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ABSTRACT
Anthropogenic nitrogen (N) deposition is unequally distributed across space and time, with inputs to terrestrial ecosystems 
impacted by industry regulations and variations in human activity. Soil carbon (C) content normally controls the fraction of min-
eralized N that is nitrified (ƒnitrified), affecting N bioavailability for plants and microbes. However, it is unknown whether N depo-
sition has modified the relationships among soil C, net N mineralization, and net nitrification. To test whether N deposition alters 
the relationship between soil C and net N transformations, we collected soils from coniferous and deciduous forests, grasslands, 
and residential yards in 14 regions across the contiguous United States that vary in N deposition rates. We quantified rates of net 
nitrification and N mineralization, soil chemistry (soil C, N, and pH), and microbial biomass and function (as beta-glucosidase 
(BG) and N-acetylglucosaminidase (NAG) activity) across these regions. Following expectations, soil C was a driver of ƒnitrified 
across regions, whereby increasing soil C resulted in a decline in net nitrification and ƒnitrified. The ƒnitrified value increased with 
lower microbial enzymatic investment in N acquisition (increasing BG:NAG ratio) and lower active microbial biomass, provid-
ing some evidence that heterotrophic microbial N demand controls the ammonium pool for nitrifiers. However, higher total N 
deposition increased ƒnitrified, including for high soil C sites predicted to have low ƒnitrified, which decreased the role of soil C as a 
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predictor of ƒnitrified. Notably, the drop in contemporary atmospheric N deposition rates during the 2020 COVID-19 pandemic did 
not weaken the effect of N deposition on relationships between soil C and ƒnitrified. Our results suggest that N deposition can dis-
rupt the relationship between soil C and net N transformations, with this change potentially explained by weaker microbial com-
petition for N. Therefore, past N inputs and soil C should be used together to predict N dynamics across terrestrial ecosystems.

1   |   Introduction

The rise in agricultural production and fossil fuel combus-
tion during the 20th century increased nitrogen (N) emissions 
and, consequently, atmospheric N deposition to terrestrial 
ecosystems across the globe (Fixen and West  2002; Gruber 
and Galloway 2008). This deposition caused widespread nega-
tive environmental impacts, including elevated nitrate (NO3

−) 
leaching and nitrous oxide (N2O) emissions (Schlesinger 2009; 
Vitousek et al. 1997). As such, legislative efforts were imposed 
to curb these atmospheric N inputs. Air quality regulations in 
the United States cut emissions of nitrous oxides (NOx) by 41% 
from 1990 to 2010 (Li et al. 2016), reducing inorganic N deposi-
tion by 0.11 kg N ha−1 year−1 in the eastern United States during 
this period (Ackerman, Millet, and Chen 2019). Although inor-
ganic N deposition rose 8% globally from 1984 to 2016, regions 
like Europe and Central Indo-Pacific had downward trends in N 
deposition (Ackerman, Millet, and Chen 2019). The drop in an-
thropogenic N deposition, combined with elevated atmospheric 
CO2 concentrations, can reduce N availability for plants and soil 
microbes (Garten, Iversen, and Norby 2011; Norby et al. 2010), 
with emerging evidence suggesting unmanaged ecosystems 
worldwide are returning to N-limited states (Mason et al. 2022; 
McLauchlan et  al.  2017). The long-term decline in reactive N 
deposition likely affects ecosystem functions, including decom-
position and nitrification. Yet, much remains to be discovered 
about the variable effects of N deposition across space and time 
on the microbially mediated N cycle and its relationship with 
soil carbon (C).

Aside from bioavailable N derived from atmospheric deposition, 
terrestrial N availability is controlled by soil microbial commu-
nities. Heterotrophic soil microorganisms use extracellular en-
zymes to break down soil organic matter (SOM) for energy and 
materials (Burns  1982; Sinsabaugh  1994). Microbial enzyme 
production facilitates N mineralization in soils by converting 
simple organic N compounds from plants and microbes (includ-
ing N-fixing bacteria) to ammonium (NH4

+). Ammonium may 
then be oxidized by chemolithoautotrophic nitrifiers into NO3

−, 
with the potential to be leached into adjacent waterways or lost 
as the potent greenhouse gas N2O (Rao et al. 2014; Wallenstein 
et al. 2006). Both ammonium and nitrate can be immobilized by 
heterotrophic microbes or taken up by plants to meet N demands 
(Melillo et al. 1989; Soong et al. 2020). Additionally, larger soil 
C pools increase heterotrophic N demand to maintain their 
C:N stoichiometry (Cleveland and Liptzin 2007; Redfield 1958; 
Schimel and Weintraub  2003), leading to increased N miner-
alization and immobilization rates but decreased nitrification 
rates. While site-dependent variables like soil moisture and NH4

+ 
do drive nitrification rates, it has been shown at local (Keiser, 
Knoepp, and Bradford  2016) and continental (Gill et  al.  2023) 
scales from laboratory incubations and field-based assays that 
soil C content determines whether or not mineralized N (NH4

+) 

is nitrified. Specifically, the fraction of mineralized N that is 
nitrified (ƒnitrified) is lower under high soil C conditions, likely 
driven by heterotrophic N immobilization (Elrys et  al.  2021), 
reducing NH4

+ availability for nitrifiers. As a result, net N min-
eralization and nitrification rates can become decoupled under 
high microbially available C conditions. However, large pulses 
of external N inputs (e.g., fertilizer application) may exceed het-
erotrophic N demand, resulting in high nitrification rates and 
ƒnitrified across an array of soil C concentrations as competition 
for N eases between microbial heterotrophs and nitrifiers (Aber 
et al. 1998; Yuan et al. 2019). While it is expected that an increase 
in N availability will increase nitrification rates, the effects of at-
mospheric N deposition on the role of soil C in mediating ƒnitrified 
have not been resolved.

