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�Introduction

In the Sand County Almanac (Leopold 1949), Aldo Leopold 
writes of the odyssey of element X and thus of the circulation 
of all nutrient elements as they cycle through the Earth’s for-
ests, rangelands, lakes, and oceans:

The break came when a bur-oak root nosed down a crack and 
began prying and sucking. In the flush of a century the rock 
decayed, and X was pulled out and up into the world of living 
things. He helped build a flower, which became an acorn, which 
fattened a deer, which fed an Indian, all in a single year. From his 
berth in the Indian’s bones, X joined again in chase and flight, 
feast and famine, hope and fear. He felt these things as changes 
in the little chemical pushes and pulls that tug timelessly at every 
atom. When the Indian took his leave of the prairie, X moldered 
briefly underground, only to embark on a second trip through the 
bloodstream of the land.

Also in mid-century, G.E. Hutchinson, while always one to 
praise aesthetic values, commented disparagingly about the 
quantitative science of element cycling, specifically that eco-
system carbon (C) data were “wretchedly inadequate” 
(Hutchinson 1954). Hutchinson’s comment was not only a 
complaint but also a challenge to all ecosystem scientists 
who followed to quantify the Earth’s biogeochemical cycles, 
for he understood that the resilience and functioning of eco-
systems was entirely dependent on how plants, animals, and 

decomposers used and reused the chemical elements that we 
call nutrients.

In the late twentieth century, the science of biogeochemis-
try proliferated internationally to become a major interdisci-
plinary science, and enormous amounts of nutrient cycling 
data have since been collected and synthesized. Scientists rec-
ognized that the fundamental unit in ecology is the ecosystem, 
a dynamic, indivisible system of biota and the abiotic environ-
ment, and that elements cycle into, through, and out of these 
systems in generally predictable ways (Duvigneaud and 
Danaeyer-de Smet 1970; Likens and Bormann 1995; Ovington 
1962). Many scientists followed Hutchinson’s lead and were 
excited that forest and rangeland ecosystems conserve nutri-
ents and recycle large fractions of the nutrients taken up each 
year by plant roots (Cole and Rapp 1981; Stone 1975; Switzer 
and Nelson 1972; Vitousek 1982; Wells et al. 1972).

Through this early body of work, it was quickly learned 
that individual nutrients cycle differently through ecosystems. 
Atmospheric inputs of the mineral elements nitrogen (N) and 
sulfur (S) were found to be substantial, and these elements 
accumulated in the system over time. Mineralization of soil 
organic matter is the major immediate source of N, S, and 
boron (B) and, in some soils, is also the major source of phos-
phorus (P). The soil’s cation exchange capacity and the weath-
ering of primary and secondary soil minerals are the most 
important sources for calcium (Ca), potassium (K), magne-
sium (Mg), and many trace elements such as iron (Fe), copper 
(Cu), and zinc (Zn). Overall, soil proved to be the major reser-
voir of nutrients for plant uptake and for the decomposition 
system that mineralizes and transformes organic matter, ensur-
ing continued supplies of bioavailable nutrients. Ecosystems 
were known to lose nutrients through leaching losses to sur-
face waters, gaseous losses to the atmosphere, and erosional 
losses. However, despite these losses, the biogeochemical 
cycles of forests were found to be generally conservative, such 
that the annual uptake of many nutrients, including N, P, S, B, 
and K (i.e., those used to drive photosynthesis in plants), was 
rapidly returned to the soil in aboveground and belowground 
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litter inputs (Gosz et al. 1972; Prescott 2002; Vogt et al. 1986), 
thereby remaining within the ecosystem. The woody biomass 
of trees accumulates only a small fraction of most nutrients 
taken up from soil (Switzer and Nelson 1972). Examples of 
biogeochemical pools and fluxes for N, P, and Ca for represen-
tative ecosystems are provided in Fig. 4.1, which illustrates the 
range in biogeochemical cycling of these elements in forests 
and grasslands of the United States.

While the soil is a reservoir of nutrients, this store is often 
unable to supply nutrients at rates that meet the biological 
potential of the vegetation. In other words, the productivity 
of many of the forests and rangelands of the United States is 
nutrient-limited (Binkley and Fisher 2012) or may become 
nutrient-limited if soils are degraded by land uses (Richter Jr. 
and Markewitz 2001). Understanding these limitations is 
important when assessing the uses of forests and rangelands 
and how they function to provide food and fiber, clean and 
plentiful water, C sequestration, wildlife habitat, recreation, 
and reservoirs for biodiversity. Many millions of hectares of 
industrial forest in the United States are intentionally fertil-
ized, mainly with N and P, to boost productivity to its full 
potential (Fox et al. 2007). Many more millions of hectares 
also receive high amounts of point and nonpoint source pol-
lutants, which unintentionally alter inputs or removals of 
nutrients at rates that are biologically significant and can 
impact forest and rangeland function (Buol et  al. 2011; 
Richter Jr. and Markewitz 2001).

Soils and soil nutrient cycles vary greatly in space and are 
dynamic through time. Variations in space are better quantified 
in the literature than variations in time. Explanations for local- 
to continental-scale spatial variations are well studied and can 
be attributed to multiple soil forming factors, including human 
actions (Jenny 1980; Richter and Yaalon 2012). These factors 
include interactions of climate, biota, geomorphology, sub-
strates, and human impacts, as they all influence soils over 
time. Spatial variations in soil properties can be extreme at 
local scales (due to drainage classes), regional scales (due to 
soil series), and continental scales (due to soil order) (Fig. 4.2).

Soil physical, chemical, and biological processes play out 
over timescales that range from milliseconds to millennia 
(Fig. 4.3). Most soils are now recognized to be polygenetic, 
which means that soils have long enough residence times to 
have been exposed to and influenced by varying soil forming 
processes, including changing climate, vegetation, and 
human management (Richter and Yaalon 2012). Human 
imprints on forest and rangeland soils and nutrient cycles, 
including impacts from agriculture, forestry, industrializa-
tion, and urbanization, have been increasing in intensity and 
extent during the last century and are shaping soils in poten-
tially novel ways (Richter 2007).

To investigate soil forming processes across time, many 
studies have substituted space for time in a classic chronose-
quence approach that can tell investigators the general direc-

tion of temporal soil change (Hotchkiss et al. 2000). Perhaps 
the most well-known of these is the 2-My soil chronose-
quence on the Mendocino Staircase in California, where 
soils evolve from Entisols and Mollisols to Alfisols and their 
more acidic relatives the Ultisols and, finally, to extremely 
acidic Spodisols (Jenny 1980). At shorter timescales, local- 
and landscape-scale heterogeneity limits the precision and 
accuracy of such space-for-time approaches (Buol et  al. 
2011; Richter Jr. and Markewitz 2001), and researchers rely 
instead on a remarkably few long-term field studies that 
directly observe time-dependent soil changes by repeated 
soil sampling. In an inventory of well over 200 long-term 
field studies worldwide, about 15% are studies of forest and 
rangeland soils (Richter and Yaalon 2012). These field stud-
ies demonstrate that soil is highly responsive to management 
and that the soil system is highly dynamic on decadal times-
cales (Mobley et al. 2015).

�Human Impacts on Forest and Rangeland 
Biogeochemical Cycling in the United States

Nutrient cycling in forest and rangeland soils is highly mal-
leable and can be impacted positively or negatively by 
human-caused disturbances. Active forest and rangeland 
management, by definition, manipulates aboveground and 
belowground C and nutrient cycles to achieve economic, rec-
reational, or conservation goals or combinations of these 
goals. Timber harvesting, grazing, changes in species com-
position, fertilization, and prescribed fire all have direct and 
indirect impacts on nutrient pools and cycles. Modern civili-
zation and associated industrialization and urbanization 
impose further alterations on these processes. Examples 
include point and nonpoint source pollutants; anthropogenic-
driven changes in climate and the frequency and severity of 
extreme weather events; changes in distribution of invasive 
species, pests, and pathogens; and extreme disturbances such 
as wildfires, fracking, mining, and urbanization.

