of the primary concerns among N deposition studies is their emphasis on short time periods and high rates of deposition. The majority of simulated N
deposition studies cited in this chapter are less than 5 years in duration and use very
high deposition rates, often upwards of 10 kg N ha1 year1. While these may
accurately represent certain sites such as serpentine grasslands along the side of a
highway, they do not accurately account for environments with low deposition rates.
Isolated environments where the majority of N falls as wet deposition, perhaps from
volatilized agricultural NH3, are not represented in these types of studies. In these
environments, little is known about how chronic low-level deposition affects them
over time. This imbalance among the research has led to an overemphasis on critical
loads which are often determined by short-term/high deposition studies. Critical
loads rely on the questionable principle that no ecosystem changes occur below a
certain level of annual deposition. They are binary: either an ecosystem is safe from
N deposition or it is not (Payne et al. 2020). This allows them to be practical in
informing policies limiting new, point-source polluters (Payne et al. 2020). However, they are less effective for curtailing the effects of already established polluters
and nonpoint-source polluters including agriculture.
Furthermore, studies show that critical loads are not always effective in halting
ecosystem change. One reason is that certain species have lower N deposition
thresholds than others; a critical load may protect one species, but a more sensitive
species will be affected below the load (Payne et al. 2013; Wilkins and Aherne 2016;
Wilkins et al. 2016). Payne et al. (2020) analyzed ﬁve European datasets surveying
wet grasslands, acid grasslands, alpine habitats, coastal ﬁxed dunes, and dune slacks.
In all but the alpine habitat, ecosystem change occurred at deposition rates below the
accepted critical loads. Due to these limitations of critical loads, a better N deposition
metric needs to be developed, likely one that accounts for both cumulative and
current deposition. Table 1 in Rowe et al.’s paper (2017) summarizes the pros and
cons of critical load alternatives. One method is cumulative exceedance or CE which
calculates the amount N deposition exceeds the critical load for a time period in a
given environment. Rowe et al. (2017) propose time limits of 30 years (CE30) and
3 years (CE3) for soil-based and epiphytic habitats, respectively, to account for N
that becomes unavailable to plants over time. While CE30/3 still relies on critical
loads, which likely need to be lowered, it does account for chronic effects and may
better protect more habitats.
Mitigation strategies, ultimately the most crucial topic, also require some development. Because the ﬁeld of integrated nutrient management is still relatively new,
more research is needed to improve its efﬁcacy and reduce its cost for farmers.
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However, there are some signs of success. In Europe, agricultural NH3 emissions
have decreased by 26% between 1990 and 2011 (ETC/ACC 2015). On the other
hand, NH3 emissions from road transport have increased by over 300%, highlighting
a desperate need for research and legislative action in this sector (ETC/ACC 2015).
Since vehicular NH3 emissions continue to increase, particularly in urban and
urbanizing areas, nationwide NH3 emission standards are desperately needed. Currently, the only standards in place are in Europe while the USA and China, the
countries with the largest automobile populations, have severely unregulated NH3
pollution (Sun et al. 2017). Research is needed on ways to reduce NH3 emissions,
particularly in automobiles. Additionally, more studies like those by Kelleghan et al.
(2019) and Fenn et al. (2018) are needed to gather quantitative and qualitative data
for worldwide NH3 emissions and deposition.

13.7

Conclusion

Nitrogen’s mobile nature, and its ability to volatilize and be deposited far from its
source, leaves no environment spared from N pollution. Nuances among various
forms of NR allow it to disrupt ecosystems by a variety of pathways including direct
N toxicity, soil acidiﬁcation, and perhaps most importantly, alteration of plant
competitive ﬁtness and invasion patterns. The effects of N deposition are most
severe in low-nutrient environments (LNEs), where N limits plant growth in these
often extremely biodiverse habitats. Here rare plants, fungi, and animals are at risk of
extinction if N pollution continues to rise. One such LNE, serpentine, is an excellent
environment for studying the impacts of N deposition, and studies to date provide
evidence that N deposition above critical loads is altering community structure.
Therefore, the major anthropogenic sources of NR, including agriculture and fossil
fuel combustion, require major curtailment to halt these ecosystem changes. Meanwhile, more research needs to be done on less-studied sources of N such as ﬁre
retardants (e.g., Phos-Chek). Overall, certain palliative strategies can mitigate the
effects of N deposition; however, major ecosystem change cannot be avoided unless
N pollution is reduced to manageable levels. Promising strategies such as integrated
nutrient management (INM) provide routes to more efﬁcient N use, but it is up to
governments, policymakers, and individuals to execute them. The global N deposition crisis should be considered in league with anthropogenic climate change
(Greaver et al. 2016) and will require global effort to address it. Hopefully, the
inherent value of our beautiful, vulnerable, and diverse LNEs, ranging from
South Africa’s primeval fynbos to California’s ruggedly diverse serpentine, will
inspire immediate action.
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