To identify how the activity of soil microorganisms shifts with 
N availability, we can quantify changes in their functional attri-
butes that characterize their C- and N-cycling potentials, includ-
ing extracellular enzyme activity (EEA). Field experiments show 
that N-acquiring enzyme activity declines with concomitant in-
creases in C-acquisition enzyme activity under experimental N-
fertilization rates ranging from 30 to 100 kg N ha−1 year−1 (Ajwa, 
Dell, and Rice  1999; Saiya-Cork, Sinsabaugh, and Zak  2002; 
Zeglin et al. 2007). These studies suggest that experimental N 
fertilization rates—typically greater than realized N deposition 
rates—lower the enzymatic investment to acquire N by soil mi-
crobes, indicative of lower microbial N limitation. In addition, 
decomposition measures, such as litter mass loss and microbial 
respiration, decrease with experimentally higher N availability 
(Craine et al. 2007; Knorr, Frey, and Curtis 2005; Treseder 2008). 
A decline in decomposition due to decreased microbial N lim-
itation may increase SOM pools as heterotrophic microbes rely 
less on this organic pool for N (Bowden et al. 2019). Yet, stud-
ies report contrasting effects of N-addition on soil C stocks. In 
forests, chronic N fertilization increases the stock of organic 
C in the topsoil layer (Frey et al.  2014), whereas soil C stocks 
do not change in grassland N-addition experiments (Keller 
et al. 2022). This distinction between forest and grassland soils 
not only reveals key differences in soil microbial communities 
between these systems (Carson et al. 2019; Edwards et al. 2011; 
Frey et al. 2004) but also the importance of understanding what 
mechanisms govern microbial responses to higher N availabil-
ity across ecosystems, including edaphic properties known to 
affect the N cycle, such as soil pH (Kemmitt et al. 2006; Riggs 
and Hobbie 2016).

As N deposition decreases in response to environmental reg-
ulations, ecosystem recovery may lag behind this decline 
(Gilliam et al. 2019; Stevens 2016) given that ecosystems retain 
exogenous N in plant and soil pools (Lovett and Goodale 2011). 
From the few field experiments where high rates of N fertil-
ization have ceased and observations have continued, N min-
eralization rates have been shown to remain elevated for over 
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5 years compared to never-fertilized controls (Clark et al. 2009; 
O'Sullivan et  al.  2011), but nitrification rates can recover in 1 
year (Nieland et al. 2021). Yet, these experiments coincide with 
the slow, multidecadal decline in N deposition in many regions 
and concurrent rise in atmospheric CO2 concentrations, with 
studies without experimental N fertilization reporting decreases 
in plant tissue N concentrations and natural abundance δ15N 
values, ecosystem N-cycling rates, and aquatic N exports from 
watersheds (Groffman et  al.  2018; Penuelas et  al.  2020; Sabo 
et  al.  2020). The observational N fertilization studies instead 
suggest that legacies of anthropogenic N deposition may not be 
realized in natural systems because contemporary atmospheric 
chemistry, specifically CO2 fertilization, decreases N availabil-
ity and increases overall ecosystem N demand (Garten, Iversen, 
and Norby 2011; Norby et al. 2010). With limited experimental 
data matching low and variable rates of N deposition, it remains 
uncertain as to how soil microbial communities respond func-
tionally to decreased anthropogenic N deposition across diverse 
ecosystems (Lamarque et al. 2013).

The COVID-19 pandemic prompted a sudden drop in human 
activity around the globe as 2020 lockdowns restricted work 
and outdoor activities in an attempt to slow the spread of 
SARS-CoV-2 (Alfano and Ercolano 2020), the virus that causes 
COVID-19. Consequently, 2020 vehicular traffic and industry 
activity decreased (Liu and Stern 2021) with increases in select 
air quality metrics (i.e., PM2.5, PM10, and NO2; Yang et al. 2022) 
and avian and beach flora and fauna abundances across urban 
ecosystems (Schrimpf et al. 2021; Soto et al. 2021). However, the 
effects of the COVID-19 pandemic on terrestrial biogeochemis-
try are not known, despite reported declines in atmospheric N 
deposition (Berman and Ebisu 2020; Le Quéré et al. 2020). This 
“anthropause” (Rutz et al. 2020) presents the opportunity to in-
vestigate whether a short-term decrease in N deposition during 
2020 alters the relationships among soil C, net N mineraliza-
tion, and net nitrification and the strength of soil C as a driver 
of ƒnitrified.