�Harvest and Grazing

Forest harvesting and rangeland grazing can potentially affect 
nutrient cycling in many ways, including the direct removal 
of aboveground nutrients in the harvested or grazed material, 
redistribution of nutrient-rich material from aboveground 
vegetation to the soil surface, disruption of the hydrologic 
cycle due to reduction in evapotranspiration, reductions in 
plant nutrient uptake, increased leaching loss of nutrients to 
surface waters, and adverse impacts of soil compaction and 
erosion. The impacts of forest harvest on soil C and N have 
been examined in detail across the United States and else-
where. Nave and others (2010) synthesized the results from 
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Fig. 4.1  Element pools and cycling of nitrogen (N), phosphorus (P), and calcium (Ca) in representative forest ecosystems in the United States. 
Values are given as N/P/Ca and are expressed as kg ha-1 for flux and kg ha-1 for pools (source: Johnson and Lindberg 1992)
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Fig. 4.2  Soils show high spatial variability across (a) soil orders at the continental scale, (b) soil series at regional scales, and (c) drainage classes 
at local hillslope scales

Fig. 4.3  Examples of timescale response for major drivers of soil change
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many of these studies in a comprehensive meta-analysis, 
which shows that traditional bolewood harvesting reduces 
soil organic C by an average of 8%, with most of this reduc-
tion occurring in the organic horizons. Removing even greater 
quantities of biomass for bioenergy products was shown to 
have relatively little added effect (Johnson and Curtis 2001; 
Nave et  al. 2010). In contrast, traditional forest harvests in 
which wood residues are left on site have been shown to 
increase soil organic C (Johnson and Curtis 2001). In addi-
tion, site preparation for plantation forestry, which often 
involves physical soil manipulations such as bedding, tillage, 
or ripping, can also reduce soil organic C (Nave et al. 2010).

In addition to the effects of biomass removals and redistri-
butions on N, harvesting is known to increase rates of soil 
nitrification and mineralization in some cases (Likens 1989). 
When coupled with reduced plant uptake due to aboveground 
biomass removal and belowground root disturbance, these 
effects can result in transient losses of N from soils to surface 
waters (and thus removal from the ecosystem) or to the atmo-
sphere as a gas (Jerabkova et al. 2011; Likens 1989; Vitousek 
and Melillo 1979). Additional disturbance, such as site prepa-
ration, can magnify these processes (Burger and Pritchett 
1984). This loss of N to surface waters following harvesting 
is well demonstrated at Coweeta Hydrologic Laboratory in 
North Carolina. Research conducted at this site showed that 
intensive forest management, such as plantation establish-
ment (Adams et al. 2014) and clear-cutting, followed by site 
preparation (Webster et al. 2016) shifts forest N cycling and 
stream N export from a biologically controlled process in 
undisturbed reference streams to a hydrologically controlled 
process in highly disturbed watersheds. This overall “regime 
shift,” which persists to this day, is also accompanied by a 
shift in seasonal patterns of N export. Reference stream N 
export is greatest in the summer, when soil N transformation 
rates are greatest, and least during the fall, when the addition 
of litter fall immobilizes N; the disturbed watersheds only 
show a decline in N export in the fall.

Differences in the retention of N following forest harvest 
is a function of differences in N pool capacity (i.e., sinks in 
soils and vegetation) and kinetics of N processing (plant 
uptake and soil sorption) (Lovett and Goodale 2011). For 
example, Adams and others (2014) compared long-term 
stream data from watersheds with similar management in the 
Central (Fernow Experimental Forest in West Virginia) and 
Southern (Coweeta Hydrologic Laboratory in North Carolina) 
Appalachian Mountains. In both locations, reference water-
sheds retained more than 95% of incoming inorganic N depo-
sition, and experimental clear-cutting shifted watersheds 
from net N retention to net loss. The net N loss at the Fernow 
Experimental Forest, however, was equal to approximately 
150% of input compared to a net loss of only about 20% at the 
Coweeta Hydrologic Laboratory, reflecting the different 
pools and processes at these two sites (Box 4.1).

The connection between forest harvest and potential 
nutrient losses of soil base cations and P, and consequent 
reductions in productivity for subsequent rotations, has 
caused concerns in parts of the United States where these 
nutrients are most limiting. For base cations, many studies 
have documented short-term and longer-term losses of base 
cations after the removal of biomass by harvest or by leach-

Box 4.1
Watershed (WS) response to experimental clear-cut 
logging (L) and conversion to conifers (C) com-
pared to a reference (R) in Coweeta Hydrologic 
Laboratory in North Carolina and the Fernow 
Experimental Forest in West Virginia shows how 
forest management impacts stream nitrogen (Box 
Fig. 4.1). Additional research at Coweeta indicates 
a regime shift in the seasonal patterns of N concen-
trations over time (Box Fig.  4.2), and data shows 
the relationship that exists between N export and 
stream discharge following experimental clear-cut-
ting (Box Fig. 4.3).

Box Fig. 4.1  Mean annual dissolved inorganic N (DIN) con-
centration in streams drining the six watershed at the Fernow 
Experimental Forest (top panel) and Coweeta Hydrologic 
Laboratory (bottom panel). For DIN, 1 ueg L-1 is 1 umol L-1. 
(Source Adams 2014, reprinted with permission)

(continued)
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ing losses (Federer et al. 1989; Hornbeck et al. 1990; Mann 
et al. 1988). For example, at the Hubbard Brook Experimental 
Forest in New Hampshire, commercial whole-tree and strip-
cut harvests resulted in a 4.8 and 1.9 times, respectively, 
greater stream export of Ca2+ over the first 8 years following 
cutting in the harvested watersheds compared to the undis-
turbed reference watershed (Likens et al. 1998). Longer-term 

studies found continued elevated Ca2+ export in streams 
draining the cut watersheds compared to the controls even 
after 32  years (Bailey et  al. 2003). In another long-term 
study, Johnson and others (2016) reviewed base cation 
response for over 30 years following stem-only and whole-
tree harvest in a mixed oak (Quercus spp.) forest in Tennessee; 
they found that base cations were reduced in proportion to 
the amounts removed in harvest.

In the glaciated portion of the northeastern United States, 
potential base cation losses due to forest harvest, com-
pounded by observed losses due to acidic precipitation, have 
caused concerns that soils of this region are becoming 
depleted of base cations, a condition referred to as “soil base 
cation depletion” (Adams et  al. 2000; Federer et  al. 1989; 
Huntington 2000). Soil base cation depletion has been docu-
mented by a variety of approaches, including repeated soil 
sampling (Bailey et al. 2005), mass balance models (Likens 
et al. 1996), and watershed scale acidification experiments 
(Fernandez et al. 2003). Soil base cation depletion, particu-
larly Ca2+ depletion, has been implicated in regional forest 
declines, including sugar maple (Acer saccharum) decline 
(Horsley et al. 2002) and winter injury in red spruce (Picea 
rubens) (DeHayes et al. 1999). More research is needed to 
measure and model how base cations, input through the 
weathering of soil minerals or atmospheric deposition of 
dust, can replenish soil base cation stocks following harvest 
or during recovery from acid rain inputs (Yanai et al. 2005).

Phosphorus is a critical nutrient for tree growth and is often 
a limiting or colimiting nutrient in production forestry, particu-
larly at sites on older, more highly weathered soils (Fox et al. 
2007; Vitousek and Farrington 1997; Vitousek et  al. 2010). 
Harvest-induced reductions in biologically available forms of 
soil organic P have been shown to reduce productivity at some 
sites, especially sites where P is already limiting (Scott and 
Dean 2006). Other studies have shown that forests may have 
strong internal controls on P loss. For example, Yanai (1998) 
reported that increases in P in surface water, following a whole-
tree harvest at the Hubbard Brook Experimental Forest, reduced 
rates of soil P mineralization due to feedbacks with phospha-
tase production and microbial immobilization, thereby reduc-
ing overall P losses from the system.