Taking advantage of both the decline in rates of atmospheric N 
deposition during the COVID-19 pandemic and the range in back-
ground atmospheric N deposition across the contiguous United 
States, we examined under laboratory conditions if N deposition 
alleviates soil C-controlled competition for N between micro-
bial heterotrophs and nitrifiers. We sampled 14 regions (with 
multiple sites per region) experiencing variable N deposition 
rates (annual means: 3.2–11.7 kg N ha−1 year−1), and measured 
soil net nitrification and N mineralization rates, EEAs, active 
microbial biomass with substrate-induced respiration (SIR), 
and soil chemistry (soil C, N, and pH). We hypothesized (H1) 
that high C soils with high background rates of atmospheric N 
deposition exhibit higher net nitrification rates and ƒnitrified than 
high C soils with low background N deposition because NH4

+ 
supplied through deposition would alleviate NH4

+ limitation 
of nitrifiers induced by immobilization (Figure 1a,b). Initiating 
the study during the COVID-19 pandemic, we leveraged this 
natural experiment to discern if a short-term dip in contem-
porary N deposition decreased ƒnitrified. We hypothesized (H2) 
that a temporary decrease in N deposition strengthens the role 
of soil C in regulating net N transformation rates and ƒnitrified, 
resulting in a decrease in net N transformation rates and ƒnitrified 
because microbial immobilization would drive NH4

+ limitation 

for nitrifiers at sites where background N deposition rates are 
typically at intermediate or high levels (Figure 1c).

2   |   Methods

2.1   |   Study Sites and Sample Collection

We sampled soils from 14 regions across the United States 
that varied in rates of atmospheric N deposition and climate 
(Table S1). Each region included individual sites that captured 
a range of vegetation and land uses, including forest, grassland, 
and residential yards, for a total of 39 sites. At a minimum, each 
region had one natural ecosystem reflecting the area's dominant 
ecosystem type and one residential yard. We included yards be-
cause they offer a relatively similar comparison, in terms of vege-
tation, across the 14 regions and climates, and most yards shared 
similar management across regions (Table  S1). We classified 
non-yard sites into coniferous forest, deciduous forest, grassland, 
scrub, and oak–palmetto forest ecosystems based on vegetation 
and climate. Thirty-year mean annual precipitation (MAP) and 
temperature (MAT) were estimated for each site using the clos-
est weather station in the National Weather Service Cooperative 
Network (NWS COOP). Monthly precipitation (PPT) and poten-
tial evapotranspiration (PET) during 2013–2021 were calculated 
to identify climate (i.e., mesic or xeric) using daily precipitation, 
daily maximum and minimum temperatures, and latitude (for 
solar radiation; Allen et al. 1999). A PPT:PET ratio of less than 1 
was defined as a xeric climate (Knapp et al. 2008).

Samples were collected by taking the top 10 cm of mineral soil 
with a trowel to fill approximately a quart-size (0.95-L) ster-
ile bag four times at each site in 2020. These collection times 
were selected to correspond with changes in national activity 
due to COVID-19 restrictions in 2020 (with increasing human 
activity across time): April (stay at home), May (partial reopen-
ing), June, and August. Each sample was split in half with one 
subsample immediately frozen and the other air-dried. Once 
COVID-19 restrictions lifted, dried and frozen samples were 
shipped to the University of Massachusetts Amherst where fro-
zen samples remained at −20°C until processed. For this study, 
we analyzed soils from the first and fourth collections to cap-
ture the timepoints with the widest range in COVID restrictions 
and potential for contrasting N deposition rates. Because some 
sites included replicated plots, samples from plot replicates were 
processed separately and then averaged within a site for data 
analysis. Samples were collected at a subset of the sites a year 
after the initial collections in 2021 to determine if changes in 
local deposition levels affected soil microbial functions. While 
the seven sites resampled were collected from the Northeastern 
United States because of their proximity to the University of 
Massachusetts Amherst, we only used these sites to compare soil 
functional parameters between a year with reduced human ac-
tivity (2020) and a year with closer to normal activity (2021). For 
these samples, we kept plot replicates separate for data analysis.

2.2   |   Atmospheric N Deposition Estimates

Annual total (wet + dry) N deposition and wet NH4
+ depo-

sition were estimated for each site using model outputs 

 13652486, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70016 by M

ichigan State U
niversity, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 of 20 Global Change Biology, 2024

detailed in Schwede and Lear  (2014). Grids from the National 
Atmospheric Deposition Program's (NADP) National Trends 
Network (NTN) (version 2023.01; https://​nadp.​slh.​wisc.​edu/​
commi​ttees/​​tdep/​) were accessed on November 14, 2023, and 
uploaded to RStudio V2023.12.1 + 402 (Posit team 2024) using 
R package raster (Hijmans  2023). We collected deposition 
data from online databases covering 2013–2021 (pre-study 
years plus study period). While an expected decrease in depo-
sition induced by the COVID-19 pandemic inspired the cur-
rent study, preliminary data analysis indicated that annual 
N deposition rates declined in 2018 and through 2020, before 
rebounding in 2021. Because we wanted to investigate both 
background and contemporary N deposition effects motivated 
by the COVID-19 restrictions, we defined background N depo-
sition as 2013–2017 before N deposition began to decline. Using 
the 2013–2017 values, we averaged annual total N deposition 
estimates for each of the 39 sites to define “low” (2013–2017 
mean site total N deposition range: 3.18–6.93 kg N ha−1 year−1), 
“intermediate” (7.53–8.45 kg N ha−1 year−1), and “high” (8.56–
11.67 kg N ha−1 year−1) background rates of N deposition from 
the 33rd and 66th percentiles of the mean rates of N deposi-
tion. We binned background N deposition into ranks because 

preliminary analyses of 2013–2017 mean site N deposition rates 
showed three distinct groups, which approximately aligned with 
the 33rd and 66th percentiles. Each N deposition rank included 
13 sites. Average annual NH4

+ deposition was also calculated 
for each site.

The decline in human activity from the COVID-19 pandemic 
presented unique challenges to quantifying real-time wet N 
deposition declines because many NTN stations were closed 
during this time. Therefore, we used the automated United States 
Environmental Protection Agency's (EPA) Clean Air Status 
and Trends Network (CASTNET) (https://​epa.​gov/​castn​et/​) to 
gather particulate (dry) N deposition data since CASTNET sta-
tions were not disrupted during the lockdown period of spring 
2020. We extracted weekly CASTNET dry N concentration data 
from 2013 to 2021 on February 14, 2024, from six stations. These 
stations were selected because of their proximity to sampling 
locations and variation in total background N deposition rates 
(Figure S1). With the CASTNET data, we first calculated dry N 
deposition flux using deposition velocities reported by Holland 
et al. (2005) and then added the fluxes to report annual cumu-
lative dry N deposition. As with total N deposition, 2013–2017 

FIGURE 1    |    Conceptual model of hypotheses. (Top panel) Under low N deposition (a), net nitrification and N mineralization rates are expected to 
couple (ƒnitrified = 1) in low soil C conditions due to reduced competition for NH4

+ between microbial heterotrophs and nitrifiers. In contrast, high soil 
C facilitates strong competition, resulting in NH4

+ limitation for nitrifiers and decoupled net nitrification and N mineralization rates (ƒnitrified = 0). 
As background N deposition increases (b), competition between microbial heterotrophs and nitrifiers for NH4

+ weakens as nitrifiers can switch their 
source for NH4

+ resulting in higher net nitrification rates in high C soils. (c) A short-term dip in N deposition because of a COVID-19 response to 
reduced vehicle emissions is predicted to decrease net nitrification rates, lowering ƒnitrified, particularly for soils with high C content as heterotrophic 
immobilization increases.
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served as background years to calculate the 95% confidence 
interval for dry N deposition. Dry N deposition in 2018–2021 
that fell outside the confidence intervals was considered sig-
nificantly different from background N deposition at p ≤ 0.05. 
The fraction of annual total N deposition deposited as dry N, 
based on the 2013–2017 NTN and CASTNET data, ranged from 
(mean ± standard deviation) 10.4% ± 2.2% in northern Montana 
to 61.7% ± 4.9% in southern California (overall mean: 22.4%). 
Thus, we are somewhat limited in our inference about the po-
tential change in total N deposition during the early part of the 
COVID-19 pandemic due to missing wet N deposition data in 
2020. However, dry N deposition serves as a good indicator for 
vehicular activity since dry N deposition is higher in urban sites 
(Bettez and Groffman 2013) and deposition rates decline expo-
nentially away from roads (Redling et al. 2013) [with some nota-
ble exceptions (Rocci, Cotrufo, and Baron 2023)].

2.3   |   Soil Chemistry

Air-dried soils were sieved to 2 mm and then pulverized using 
a CertiPrep 8000-D Mixer mill (Spex, Metuchen, NJ, USA), and 
total C and N from two milled analytical replicates were quanti-
fied using a Carlo Erba NA1500 CHN analyzer (Thermo Fisher 
Scientific, Waltham, MA, USA). Soils with ≤ 5% C (by mass) 
were defined as low C soils (Gill et al. 2023). Soil C and N were 
transformed to molar quantities to calculate soil C:N ratios. A 
portion of the frozen soil was thawed and sieved to 2 mm, and 
the pH was measured in a 1:2 volumetric ratio of soil and deion-
ized water (Allen 1974). Soil moisture was measured as gravi-
metric water content (GWC), quantified by drying soils for 24 h 
at 105°C (Bradford et al. 2008).

2.4   |   Soil Microbial C and N Cycling

Functional assessments of microbial communities were mea-
sured from thawed soils previously frozen at −20°C. Net N min-
eralization and nitrification rates were measured using a 28-day 
lab incubation (Robertson and Groffman  2015). Immediately 
after sieving to 2 mm, 10 g dry-equivalent soil was added to 
50 mL of 2 M KCl and shaken vigorously by hand (Day 0) (Keiser, 
Knoepp, and Bradford 2016; Robertson et al. 1999). Another 10 g 
dry-equivalent soil was incubated at 20°C in the dark for 28 days 
and checked weekly to maintain soil moisture at gravimetric 
moisture from field collection. At Day 28, the soil was extracted 
in 50 mL of 2 M KCl and shaken. Inorganic N concentrations 
(NH4

+-N and NO3
−-N) were quantified spectrophotometrically 

with a BioTek Synergy HTX Multimode Reader (Agilent, Santa 
Clara, CA, USA) using a modified salicylate assay and vana-
dium (III) assay, respectively (Hood-Nowotny et al. 2010). Net 
N mineralization rates were calculated as the difference in total 
inorganic N after 28 days, while nitrification rates were calcu-
lated as the difference in NO3

−-N. The nitrified fraction of min-
eralized N (ƒnitrified) was calculated by dividing net nitrification 
rate by net N mineralization rate.

We measured SIR as an estimate of active soil microbial bio-
mass. SIR was measured after shaking 5 g dry-equivalent soil 
with autolyzed yeast solution for 1 h at 100 rpm inside capped, 
50 mL tubes with two replicates per sample (Anderson and 

Domsch 1978; Bradford, Fierer, and Reynolds 2008). After a 4 h 
incubation, CO2-C in the headspace was quantified using a LI-
7000 CO2/H2O analyzer (LICOR, Lincoln, NE, USA).