�Change in Species Composition

Forest and rangeland management practices that alter plant 
species composition by changing the distribution of exist-
ing species or by introducing new species may fundamen-
tally alter nutrient cycling dynamics (Hooper and Vitousek 
1998; Tilman et al. 1997). These altered dynamics can be 
attributed to differences in plant life histories, aboveg-
round and belowground vegetative structure, phenology, 
chemical composition of plant tissues, photosynthetic 

Box Fig. 4.2  Average (+/- SE) flow-weighted monthly disso-
love inorganic nitrogen (DIN) concentrations for WS2 and WS7 
before clearcutting (1972-1975, top panel) and for the most 
recent 10 years (2004-2013, bottom panel). In the bottom panel 
most error bars for WS2 are smaller than the symbols

Box Fig. 4.3  Relationship between nitrogen (N) export and 
stream discharge following clearcutting

Box 4.1 (continued)
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pathways, N fixation properties, and mycorrhizal associa-
tions. An often cited example is the difference in nutrient 
cycling between evergreen gymnosperms and deciduous 
angiosperms. In a comprehensive meta-analysis, Augusto 
and others (2014) compared nutrient cycling under these 
two forest types and showed that across 200 species repre-
senting 100 genera, soil pH, foliar and litter nutrient con-
centrations, decomposition rates, and net N mineralization 
and nitrification were generally lower. They also found 
that accumulation of soil organic matter in soils, weather-
ing of soil minerals, and interception of nutrients in pre-
cipitation were generally higher in ecosystems dominated 
by gymnosperms compared to angiosperms. Forest man-
agement practices that shift stands from one of these forest 
types to the other, or that introduce one or more of these 
species, can thus have profound impacts on aboveground 
and belowground nutrient cycling. However, it should be 
noted that differences between individual species within 
these forest types can be as great as between forest types. 
Augusto and others (2014), for example, found that larch 
(Larix) species had higher pH litter and faster N cycling 
than other coniferous species, Binkley and Valentine 
(1991) found that N cycling was faster under white pine 
(Pinus strobus) than under green ash (Fraxinus pennsylva-
nica) or Norway spruce (Picea abies), and Binkley and 
others (1986) found higher nitrate (NO3

−) leaching under 
white pine compared to hardwoods. In more arid environ-
ments, both woody plant expansion into grasslands and the 
invasion of annual grasses into shrublands have been 
shown to alter soil C and nutrient cycling, largely due to 
differences in plant life form, phenology, and tissue chem-
istry (Gill and Burke 1999).

�Forest Fertilization

The growth of most forests is limited by current supplies of 
one or more nutrients. The most common limiting nutrients 
include N and P (Tamm 1991; Vitousek et al. 2010), but the 
base cations Ca2+, Mg2+, and K+, or even micronutrients 
such as B, Mn, Zn, or Si, can be limiting as well (Heiberg 
et al. 1964; Rashid and Ryan 2004; Thiffault et al. 2011). 
Forest managers have long recognized the benefits of forest 
soil fertilization to remedy these limitations and boost for-
est productivity. Fox and others (2007), for example, dem-
onstrated the value of fertilization in managing the extensive 
loblolly pine (Pinus taeda) plantations in the southeastern 
United States. Their research showed that over an 8-year 
period, (1) the addition of 112 kg N ha−1 increased forest 
growth by about 7  m3  ha−1 annually, (2) the addition of 
56 kg P ha−1 yielded virtually the same growth response, 
and (3) the addition of the same amount of both N and P 
almost tripled the growth response to 20 m3 ha−1 annually. 

Alvarez (2012) further demonstrated this point in a model-
ing study that showed that soil nutrients limit forest growth 
across large swaths of forest lands of the southeastern 
United States, leading to large regional differences in the 
growth of loblolly pine plantations (Fig. 4.4). If soil nutri-
ent limitations were alleviated, forest growth could be 
increased by 10–15%. Similar nutrient limitations to pro-
ductivity have been reported elsewhere across the country. 
In the north central United States, for example, Reich and 
others (1997) showed that forest plantations with an annual 
soil N supply of 45 kg ha−1 produced about 14 m3 ha−1 of 
wood annually, compared with forest plantations with an 
annual soil N supply of 90 kg ha−1, which produced well 
over 21 m3 ha−1 year−1.

�Prescribed Fire

Prescribed fire is the intentional use of low to moderate 
intensity fire as a management tool for a variety of pur-
poses, including restoring or maintaining natural fire eco-
systems, increasing soil pH and available nutrients, 
promoting new plant growth, controlling certain patho-
gens, creating wildlife habitat, and reducing the risk or 
severity of future wildfires (Elliott et al. 1999; McCullough 
et al. 1998; Neary et al. 1999; Vose and Elliott 2016; Vose 
et  al. 1999). Prescribed fires affect forest and rangeland 
nutrient cycling by altering the distribution of nutrients 
within biomass pools and altering the physical, chemical, 
and biological properties of soils (Certini 2005; Knoepp 
et al. 2004; Richter et al. 1982). Depending on the inten-
sity of the prescribed fire, aboveground and O-horizon 
nutrients can be oxidized and lost to the atmosphere, con-
verted to ash or charcoal, or remain in incompletely burned 
vegetation or detritus (Vose and Swank 1993; Vose et al. 
1999). Subsequent cycling of these nutrients follows simi-
lar pathways (Bodí et  al. 2014; Boerner 1982; Certini 
2005; Giovannini et al. 1988). Knoepp and others (2005) 
summarized variability in the soil nutrient response with 
fire severity. They showed that while total soil N and 
organic matter decline with increasing fire severity, avail-
able soil N increases after burning and remains higher for 
the first year, before returning to preburning levels. This 
increase was evident in stream N export (Knoepp et  al. 
2004). High severity fires typically result in a significant 
loss of ecosystem N and soil organic matter (SOM) (Swank 
and Vose 1993). The loss of SOM, in turn, results in 
decreased cation exchange capacity, especially in surface 
soils in which a greater proportion of exchange capacity is 
attributed to organic matter, not clay minerals.

Ash and charcoal, the materials that remain after partial or 
near-complete combustion of organic matter, consist of min-
eral elements and charred organic components (Bodí et al. 

4  Biogeochemical Cycling in Forest and Rangeland Soils of the United States



58

Fig. 4.4  3PG model 
simulations for forest 
productivity across the 
southeastern United States 
with and without nutrient 
limitation (from Alvarez 
2012). (a) Current growth of 
loblolly pine plantations 
ranges from about 300 to 
600 m3 ha−1 of wood volume 
at age 25. (b) If soil fertility 
did not limit growth, many 
locations would show much 
higher productivity. (c) 
Current limits on soil fertility 
reduce forest growth by about 
60–90 m3 ha−1, a reduction of 
15–20%. (Source: Graphs 
based on illustrative 
simulations using the 3PG 
model, provided by Jose 
Alvarez-Munoz)

2014). The transformation of living biomass, fresh detritus, 
and especially SOM in the surface O-horizon to ash has 
direct and indirect effects on soil nutrient cycling. Base cat-
ions and small amounts of P, S, and N are released during 
organic matter combustion and can contribute to increased 
soil pH and plant nutrient availability. However, under con-

ditions of severe burning, large layers of ash may remain on 
site. This material represents a range of pyrolysis compounds 
that tend to be resistant to chemical and biological degrada-
tion, thereby producing long-lasting effects on soil organic 
matter following fire (González-Pérez et al. 2004).

L. E. Rustad et al.
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Prescribed fire can also leave behind charcoal. Charcoal is 
not readily decomposed and can persist in the soil for many 
decades and may be effective in sequestering C in soils 
(Wardle et al. 2008) Additionally, charcoal can increase soil 
cation exchange capacity, nutrient availability, and N trans-
formations (DeLuca et al. 2006) A review of the impacts of 
charcoal found widespread evidence for increased soil 
microbial biomass in addition to increased soil nutrients, 
including K, P, N, and total C. However, the addition of char-
coal did not significantly impact plant productivity 
(Biederman and Harpole 2013).

�Environmental Pollutants

Environmental pollutants include an array of point and non-
point source contaminants that are introduced into the natu-
ral environment and cause adverse change. Pollutants that 
impact forest and rangeland nutrient cycles include atmo-
spheric deposition of S, N, and mercury (Hg); toxic and pri-
ority pollutants; and contaminants of emerging concern, 
such as pharmaceuticals and healthcare products.