Soil EEAs were measured using short-term, room-temperature 
assays with fluorometric methylumbelliferone (MUB) substrates 
in a modified universal buffer at a given soil's pH (German 
et  al.  2011; Saiya-Cork, Sinsabaugh, and Zak  2002). Beta-
glucosidase (BG; EC 3.2.1.21) and N-acetylglucosaminidase 
(NAG; EC 3.2.1.14) activities were measured in 96-well plates 
with eight replicates for each enzyme per sample and included 
MUB curves, substrate controls, and soil homogenate controls. 
Prior to these assays, Km tests for each site were performed to 
determine the times and substrate concentrations to achieve the 
maximum reaction rate (Vmax) (Keiser et al. 2019). Fluorescence 
was measured at 360/450 nm (excitation/emission) with a 
BioTek Synergy HTX Multimode Reader. To evaluate microbial 
enzymatic investment for labile C and N, we calculated the ratio 
of BG and NAG activities, both natural-log transformed, with 
lower ratios indicative of higher N relative to C demand (Nieland 
et al. 2024; Sinsabaugh and Follstad Shah 2012).

2.5   |   Statistical Analysis

All statistical analyses were done in R V4.3.3 (R Core Team 2024) 
using tidyverse to handle and visualize data (Wickham 
et al. 2019). We used linear mixed effects (LME) models and lin-
ear models for all analyses. To test for differences in background 
N deposition, we first used linear models to determine if mean 
annual background total N deposition and wet NH4

+ deposition 
from 2013 to 2017 were different among the low, intermediate, 
and high deposition ranks. We then assessed whether total N 
and wet NH4

+ deposition decreased from 2013 to 2017 by using 
LME models that included N deposition rank (low, intermedi-
ate, and high N deposition) and years as interacting fixed effects 
with sites being random effects to account for repeating mea-
surements using packages lme4 and lmerTest (Bates et al. 2015; 
Kuznetsova, Brockhoff, and Christensen 2017).

We used stepwise modeling to identify linear models that de-
scribe net nitrification rates and test H1. Following the Keiser, 
Knoepp, and Bradford (2016) and Gill et al. (2023) approach, we 
used model selection among known drivers of nitrification to 
isolate the best model that describes nitrification, first excluding 
and then including background N deposition. The first model 
selection exercise tested for the best model using predictors 
identified by Keiser, Knoepp, and Bradford (2016) and tested at a 
continental scale by Gill et al. (2023): net N mineralization rates, 
soil C, and GWC as interacting explanatory variables. Using 
Akaike information criterion (AIC) from the R package MASS 
to remove variables (Venables and Ripley  2002), the best-fit 
model included net N mineralization rate, soil C, soil moisture, 
and the interaction of N mineralization rate and soil mois-
ture as predictive variables for net nitrification rates (adjusted 
R2 = 0.313, p < 0.001, AIC = 193.6). The second model selection 
exercise included background (2013–2017) total N deposition 
as a variable, along with net N mineralization rates, soil C, and 
GWC (allowing them to interact), to describe net nitrification 
rates. Background total N deposition, rather than wet NH4

+, 
was used because it accounts for other deposited N species that 
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6 of 20 Global Change Biology, 2024

can influence plant–microbe and microbe–microbe competition 
for N. According to AIC and analysis of variance (ANOVA), the 
model from the second exercise was a better fit than the model 
from the first exercise (AIC = 188.0, p = 0.013); thus, we report 
results from the second model.

Additional models were implemented to test H1. Because other 
soil characteristics can influence nitrification (Keiser, Knoepp, 
and Bradford 2016), we designed a separate linear model using 
the stepwise approach to test the effects of net N mineralization, 
soil moisture, soil pH, soil C, soil C:N, and their interactions on 
net nitrification rates, which were visualized using the interac-
tions R package (Long 2019). Soil N was excluded due to its col-
linearity with soil C. Moreover, we used linear models to test if 
ƒnitrified was different between soils with low C and high C and 
among ecosystem types, including their interaction. We further 
tested H1 by assessing whether net nitrification and N mineral-
ization rates and ƒnitrified were related to soil microbial functions. 
To do this, we used linear models of net nitrification, net N min-
eralization, and ƒnitrified that separately tested active microbial 
biomass, log(NAG), and microbial enzymatic C:N investment as 
fixed effects interacting with N deposition rank.

To further test H1, we built a structural equation model (SEM) 
to determine how N deposition class (low, intermediate, and 
high) changed the effects of soil chemistry, particularly soil C, 
and microbial functions on ƒnitrified. We first designed model 
paths a priori from existing literature (Figure S2; Table S2) and 
added linear models into an SEM using the piecewiseSEM pack-
age (Lefcheck 2016). We then checked the fit of the SEM using χ2 
and Fisher's C statistics which showed that the data fit poorly to 
the SEM (χ2 = 25.37, df = 6, p < 0.001; Fisher's C = 28.74, df = 12, 
p = 0.004). A d-separation test (Shipley 2013) indicated that add-
ing a path between microbial enzymatic C:N investment and soil 
pH to the SEM would improve fit. In addition, a linear model pre-
dicting ƒnitrified from soil moisture was unnecessary based on its 
p-value (p = 0.555); we subsequently removed this linear model 
from the SEM. After making these changes, the overall fit of 
the SEM improved (χ2 = 3.61, df = 3, p = 0.307; Fisher's C = 5.12, 
df = 6, p = 0.529). We tested if N deposition class changed the 
magnitude of effects by performing a multigroup analysis using 
the multigroup function in piecewiseSEM. Standardized coeffi-
cients and p-values were gathered to compare outputs of each N 
deposition class, and we calculated the direct, indirect, and total 
effect of soil C on ƒnitrified among each N deposition class.