�Atmospheric Deposition of Sulfur, Nitrogen, 
and Mercury

A Short History of Regulation and Research
Anthropogenic emissions of sulfur dioxide (SO2) and nitro-
gen oxides (NOx) began with the Industrial Revolution 
around the late 1700s. These pollutants mix with water in the 
atmosphere and form the acidic compounds sulfuric (H2SO4) 
and nitric (HNO3) acids, which are returned to the Earth at 
potentially long distances from their source in what is gener-
ally known as atmospheric deposition or, colloquially, “acid 
rain.” The impacts of atmospheric deposition on forested 
ecosystems as a subject of research began in the mid-
twentieth century in Europe (Odén 1968), the northeastern 
United States (Likens and Bormann 1974; Likens et  al. 
1972). By the early 1980s, national programs were imple-
mented to study the effects of atmospheric deposition on 
ecosystems and to examine the impacts of deposition on veg-
etation, soils, and water. The result was a series of major 
studies, including the Integrated Forest Study (IFS), an inter-
national effort with 15 sites in the United States and 1 each 
in Canada and Sweden, designed to understand the impacts 
of atmospheric deposition on forested ecosystems (EPRI 
1972), and the National Acid Precipitation Assessment 
Program (NAPAP 1980). The final output of the IFS was the 
publication of a synthesis document and the development of 
the Nutrient Cycling Model known as NuCM (Johnson and 
Lindberg 1992; Liu et al. 1991), which utilizes detailed veg-
etation, soil, and water data to predict ecosystem responses 
to deposition scenarios and to increases, decreases, and 

changes in atmospheric chemistry. These comprehensive 
research programs contributed the scientific underpinnings 
for the passage of the Clean Air Act Amendment (1990) and 
additional emission regulations, which have resulted in sig-
nificant declines in industrial SO2 and NOx emissions and 
H2SO4 and HNO3 concentrations in rainfall (Fig. 4.5). The 
US Environmental Protection Agency (US EPA) reported 
that by 2011, S deposition across the United States had 
decreased by over 50% (US EPA 2015) (Fig. 4.5). The IFS 
ecosystem-level measurements and research efforts continue 
in many locations (e.g., USDA Forest Service Experimental 
Forests and Rangelands and National Science Foundation 
Long Term Ecological Research sites) and are now focusing 
on recovery processes that are occurring due to deposition 
reductions that resulted from the successful implementation 
of national and regional air quality improvement efforts. The 
story of acid rain, including the identification of the problem, 
the history of scientific research, the communication of this 
research to stakeholders and policymakers, the implementa-
tion of pollution controls, and the resulting decline in emis-
sions and recovery of ecosystems, is a model for the 
successful integration of research, management, and 
policymaking.

Mercury, which comes from both anthropogenic and nat-
ural sources, is another atmospheric pollutant of concern. An 
estimated 48% of atmospheric Hg emitted in 2015 was from 
coal- and oil-fired power plants (US EPA 2018). As with S 
and N, industrial Hg emissions began increasing in the 1800s 
(Swain et al. 1992; Yin et al. 2010). However, as a result of 
clean air legislation, shifts from coal to other fuel sources, 
and use of new technology, Hg emissions declined by nearly 
50% between 2005 and 2015 (Fig. 4.5). Mercury has known 
deleterious biotic effects and is of particular concern to 
human health. While the original Clean Air Act and its 
Amendments did not include Hg standards, the US EPA 
finalized Hg emissions regulations in February 2015 and 
completed reporting protocols in April 2017 that went into 
effect in June 2018.

Impacts of Atmospheric Sulfur, Nitrogen, 
and Mercury Deposition on Forest and Rangeland 
Biogeochemical Cycling
Research on the effects of atmospheric deposition has 
focused on plant, microbial, soil, and surface water pro-
cesses. Both N and S are essential nutrients and are taken up 
by plants and microbes. This uptake is mediated by seasonal 
patterns of plant and microbial growth driven by changes in 
temperature and water availability. Ecosystem N uptake is 
dominated by biological processes. In some forests, added 
atmospheric N can have a fertilizing effect; in others, espe-
cially where N deposition is high, the added atmospheric N 
can exceed the capacity of the forest to take up the added 
N. This can result in N saturation (Aber et al. 1989, 1998), 
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Fig. 4.5  Total wet deposition of sulfate, nitrate, and ammonium ions and mercury in 1999 and 2015. (Source: US EPA 2015)
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where excess N appears, sometime deleteriously, in soil and 
surface waters. Ecosystem S cycling, in contrast, is domi-
nated by chemical and physical processes (Johnson 1984; 
Swank et  al. 1984). Sulfate anions (and to a lesser extent 
NO3

− anions) are retained within soil by pH-dependent, 
variable-charge reactions with soil clay particles and organic 
matter (Strahm and Harrison 2007). The strength and capac-
ity for these reactions is dependent on the soil mineralogy 
and organic matter chemistry with a sorption affinity for 
SO4

2− that is greater than NO3
−. Inputs of atmospheric SO4

2− 
(and NO3

−) anions that exceed the soils capacity for retention 
can result in the removal of soil base cations such as Ca2+ 
(Bailey et al. 2005; Johnson 1984) and potentially mobilize 
aluminum (Al3+) (Lawrence et  al. 2007), which can nega-
tively impact plant roots (Shortle and Smith 1988) as well as 
surface water quality and aquatic flora and fauna (Lawrence 
et al. 2007).

In contrast to N and S, Hg is not a nutrient, and it can be 
highly toxic to terrestrial and aquatic organisms, particularly 
as it accumulates and becomes concentrated in the food 
chain in the form of methylmercury (Giller et  al. 1998; 
Matida et al. 1971; Patra and Sharma 2000). This toxicity to 
plants and microorganisms in the soil will directly or indi-
rectly alter soil biogeochemical cycles. Mercury can be taken 
up in gaseous form by plants, or it can be deposited as parti-
cles on vegetation surfaces; in both cases, Hg reaches the soil 
in litterfall (Jiskra et al. 2015). A portion of the deposited Hg 
can quickly revolatilize (Frossard et al. 2017). As the litter in 
the O horizon decomposes, Hg is incorporated into the soil 
organic matter and ultimately moves into the mineral soil 
where a large proportion is retained (Allan and Heyes 1998). 
Formation of methylmercury compounds occurs through the 
reduction of organically bound Hg by soil microbial activity. 
Methylmercury has a particular affinity for sulfhydryl com-
pounds, which increases its toxicity. Under saturated condi-
tions, methylmercury can be re-emitted to the atmosphere. 
Emissions of Hg from soil surfaces increase following dis-
turbance from forest harvesting (Carpi et  al. 2014; Mazur 
et  al. 2014) or burning (Carpi et  al. 2014). Although our 
understanding of the inputs and cycling of Hg through the 
air-plant-soil continuums is improving, more research is 
needed on the impacts of this toxic pollutant on the biogeo-
chemical cycling of other elements in forest and rangeland 
ecosystems. See Chap. 6 for more details about Hg in 
wetlands.

Ecosystem Response to Declining Atmospheric 
Pollutants of Sulfur, Nitrogen, and Mercury
Implementation of clean air legislation, shifts to cleaner fuel 
sources, and use of new technology have resulted in declin-
ing emissions of the atmospheric pollutants S, N, and Hg. 
Studies have linked declining industrial S emissions to 

declining atmospheric inputs of SO4
2−, increases in surface 

water pH and base cations (largely Ca2+), and declines in 
stream water Al3+ (Lawrence et al. 2012) and SO4

2− concen-
trations (Kahl et  al. 2004; Likens et  al. 2002; Rice et  al. 
2014). Despite these signs of “recovery” in response to 
reduced SO4

2− inputs, many studies also report lags in recov-
ery processes. These lags in recovery have been largely 
attributed to SO4

2− that had been adsorbed onto soil exchange 
sites or stored in soil organic matter that is released back into 
soil and surface waters (Mitchell and Likens 2011). The shift 
from soil SO4

2− retention that occurred under high SO4
2− 

deposition scenarios to the release of soil SO4
2− under lower 

deposition scenarios is predicted to occur over the next two 
decades in unglaciated soils of the eastern United States, 
with the dates advancing from North to South (Rice et  al. 
2014). Lags in recovery have been reported for soil and 
stream acidity because the base cations (Ca, Mg, K, and Na), 
which neutralize acidity and were removed from soils by 
decades of acidification, are only slowly replenished through 
atmospheric inputs and mineral weathering processes. To 
better understand the soil processes involved in ecosystem 
recovery from acidic deposition and to improve the temporal 
estimates of the recovery process (Lawrence et  al. 2015), 
more research is needed that focuses on long-term soil resa-
mpling efforts, using previously sampled sites with archived 
soil samples.

Nitrogen dynamics present a different set of research 
challenges. Nitrate deposition across the continental United 
States is declining, while ammonium (NH4

+) deposition is 
increasing (Li et al. 2016) (Fig. 4.5). Although both forms of 
N are taken up by the biota, the principles of chemical neu-
trality require that the uptake of NO3

− is accompanied by the 
release of a negatively charged ion, typically an organic 
compound, whereas the uptake of NH4

+ is accompanied by 
the release of a hydrogen ion (H+), an acidifying element. 
The impacts of the change in the dominant form of atmo-
spheric N deposition on forest and rangeland biogeochemi-
cal cycling is currently under investigation.