For H2, we used LME models to assess whether there were 
differences in net N nitrification and N mineralization rates 
between 2020 and 2021 for the resampled sites with individual 
plots as a random effect. These LME models included site, col-
lection, and year as interacting fixed effects. We further tested 
H2 by using an LME model to test for differences in ƒnitrified be-
tween year and soil C as interacting fixed terms, with plot as a 
random effect.

To test if soil characteristics varied across sites, we used step-
wise modeling to select the best-fitting linear model for the re-
sponse variables soil pH, soil %C, soil %N, and soil C:N. Model 
predictors included climate (xeric or mesic), ecosystem (conifer-
ous forest, deciduous forest, grassland, or residential yard), and 
deposition rank. We also modeled soil moisture as a function 

of these factors, excluding N deposition rank. Background N 
deposition was modeled as a categorical rather than continuous 
variable for ease of interpretation, and scrub and oak–palmetto 
forest ecosystems were excluded due to low replication. Two-way 
interactions among all predictor variables were included in the 
models. To meet model assumptions, some response variables 
were natural-log transformed or expressed using Yeo–Johnson 
transformation (Tables  S3 and S4). ANOVA approximations 
were used to acquire F- and p-values for models, and significant 
effects or interactions were tested using Tukey's post hoc anal-
ysis in package emmeans (Lenth, 2023). Significance was set at 
α ≤ 0.05.

3   |   Results

3.1   |   N Deposition

Background total (wet + dry) N deposition rates (2013–2017) 
varied strongly across the contiguous United States, rang-
ing over an order of magnitude among our 39 sites in 14 re-
gions (Figure  2a). Most of the high background N deposition 
sites were in the Midwest (n = 6; 9.8 ± 0.4 kg N ha−1 year−1), 
and all the sites in Northern Rockies and California (n = 10; 
4.7 ± 1.4 kg N ha−1 year−1) had low background N deposition. 
Background total N deposition rates increased significantly from 
the low to intermediate to high classes (all p < 0.001). Regardless 
of deposition class, however, total N deposition rates declined 
annually by 0.14 kg N ha−1 year−1 from 2013 to 2017 (F1,153 = 10.9, 
p = 0.001; Figure 2b) consistent with other studies (Ackerman, 
Millet, and Chen 2019; Benish et al. 2022). High N deposition 
sites had higher mean annual wet NH4

+ deposition (2.9 ± 1.1 kg 
NH4

+-N ha−1 year−1) than low (1.1 ± 0.4 kg NH4
+-N ha−1 year−1) 

and intermediate (1.7 ± 0.5 kg NH4
+-N ha−1 year−1) sites 

(p < 0.001), but unlike total N deposition annual wet NH4
+ depo-

sition rates did not decline from 2013 to 2017. While cumulative 
dry N deposition decreased significantly in 2019 from the 2013–
2017 mean for three of the six CASTNET stations surveyed, 
it fell to its lowest values in 2020 for five stations (Figure S3). 
Cumulative dry N deposition returned to 2013–2017 ranges in 
2021 (Figure S3).

3.2   |   Net Nitrification and N Mineralization Rates

Low C soils (≤ 5% C by mass; Gill et al. 2023) had net nitrification 
rates that predominantly aligned 1:1 with net N mineralization 
rates, as indicated by ƒnitrified = 1 (Figure 3a). Indeed, ƒnitrified was 
twofold greater in low C soils (0.945) than in high C soils (0.417; 
F1,60 = 15.87, p < 0.001; Figure 3c) and was not different among co-
niferous and deciduous forests and grasslands (p > 0.05). Net nitri-
fication rates were very low or undetectable in many of the high 
C soils, among which net N mineralization rates varied widely, 
indicating that the net N transformations were highly or entirely 
decoupled from one another in these soils. Yet, net nitrification 
and N mineralization rates did not always decouple at high soil C 
sites, with ƒnitrified varying between 0 and 1 (Figure 3a). The best-fit 
model from the model selection exercises predicting net nitrifica-
tion rates included background mean N deposition as a covariate 
(t = −3.02, p = 0.004; Figure 3b), along with net N mineralization 
(t = 1.09, p < 0.001), soil C (t = −2.31, p = 0.024), and soil moisture 
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7 of 20

(t = −1.87, p = 0.065; adjusted R2 = 0.379). Net nitrification rates 
were negatively related to soil C as expected (Table 1). Under low 
soil moisture content, soils with higher net N mineralization rates 
resulted in higher net nitrification rates (t = −3.32, p = 0.001). In 
contrast, net nitrification rates increased with soil moisture at sites 
with higher mean background N deposition rates but decreased 
under lower background N deposition (t = 2.93, p = 0.005).

The model testing the effects of soil characteristics and net N min-
eralization explained 72% of the variation in net nitrification rates. 
In this model (Table 2), net N mineralization rates interacted posi-
tively with soil pH (t = 2.86, p = 0.006) and soil C (t = 2.56, p = 0.013) 
but negatively with soil C:N (t = −3.32, p = 0.002) and moisture 
(t = −2.10, p = 0.04). Net nitrification rates increased more with 

higher net N mineralization rates under drier, lower soil moisture 
(Figure S4). However, at any given net N mineralization rate, soils 
with lower C:N ratios (i.e., more N relative to C) or higher pH had 
higher net nitrification rates (Figure S4).