Compounding the uncertainties about recovery from 
atmospheric N deposition is the observation that nutri-
ent pools and processes change over time due to changes 
in species composition, N saturation, climate, or other 
factors. Argerich and others (2013), for example, exam-
ined changes in stream NO3

− concentrations at Forest 
Service experimental forests across the continental 
United States and found different patterns of long-term 
change. Stream NO3

− concentrations increased over 
time at Coweeta Hydrologic Laboratory and Fernow 
Experimental Forest; declined at Hubbard Brook 
Experimental Forest, H.J. Andrews Experimental Forest 
in Oregon, and Luquillo Experimental Forest in Puerto 
Rico; and did not change at Marcel Experimental Forest 
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in Minnesota. These patterns of change vary depending 
on the length of record and may be due, in part, to shifts 
from NO3

− to NH4
+ deposition or changes in forest pro-

ductivity. Additional research is needed to address this 
issue.

The body of work on the response of forest soils to 
increases and decreases in atmospheric mercury deposition 
is sparse. For more information on this topic, see Chap. 6.

Critical Loads of Atmospheric Sulfur and Nitrogen
The concept of critical loads has been used extensively in 
Europe and more recently in the United States to help inform 
air pollutant control policies (Nilsson 1988; Pardo et  al. 
2011). A critical load has been defined as “the quantitative 
exposure to one or more pollutants below which significant 
harmful effects on sensitive elements of the environment do 
not occur, according to present knowledge” (Nilsson and 
Grennfelt 1988). Exceedances of critical loads of atmospheric 
inputs of SO4

2− and NO3
− can result in soil and surface water 

acidification, N saturation, and changes in biotic community 
composition and activity, resulting in shifts in biogeochemi-
cal cycling of a range of nutrients (Burns et al. 2008; Pardo 
et  al. 2011). In a continental study, McNulty and others 
(2007) estimated that about 15% of forest soils in the conter-
minous United States were in exceedance of their critical 
acid load. These exceedances were most common in New 
England and West Virginia, with only rare occurrences in the 
western United States. Although critical loads are a useful 
tool for expressing chronic ecosystem vulnerability to acidic 
S and N inputs, additional research on mineral weathering 
rates and biologically relevant thresholds of response are 
needed to better constrain these short- and longer-term 
estimates.

The Clean Air Act and its Amendments have resulted in 
improved air quality and declining inputs of SO4

2− and NO3
−, 

and current models predict that SO4
2− and NO3

− deposition will 
soon be below soil critical load values for much of the country. 
However, the effect of increases in the atmospheric deposition 
of NH4

+ remains unknown and warrants further study.

�Toxic and Priority Pollutants
The Clean Water Act and its Amendments identify 56 “toxic 
pollutants” and 126 “priority pollutants” that are now regu-
lated as part of the US national standards for wastewater 
discharges to surface water (Copeland and Library of 
Congress, Congressional Research 1993). These pollutants 
are made up of a wide range of compounds including lead 
(Pb), Hg, organic chemicals, and pesticides that are com-
monly found in municipal and industrial effluent and for 
which there are approved analytical testing methods. These 
substances can enter soil systems and be incorporated into 
forest and rangeland nutrient cycles via diffuse pollution 
pathways including subsurface migration from treatment 

plants; stormwater from streets; spreading of waste materi-
als or sludge on agricultural or forest lands; and runoff from 
agricultural, urban, exurban, and industrial sites. Many of 
these pollutants are directly toxic to trees and soil microor-
ganisms and macroorganisms and thus directly or indirectly 
affect forest nutrient cycles. Although this is largely an issue 
for urban or suburban soils, the harmful impacts are likely to 
become more widespread with increased urbanization, 
industrialization, and fragmentation of forest and range-
lands across the United States (see also Chap. 7).

�Contaminants of Emerging Concern
In addition to the toxic and priority pollutants, novel classes 
of pollutants, collectively known as “contaminants of 
emerging concern” by the US EPA, are increasingly being 
released into the environment. These consist of a range of 
pharmaceuticals and personal care products (collectively 
called PPCPs) and endocrine-disrupting agents (Caliman 
and Gavrilescu 2009; Doerr-MacEwen and Haight 2006). 
Pharmaceuticals include a wide array of steroidal and non-
steroidal anti-inflammatory drugs, antidepressants, anti-
convulsants, and antibacterial agents; personal care 
products that contain chemicals such as phthalates, para-
bens, and formaldehyde; endocrine-disrupting agents 
including diethylstilbestrol (the synthetic estrogen DES), 
dioxin, and dioxin-like compounds; and polychlorinated 
biphenyls (PCBs), DDT, and some other pesticides. These 
chemicals have been engineered for specific human and 
animal therapeutic and hygienic functions, but may cause 
adverse environmental toxicological effects in soils and 
surface waters, and thus impact biogeochemical cycles in 
these systems. These compounds are excreted or disposed 
of in home, farm, and municipal sewage systems, where 
they are either degraded or released into the environment in 
wastewater or sludge. They are now commonly detected 
near population and agricultural centers and are increas-
ingly being detected in relatively remote environments 
(Kallenborn et al. 2017). Bernhardt and others (2017) cau-
tion that the rate of increase in the production and variety of 
pharmaceuticals and other synthetic chemicals over the 
past four decades outpaces the increase in other drivers of 
global change, including rising atmospheric carbon dioxide 
(CO2) concentrations, nutrient pollution, habitat destruc-
tion, and biodiversity loss. More information is urgently 
needed on the unintended impacts of these substances on 
organisms, their biochemical degradation, persistence in 
the environment, and bioaccumulation in the food chain. 
The release of these substances into the environment is 
undoubtedly having an impact on forest and rangeland 
nutrient cycles, especially those near urban and suburban 
areas. Effects on nutrient cycles will likely continue into 
the future as urbanization increases and the race for new 
medications and healthcare products continues.
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�Climate Change, Climate Variability, 
and Extreme Weather Events

The climate and weather of the United States are undergoing a 
period of rapid change, characterized by continental-scale 
increases in temperature; longer growing seasons; alterations in 
the amount, distribution, and intensity of precipitation; decreases 
in snow and ice cover; and an increase in the frequency and 
severity of extreme weather events (Box 4.2). Coupled atmo-
sphere-ocean general circulation models suggest that this pat-

Box 4.2 Climate Change in the United States
The climate of the continental United States has changed 
over geologic, millennial, and decadal timescales:

Climate Change over Geologic and Millennial 
Timescales

On a geologic timescale, or during the Quaternary 
period from 2.58 million years ago to the present, 
North America has experienced a series of glacial and 
interglacial periods that have shaped the landscape, 
soils, and biota of the country. The last ice sheet, which 
covered much of the northeastern corner and northern 
tier of the contiguous United States, retreated approxi-
mately 11,700 years ago. Based on temperature recon-
structions from ice cores, the estimated mean annual 
temperatures have fluctuated approximately 9 °C dur-
ing these glacial-interglacial cycles. Roughly 
6000  years ago, the Earth (especially the Northern 
Hemisphere) experienced a warmer period called vari-
ously the Mid-Holocene warm period, Hypsithermal, 
or the Climatic Optimum. This warmer period was 
characterized by temperatures as much as 4 °C warmer 
than present and was caused by changes in the Earth’s 
orbit. Over the past millennium, the climate has fluctu-
ated between the cooler period during the Little Ice 
Age, which lasted from about1300 to the mid-1800s, 
and the warming period characterizing the past 
100 years. Estimated mean annual temperatures, based 
on a variety of direct measurements and temperature 
reconstructions from ice cores, pollen, and tree ring 
records (IPCC 2014), have fluctuated approximately 
1.4 °C during the last 1000 years.

Recent Climate Change

Since approximately the end of the Little Ice 
Age, which coincided with the beginning of the 
Industrial Revolution, the global climate has 

changed more rapidly than at any time in the preced-
ing 800,000 years (IPCC 2014). The overwhelming 
scientific consensus is that this rapid change is in 
large part due to increased anthropogenic emissions 
of heat-trapping greenhouse gases, including carbon 
dioxide, methane, and nitrous oxide (IPCC 2014), 
resulting from the burning of fossil fuels, cement 
production, and global shifts in land use, such as the 
loss of significant portions of the world’s C-rich 
tropical forests. In the United States, the average 
annual air temperature has increased by an average 
of 0.6–1.1 °C for the period from 1895 to 2014, with 
the greatest warming observed in the more northern 
states and the least across the Southeast. The aver-
age annual precipitation across the United States has 
increased by about 5% during this same period, with 
increased precipitation in the Northeast, Midwest, 
and southern Great Plains and decreased precipita-
tion in the Southeast and Southwest. Other changes 
include an increase in the amount of rain falling in 
large events (especially in the Northeast), an 
increase in the length of the frost-free period, and a 
general intensification of the hydrologic cycle 
(Hayhoe et al. 2007; Huntington 2006; Melillo et al. 
2014).

Projected Future Climate Change

Coupled atmosphere-ocean general circulation 
models predict more change to come, with the 
amount of change dependent on future greenhouse 
gas emissions (Melillo et  al. 2014). Under a low 
emissions scenario, which assumes substantial 
reductions in emissions, mean annual temperatures 
in the United States are projected to increase by 
1.7–2.8 °C; under a higher emissions scenario, the 
temperature increase could be as much as 2.8–
5.6  °C, with the largest increases expected for the 
upper Midwest and Alaska. Projected future precipi-
tation changes are multidirectional (i.e., some 
regions receive more precipitation; some receive 
less) and vary by region and season. The overall 
trend is for more precipitation and wetter future 
conditions in the North and less precipitation and 
dryer conditions in the South (Melillo et al. 2014). 
Summers are projected to be dryer in most areas of 
the continental United States, especially in the 
Northwest and South-Central region. The Southwest 
is projected to be particularly dry in the winter and 
spring, while Alaska is projected to be wetter in all 
seasons.
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tern of change will continue into the future (IPCC 2014; Melillo 
et al. 2014). These continental-scale changes in climate, together 
with an increasing frequency and severity of extreme weather 
events, have had and will continue to have direct and cascading 
indirect impacts on the distribution of terrestrial ecosystems 
across the country, the productivity of these ecosystems, and the 
rates of internal physical, chemical, and biological processes, all 
of which affect nutrient cycling dynamics.

�Temperature and Precipitation as Major 
Factors of Biome Distribution

Temperature and precipitation have long been recognized 
as major dynamic factors that determine the distribution of 
terrestrial biomes across the landscape, with desert biomes 
occupying the hottest and driest regions, temperate forests 
and grasslands occupying regions characterized by moder-
ate temperatures and rainfall, and tropical rainforest occu-
pying the hottest and wettest regions (Holdridge 1947; 
Whittaker 1975). Temperature and precipitation also influ-
ence the change in biomes with elevation, including the 
often sharp delineation between boreal forests and alpine 
tundra that characterizes the tree line. Across the United 
States, the observed and projected changes in climate are 
expected to result in the northward expansion of the des-
erts of the Southwest, the Mediterranean shrublands of the 
West Coast, the subtropical forests of the Southeast, and 
the temperate and boreal forests and grasslands of the cen-
tral and northern United States. Shrub encroachment on 
arid and semiarid grasslands (D’Odorico et  al. 2010; 
Knapp et al. 2008), invasion of the tundra ecosystems of 
Alaska by shrubs and trees (Suarez et  al. 1999), and the 
retraction of broad expanses of permafrost soils (Camill 
2005; Payette et al. 2004) have already been documented. 
Increasing temperature may also move biome ecotones 
upward in elevation (Parmesan and Yohe 2003; Walther 
2003). The increasing frequency of extreme weather 
events, such as hurricanes, droughts, floods, and ice 
storms, will also cause extensive damage leading to the 
exceedance of local ecological or physiological thresh-
olds, resulting in transient to permanent state changes, 
such as conversions of forests to shrublands or shrublands 
to grasslands (Smith 2011). Because different biomes, as 
well as different assemblages of species within a biome, 
are characterized by different intrinsic rates of nutrient 
cycling, major or even subtle climate shifts or extreme 
weather-driven shifts in the distribution of these biomes or 
species assemblages will impact landscape-scale nutrient 
cycling dynamics. Warming-induced increases in decom-
position and the associated C and nutrient loss along with 
declining permafrost are a stark example of consequences 
of a climate-induced biome shift.

�Temperature and Precipitation 
as Determinants of Ecosystem Productivity

Temperature and precipitation, along with N and P availabil-
ity, are primary factors limiting terrestrial ecosystem produc-
tivity at local, regional, and global scales. Ecosystem 
productivity generally increases along geographic gradients of 
increasing temperature and precipitation (Kang et  al. 2006; 
Raich et al. 2006; Wu et al. 2011). These changes in ecosystem 
productivity influence the amount and distribution of aboveg-
round and belowground plant biomass and alter the flow of C 
and nutrients as these elements flux between the soils, micro-
biota, and vegetation. Soil C, for example, has been shown to 
increase along the same geographic gradients of increasing 
temperature and precipitation as plant productivity (Callesen 
et  al. 2003). An increase in plant uptake associated with 
increased productivity can reduce leaching of nutrients to sur-
face waters or gaseous loss of N compounds (N2O and N2); 
conversely, a decrease in productivity can make nutrients vul-
nerable to loss through these same pathways.

�Temperature and Precipitation as Drivers 
of Physical, Chemical, and Biological Reactions

At the molecular level, temperature and moisture are fundamen-
tal drivers of virtually all biological, chemical, and physical 
reactions, and any change in temperature and precipitation asso-
ciated with changing climate or weather will have both direct 
and indirect effects on the cycling of elements in soils (Rustad 
and Norby 2002). Biological reactions, such as those associated 
with plant and microbial metabolic processes, are particularly 
sensitive to changes in both temperature and moisture.

Rates of reactions typically increase exponentially with 
an increase in temperature, up to a temperature optima, after 
which they decline precipitously. The decline in reaction 
rates at temperatures beyond the optimum is often attributed 
to the denaturation of biological enzymes that occurs at high 
temperatures (>40 °C). Although these high temperatures are 
typically found outside the thermal regime of most soils in 
the United States, they do occur in hot, arid ecoregions, and 
they may increasingly occur during hot spells associated 
with a warming climate (Box 4.2) or for short periods of time 
following site disturbance (Waide et al. 1988). If not limited 
by other factors such as nutrient supply, water, or toxins, the 
rates of biological soil nutrient cycling processes will gener-
ally be enhanced as temperature increases. This has been 
corroborated by long-term field research studies as well as 
experimental manipulations of soil and air temperatures 
(Rustad et al. 2001; Wu et al. 2011).

In temperate and boreal ecosystems, increases in tempera-
tures are also advancing the dates of bud break and canopy 
leaf out, delaying dates of leaf senescence and leaf fall, and 
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overall expanding the length of the growing season. All of 
these increase the amount of time that plants and microbes are 
actively cycling soil nutrients. In snow-dominated regions, 
the number of days with snow cover, the maximum snow 
depth, and the snow water equivalent are all declining (Box 
4.2). Although there is increasing recognition that biological 
activity occurs under the snowpack (Brooks et  al. 1995; 
Edwards et al. 2007), most of soil biological activity occurs at 
temperatures above approximately 4 °C, and thus the longer 
that soil temperatures are above 4 °C, the greater the biologi-
cal activity and greater the rates of overall nutrient cycling.

The decline or loss of snowpack also has a surprising contra-
dictory impact. Because snow acts as an effective insulator of 
soils, warmer winters with less snow may ironically result in 
colder soils with a greater frost depth, leading to colder soils in 
a warmer world (Groffman et al. 2001a). Greater soil freezing 
can result in damage to fine roots, decreases in plant uptake, and 
increased leaching of N and nutrients to surface waters 
(Comerford et al. 2013; Groffman et al. 2001b). In soils with 
permafrost (defined as soils with subsurface material that 
remains below 0 °C for at least 2 consecutive years), the increase 
in temperature can cause melting of these historically frozen 
soils, which will potentially release large amounts of stored C 
(as the greenhouse gases CO2 and CH4 and as dissolved organic 
C), N (as the greenhouse gases N2O, NO, and N2 and as dis-
solved organic and inorganic N), and other nutrients (Schuur 
et al. 2015). The warming-induced releases of greenhouse gases 
from historically frozen soils are a cause of great concern 
because this mechanism provides a powerful, positive feedback 
to climate change (Schuur et al. 2015). Hypothesized changes in 
plant growth and nutrient cycling associated with lengthening of 
growing seasons, declines in extent and duration of snowpacks, 
and melting of permafrost have been corroborated by long-term 
field studies as well as experimental manipulations of air and 
soil temperatures and of the snowpack (Arft et  al. 1999; 
Comerford et al. 2013; Groffman et al. 2001b; Loik et al. 2013).