3.3   |   Soil Chemistry

Background N deposition classification was identified as a signifi-
cant predictor for soil pH, total C and N, and soil C:N (Table 3); soil 
characteristics that also predicted net nitrification rates (Table 2). 
Except in the case of the soil C:N ratio, N deposition classifica-
tion also interacted significantly with ecosystem type to explain 
soil chemistry variation (Table  3). Soil C and N concentrations 

FIGURE 2    |    Distribution of site locations and background total (wet + dry) N deposition. (a) Map of the contiguous United States showing the 14 
regions and average background N deposition rates from 2013 to 2017. Shapes of the points correspond to background N deposition classification. (b) 
Interannual variability in background total N deposition rates from 2013 to 2017 across N deposition class ranks.
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8 of 20 Global Change Biology, 2024

decreased across increasing N deposition classes for coniferous 
forests and grasslands by an average of 59% and 60%, respectively 
(Figure S5; all p < 0.05), but did not change for deciduous forests 
or yards. Collectively, soil C:N ratio declined from intermediate 
to high N deposition (p = 0.013) by 2.2 units, with coniferous and 
deciduous forests having higher soil C:N ratios than grasslands 
and yards (Figure  S5; all p < 0.001). While coniferous forest soil 

pH decreased from 6.0 ± 0.4 in low N deposition sites to 4.7 ± 0.9 
in intermediate N deposition sites (Figure S5; p = 0.006), yard soil 
pH instead increased from 6.1 ± 1.1 in low N deposition sites to 
7.1 ± 0.5 in high N deposition sites (Figure S5; p ≤ 0.013). In con-
trast to other soil properties, soil moisture was best explained by 
ecosystem type and time, reflecting that soils were wetter at the 
first collection than at the fourth collection (F1,64 = 47.02, p < 0.001) 

FIGURE 3    |    Coupled–decoupled relationships between net N transformations as related to (a) soil C and (b) background N deposition rates. 
Coupled net N transformations align closely to a 1:1 relationship between net nitrification and N mineralization rates (ƒnitrified = 1). Decoupled net 
N transformations fall along the horizontal lines (ƒnitrified = 0). ƒnitrified values greater than 1 indicate net nitrification rates were greater than net N 
mineralization rates. (c) The ƒnitrified values across low and high soil C environments visualized as boxplots. In the boxplots, the interquartile range 
is shown as the total height of the box and the solid line within the box as the median, and the whiskers extend to either 1.5 times the interquartile 
range or the minimum or maximum values of the data. The number of independent observations is 75 (n = 75).
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9 of 20

and that deciduous forests had the highest soil moisture content at 
the first collection (all p < 0.05). Climate only emerged as a predic-
tor for the soil pH, albeit insignificantly (Table 3).

3.4   |   Soil Microbial Functions

Microbial enzymatic investment for C relative to N acquisi-
tion through the ratio of the C-acquiring enzyme BG with the 

TABLE 1    |    The best-fitting model explaining net nitrification rates 
that excludes soil pH and soil C:N.

Parameter Estimate t p

Net N mineralization rate 1.091 5.41 < 0.001

Soil C −0.120 −2.31 0.024

Soil moisture −5.128 −1.87 0.065

Mean historical N 
deposition

−0.345 −3.02 0.004

Net N Mineralization Rate 
× Soil Moisture

−1.666 −3.32 0.001

Soil Moisture × Mean N 
Deposition

1.04 2.93 0.005

Note: Background rates of N deposition were included since the model fit 
improved with its inclusion (AIC, 188.0 < 193.6 when excluding N deposition). 
All fixed effects were modeled as continuous variables. Unstandardized 
coefficients are reported for estimates.
p-values less than 0.05 are bolded.
Adjusted R2 = 0.379.

TABLE 2    |    The best-fitting soil characteristics model explaining net 
nitrification rates.

Parameter Estimate t p

Net N mineralization rate 0.241 0.38 0.703

Soil C −0.040 −0.46 0.648

Soil moisture 5.873 3.12 0.003

Soil C:N 0.024 0.68 0.500

Soil pH 0.077 0.51 0.611

Net N Mineralization Rate 
× Soil C

0.155 2.56 0.013

Net N Mineralization Rate × 
Soil Moisture

−1.152 −2.10 0.040

Net N Mineralization Rate × 
Soil C:N

−0.075 −3.32 0.002

Net N Mineralization Rate × 
Soil pH

0.186 2.86 0.006

Soil C × Soil Moisture −0.524 −2.34 0.023

Note: All fixed effects were modeled as continuous variables. Unstandardized 
coefficients are reported for estimates.
p-values < 0.05 are bolded.
Adjusted R2 = 0.719.

TABLE 3    |    The best-fitting soil chemistry models.

Response Model F, p

Soil pH ~ Ecosystem + N 
dep + Climate + 
Ecosystem × N 

dep + Ecosystem 
× Climate

Ecosystem: 
F3,57 = 30.12, 

p < 0.001
N dep: 

F2,57 = 3.41, 
p = 0.040
Climate: 

F1,57 = 2.95, 
p = 0.091

Ecosystem 
× N dep: 

F5,57 = 2.88, 
p = 0.031

Ecosystem 
× Climate: 
F1,57 = 6.74, 

p = 0.012

Soil Ca ~ Ecosystem + N 
dep + Ecosystem 

× N dep

Ecosystem: 
F3,59 = 11.38, 

p < 0.001
N dep: 

F2,59 = 4.89, 
p = 0.011

Ecosystem 
× N dep: 