Water plays several critical roles in soil nutrient cycling. 
Water sustains plant, microbial, and animal life; controls soil 
aeration by occupying pore spaces in soils; transports soil nutri-
ents within the soil matrix to plant roots and microsites (via 
diffusion and mass flow); and transports soil nutrients out of the 
soil and ecosystem via erosion and leaching. In soils where oxy-
gen is not limiting, soil nutrients typically become less available 
under drought conditions, as microbially driven aerobic pro-
cesses regulating soil nutrient cycling (e.g., decomposition, 
ammonification, nitrification, nitrous oxide production, and 
aerobic respiration) typically decline with declining moisture, 
particularly as soil moisture falls below critical thresholds. 
These same processes also decline under saturated conditions, 
when water fills soil pores and oxygen becomes limiting (Arnold 
et al. 1999; Burton et al. 1998; Davidson et al. 2008; Emmett 
et al. 2004; Pilbeam et al. 1993; Rey et al. 2002; Rustad et al. 
2000; Schlesinger 2013; Stark and Firestone 1995; Tate et al. 

1988). In hydric soils, such as those found in wetlands, soils are 
permanently or seasonally saturated by water, and without vig-
orous oxygen diffusion aided by plant aerenchyma, oxygen is 
limiting and anaerobic processes dominate (Brady and Weil 
2013). Under these conditions, drought can actually induce 
more favorable conditions for aerobic microbial processes by 
increasing the oxygen status of the soils (Emmett et al. 2004). 
Concurrently, rates of anaerobic processes, such as methano-
genesis and denitrification, may decline. Increased precipitation 
may have little impact on these already water-saturated soils.

Overall, even though changes in the timing, intensity, fre-
quency, and type of precipitation have been documented at 
regional and continental scales, these types of changes 
receive less attention than changes in the total precipitation 
amount (Laseter et al. 2012; Melillo et al. 2014). However, 
as the seasonal distribution of precipitation continues to 
change (e.g., the monsoon season in the Southwest (Petrie 
et al. 2014) and the summer versus fall precipitation in the 
Southeast (Laseter et al. 2012)), the intensity of precipitation 
continues to increase (as observed in the Northeast (Melillo 
et  al. 2014) and the high rainfall areas of the southern 
Appalachians (Aber et al. 1993; Laseter et al. 2012)), the fre-
quency of precipitation changes (e.g., projected longer peri-
ods between larger rain events for the Northeast (Melillo 
et al. 2014)), and more precipitation falls as rain or mixed 
precipitation than snow (as observed in the long-term record 
at the Hubbard Brook Experimental Forest (Likens 2013)), 
understanding these impacts on forest and rangeland nutrient 
cycling dynamics will become increasingly important.

In summary, the short-term changes in weather and longer-
term changes in climate that have been observed in the United 
States over the past century (Melillo et al. 2014) have affected 
soil nutrients, and these changes along with changes that are 
projected for the future (IPCC 2014) will continue to have 
profound effects on forest and rangeland nutrient cycles.

�Extreme Disturbance

Extreme natural and anthropogenic ecosystem disturbances, 
such as wildland fires, drought, mining of minerals, extrac-
tion of fossil fuels, and urbanization, are affecting an increas-
ingly larger portion of the landscape. These events can lead 
to catastrophic disruptions of nutrient cycling within the 
forests and rangelands. Potential disturbances and their 
impacts are discussed in greater detail in Chaps. 2 and 3.

�Invasive Species, Insect Pests, and Pathogens

A discussion of human-induced impacts on forest and range-
land biogeochemical cycling would be incomplete without a 
discussion of invasive species, insect pests, and pathogens. The 
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impacts of these organisms occur both aboveground and below-
ground. Aboveground impacts can cause defoliation, tree 
stress, tree decline and mortality, and plant species extirpation; 
belowground impacts can cause organic and mineral soil dis-
turbance, changes in amount and chemistry of litter inputs, fine 
root mortality, changes in bulk density, and changes in amount 
and composition of organic matter (Ayres and Lombardero 
2000; Dukes et  al. 2009; Lovett et  al. 2010). Escalation of 
impacts from these combined “nuisance” species is expected to 
continue under future population, land use, and climate sce-
narios, so these disturbance factors remain an area of concern 
for land managers and the public (Dukes et al. 2009).

�Invasive Species

An invasive species has been defined as “a species that is non-
native to the ecosystem under consideration and whose intro-
duction causes or is likely to cause economic or environmental 
harm or harm to human health” (Beck et al. 2008). Invasive 

species that impact forest and rangeland nutrient cycles 
include invasive plants, insects, annelids, and other animals.

Invasive nonnative plant species impact native vegetation 
through competition for space, water, and nutrients. In some 
instances, an infestation by invasive plant species can result 
in the complete (or nearly complete) mortality of a founda-
tional species (Ellison et al. 2005). In all instances, new spe-
cies assemblages will alter element cycles, although the 
specific response varies with the invasive species and the 
ecosystem. A few examples of invasive plant species include 
kudzu (Pueraria montana), Oriental bittersweet (Celastrus 
orbiculatus), English ivy (Hedera helix), Canada thistle 
(Cirsium arvense), and sweet clover (Melilotus officinalis). 
Kudzu, introduced to the United States in the 1870s to reduce 
soil erosion, is a particularly virulent invasive plant species. 
Since its introduction, it has spread to over three million ha 
(Forseth and Innis 2004) and continues to spread at a rate of 
50,000 ha per year (Hickman et al. 2010). Kudzu is an inva-
sive vine that climbs on existing forest vegetation, adding a 
structural component to growth suppression (Fig.  4.6). It 

Fig 4.6  Kudzu, a fast-growing invasive plant species, can overgrow and shade out native vegetation (Photo credit: Jerry Asher, USDI Bureau of 
Land Management, via Bugwood.org)
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also emits isoprenes, organic molecules that inhibit plant 
growth. Kudzu spreads rapidly due to the rooting potential of 
stems, high photosynthetic rate, high water use capacity, and 
its ability to fix atmospheric N. This increases N inputs to the 
soil, which can result in elevated N leaching to streams and 
increased N2O (a potent greenhouse gas) emissions from the 
soil to the atmosphere (Hickman et al. 2010). Kudzu’s posi-
tive growth response to temperature suggests that its range 
will continue to expand in the future.

Introduced, nonnative insects and annelids, such as bee-
tles, termites, and earthworms (suborder Lumbrica), can 
have profound impacts on soil nutrient cycling through bio-
turbation and transformations of aboveground vegetation 
and soil organic matter. A few examples of these species 
include Asian long-horned beetle (Anoplophora glabripen-
nis), Formosan subterranean termite (Coptotermes formosa-
nus), red imported fire ant (Solenopsis invicta), and 
earthworms (Lumbricus terrestris).

Earthworms play a particularly important role in soil for-
mation processes and C cycling (Edwards 2004). Fahey and 
others (2013), for example, showed that in forests of the 
Northeast and Central United States, the introduction of non-
native earthworms reduced soil C storage in the upper 20 cm 
of the soil profile by 37%, leading to dramatic reductions in 
O-horizon organic matter and redistributions of nutrients 
within the soil profile.

Introduced, nonnative animals can alter both aboveg-
round and belowground element cycling. Wild hogs (Sus 
scrofa), for example, are a common invasive species in the 
United States, representing a mix of European wild boar 
released for hunting in the 1940s and feral domestic hogs. 
Wild hogs reproduce at a high rate and have considerable 
negative impact on native plants and rates of decomposi-
tion and nutrient cycling. Research in the Great Smoky 
Mountains National Park (located in North Carolina and 
Tennessee) found that hogs caused considerable damage to 
the herbaceous layer plants, but not overstory species. 
Their activities increased turnover and rates of decomposi-
tion of the O horizon and increased leaching of N into 
streams adjacent to areas disturbed by hog activity (Bratton 
1975).

�Insect Pests

Both the introduction of new insect pests and changes in 
range or virulence of native insect pests can also have dra-
matic impacts on forest and rangeland biogeochemical 
cycling. Examples of insect pests include forest tent caterpil-
lar (Malacosoma disstria), gypsy moth (Lymantria dispar), 
spruce budworm (Choristoneura fumiferana), southern pine 
beetle (Dendroctonus frontalis), Asian long-horned beetle, 

and emerald ash borer (Agrilus planipennis). These insects 
are increasing in abundance and virulence, as ranges expand 
in response to increasing minimum temperatures and to 
increased host sensitivity due to larger areas of forests and 
grasslands being under stress from other factors such as heat, 
drought, and air pollution. An example on the East Coast is 
the hemlock woolly adelgid (Adelges tsugae), which was 
introduced into the United States in the 1950s. After a slow 
initial expansion, the adelgid has moved rapidly northward 
in response to an increase in minimum winter temperature 
and now occupies most of the range of eastern Hemlock 
(Tsuga canadensis) (Knoepp et  al. 2011). Impacts of the 
adelgid on pure stands of hemlock common in the northeast-
ern United States resulted in increased soil N (Orwig et al. 
2008), while in the mixed stands of the Southern 
Appalachians, there were no initial changes in N cycling 
(Knoepp et al. 2011) due to the dominance of a native ever-
green shrub in the understory (Elliott et al. 2016; Ford et al. 
2012). Forests without the evergreen shrub showed an 
increase in both N and P cycling (Block et al. 2012, 2013).

An example of an insect pest that has expanded its range 
on the West Coast is the mountain pine beetle (Dendroctonus 
ponderosae). The range of this native insect of pine (Pinus 
spp.) forests in western North America has historically 
extended from Mexico to Canada and at elevations from sea 
level to 3353 m. With an increase in winter low temperatures 
and increased climate-change-related stress to host trees, the 
mountain pine beetle has expanded its range to the Northeast 
and upwards in elevation. Western coniferous forests, mostly 
in Wyoming, Montana, Colorado, and Idaho, have been rav-
aged by this insect pest.

�Pathogens

Pathogens are also increasing in virulence, particularly as 
conditions become warmer and wetter and the abundance 
of stressed trees, forests, and grasslands increases (Sturrock 
et al. 2011). A few examples of pathogens include chestnut 
blight (Cryphonectria parasitica), beech bark disease 
(Cryptococcus fagisuga/Neonectria spp. complex), sudden 
oak death (Phytophthora ramorum), and root rot fungus 
(Armillaria mellea). An example of the devastating impact 
of a forest pathogen is the infection of the American chest-
nut (Castanea dentata) by chestnut blight in the 1920s and 
1930s, which reshaped American forests across the eastern 
United States (Elliott and Swank 2008). The loss of chest-
nut resulted in changes in tree species composition, and 
while there was certainly a shift in forest biogeochemical 
cycling, the effects are unknown due to lack of research at 
that time. More recently, the impact of beech bark disease 
on forests in the Catskill Mountains of the northeastern 
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United States was examined by Lovett and others (2010). 
This disease resulted in the decline of American beech 
(Fagus grandifolia) followed by an increase in sugar 
maple. The result was an increase in rates of litter decom-
position and increased soil N and N leaching (Lovett et al. 
2010).

�Key Findings

•	 Maintaining forest and rangeland nutrient pools and 
cycles is essential to supporting healthy and productive 
ecosystems. We have learned that intentional actions from 
forest and rangeland management; unintended conse-
quences of point and nonpoint source pollutants; changes 
in climate and weather; extreme events such as wildfire, 
mining, and urbanization; and increases in the distribu-
tion and abundance of pests, pathogens, and invasive spe-
cies have significantly altered forest and rangeland 
nutrient cycles across the sweep of American history. We 
anticipate more changes to come. Some of these future 
changes are predictable; other changes are unpredictable 
or as yet unknown. In the face of these changes, it is 
important to be proactive rather than reactive in maintain-
ing forest and rangeland nutrient cycles. We must act 
before soils are degraded or altered in new ways, as the 
cost of remediation far exceeds the cost of proactive 
management.

�Key Information Needs

•	 The nature and dynamics of soil organic matter—Our 
view on the nature and dynamics of soil organic matter 
continues to evolve. A few decades back, most soil scien-
tists were comfortable in their explanations for why soils 
contain organic matter. The theory was that some of the 
material in plant tissues was recalcitrant to decomposition 
and that some of the by-products of decomposition 
included complex organic molecules resistant to degrada-
tion (i.e., humic substances). The current state of 
knowledge, however, is shifting as it acknowledges that 
short-term decomposition of plant materials (over several 
years or a decade) gives little insight into the processes 
that regulate the longer-term accumulation and loss of 
soil organic matter. More startling is the recognition that 
complex chains of organic molecules may not be common 
in soils and the apparent dominance of humic compounds 
may in part be an artifact of the chemicals used in pro-
cessing soils (Schmidt et al. 2011). The current view of 
soil organic matter accumulation and loss from soils no 
longer focuses on molecules that are unusually resistant 
to decay. The focus is now on complex interactions of soil 

structure, which can physically protect molecules from 
decay (Six et al. 2006; Torn et al. 1997), and interactions 
with minerals, many of which are redox sensitive and 
whose availability and oxidation state may change with a 
changing climate. A great deal of work will be needed to 
challenge or support the emerging views of soil organic 
matter (Schmidt et  al. 2011). Forest soil scientists will 
need to pay special attention to soil horizons because the 
dynamics of O horizons at the top of soil profiles may be 
very different from the dynamics that characterize min-
eral soil horizons, where most of the organic matter 
resides. Understanding these dynamics will take a combi-
nation of long-term field experiments with periodic sam-
pling and archiving of samples. These kinds of studies are 
not common, but there are several successful examples of 
long-term soil-ecosystem experiments with periodic sam-
pling that are ongoing (Lawrence et  al. 2013; Richter 
et al. 2007).

•	 Mineral weathering—The history of the science on min-
eral weathering is somewhat different than soil organic 
matter in that the science of mineral weathering has long 
existed in a state of uncertainty. While scientists have 
been certain in their understanding that mineral weather-
ing is a major source of nutrients entering nutrient cycles 
(as was so elegantly stated by Leopold (1949) in our 
introduction), we have not had the ability to quantitatively 
estimate rates of mineral weathering. New conceptual 
models and interdisciplinary research teams (e.g., teams 
that have gathered for critical zone science), new and 
transformative instrumentation, and new uses of long-
term forest research sites will be needed to provide future 
quantitative estimations of mineral weathering (Richter 
and Billings 2015).

•	 Changes in soil biogeochemistry over time—Better 
understanding of soil organic matter and mineral weather-
ing will complement some of the most important lessons 
from soil science over the past 200 years—that soils vary 
greatly across landscapes and over time. We have a very 
good understanding of the changes in soils across land-
scapes, including valuable surveys produced at the county 
level by the USDA Natural Resources Conservation 
Service. Knowledge about changes over time is not nearly 
as strong, and we need to know much more about how 
forest and rangeland soils change over time, including 
how the rates of change vary among nutrients and among 
types of soils, and how management activities influence 
those rates. A powerful, two-pronged approach for filling 
in these gaps in knowledge is to study forest and range-
land nutrient cycles intensively at long-term research sites 
while also making periodic observations of soil change.

•	 Investment in long-term research and monitoring—The 
United States is a world leader in supporting long-term 
field studies, with large multiagency, multigenerational 
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networks of research sites such as the USDA Forest 
Service’s Experimental Forest and Ranges; USDA 
Agricultural Research Service’s Long-Term 
Agroecosystem Research sites; and National Science 
Foundation’s Long-Term Ecological Research sites, 
National Ecological Observatory Network, and Critical 
Zone Observatory sites. These research efforts need to be 
sustained, along with being augmented by new opportuni-
ties for integrating knowledge across programs. In addi-
tion, it will be important to maintain or develop 
less-intensive monitoring of soil conditions across many 
sites because the number of intensive sites does not pro-
vide the statistical power needed to extrapolate to actual 
forest and rangeland soils across landscapes. In particular, 
developing systematic approaches to soil resampling pro-
grams across gradients of natural and human-impacted 
landscapes will likely be an essential tool for an effective 
environmental monitoring and assessment (Lawrence 
et  al. 2013). New ways of supporting these long-term 
research sites are needed, perhaps in new public-private 
partnerships.

•	 Investment in human capital—Finally, in order to con-
tinue to investigate past, current, and future changes in 
forest and rangeland nutrient cycles, it is critical to invest 
in human capital by educating forest and rangeland soil 
scientists. We are losing academic departments, indus-
tries, and federal, state, and private jobs that have focused 
on the science of soils and nutrient cycling. Rather than 
only building up what we had in the past, we need to 
channel new support to successful departments and posi-
tions, as well as enhance networking opportunities among 
sites, scientists, and agencies with the goal to form a more 
cohesive national interorganizational task force on under-
standing and protecting forest and rangeland nutrient 
pools and cycles.
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