F4,59 = 3.63, 
p = 0.010

Soil Na ~ Ecosystem + N 
dep + Ecosystem 

× N dep

Ecosystem: 
F3,59 = 3.73, 

p = 0.016
N dep: 

F2,59 = 2.86, 
p = 0.065

Ecosystem 
× N dep: 

F4,59 = 6.35, 
p < 0.001

Soil C:N ratioa ~ Ecosystem + N dep Ecosystem: 
F3,63 = 22.08, 

p < 0.001
N dep: 

F2,63 = 4.49, 
p = 0.015

Soil moisture ~ Ecosystem + 
Time + Ecosystem 

× Time

Ecosystem: 
F3,64 = 9.63, 

p < 0.001
Time: 

F1,64 = 47.02, 
p < 0.001

Ecosystem 
× Time: 

F3,64 = 3.29, 
p = 0.026

Note: Ecosystem, N deposition (N dep), and climate fixed effects were all 
modeled as categorical variables.
Fixed effects with p-values < 0.05 are bolded.
aSoil chemistry responses were log-transformed to meet normality assumptions.
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10 of 20 Global Change Biology, 2024

N-acquiring enzyme NAG (BG:NAG ratio) can be used as a 
microbial N demand index (Nieland et  al.  2024; Sinsabaugh 
and Follstad Shah 2012). Our results show that when ƒnitrified 
was low, generally in high C soils, the ratio of BG:NAG was 
also low, indicating relatively high microbial N demand 
(F1,68 = 23.42, p < 0.001; Figure  4a). The relationship be-
tween the BG:NAG ratio and net nitrification rates was also 
positive (F1,68 = 12.10, p < 0.001; Figure  5a); in contrast, net 

N mineralization rates decreased under higher BG:NAG ra-
tios (i.e., lower net N mineralization rates with lower rela-
tive microbial N demand) (F1,71 = 5.04, p = 0.028; Figure  5b). 
Significant interactive effects of background N deposition and 
NAG activity on net nitrification (F2,71 = 3.21, p = 0.046) and 
N mineralization rates (F2,71 = 4.12, p = 0.02) signal how back-
ground N deposition changed microbially mediated N cycling. 
Post hoc tests show that net nitrification and N mineralization 

FIGURE 4    |    Correlations between ƒnitrified and net N mineralization with functional assessments of soil microbial communities. ƒnitrified increased 
with (a) microbial enzymatic investment for C relative to N (BG:NAG ratio), an index of microbial N limitation (n = 74), but decreased with increasing 
(b) active microbial biomass (n = 78). The ƒnitrified correlations were not different among background N deposition classes. (c) The association between 
net N mineralization and active microbial biomass varied significantly with N deposition (n = 78). Net N mineralization rates correlated significantly 
with active microbial biomass at low N deposition (β = 0.640, p = 0.020), but not at intermediate (β = 0.085, p = 0.358) or high (β = −0.2878, p = 0.096) 
N deposition as indicated by the dotted linear regressions. Line colors correspond to the point colors reflecting background N classification.
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11 of 20

rates increased with NAG activity at low N deposition but 
decreased at intermediate (p = 0.045) and high N deposition 
(p = 0.031), respectively (Figure S6).

Active microbial biomass was associated negatively with ƒnitrified 
(F1,71 = 4.71, p = 0.033), such that a larger active microbial biomass 

pool led to a smaller fraction of mineralized N that was nitrified 
(Figure 4b). However, active microbial biomass interacted signifi-
cantly with N deposition for net N mineralization (F2,71 = 5.09, 
p = 0.009), in that the relationship between active microbial bio-
mass and net N mineralization rates switched from positive to neg-
ative as background N deposition increased (Figure 4c; p = 0.012).

FIGURE 5    |    The relationship of (a) net nitrification and (b) net N mineralization rates and microbial enzymatic investment for C relative to N 
(microbial N limitation as indicated by the BG:NAG ratio, where higher BG:NAG indicates greater microbial investment in C relative to N acquisi-
tion). Each point is the net N transformation rate for each site at a collection time (n = 74). The black lines show the correlations between the net N 
transformations and the microbial N limitation index.

 13652486, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70016 by M

ichigan State U
niversity, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 of 20 Global Change Biology, 2024

3.5   |   SEM Analysis

The SEM revealed that the strength of the relationships among 
soil C, soil N, microbial biomass, microbial enzymatic C:N, 
and soil pH with ƒnitrified diminished as N deposition increased 
(Figure  6). Moving from low to high N deposition classifica-
tion, the effect sizes of soil chemistry and microbial functions 
on ƒnitrified and its predictors generally declined and became in-
significant (Figure 6a–c). The direct effect of soil C on ƒnitrified 
was significantly negative while N concentration effects were 
significantly positive at low N deposition (Figure 6a). However, 
soil C was not significantly associated with ƒnitrified at interme-
diate and high N deposition, with only soil pH being positively 
related to ƒnitrified at intermediate N deposition. Collectively, the 
total (direct + indirect) effect of soil C on ƒnitrified decreased with 
increasing N deposition classification (Figure 6d).

3.6   |   Interannual Variability in Net N 
Transformations

Despite a decline in external N inputs in the year 2020 and an 
increase back to pre-2020 rates (2013–2017) in 2021 (Figure S3), 
there were no major differences in net N transformation rates 
between 2020 and 2021 (Figure 7). Only one of the seven sites 
(mixed forest—N CT) had higher net N mineralization rates in 
2021 compared to 2020 (Figure 7a). A significant three-way in-
teraction among site, time, and year for net nitrification rates 
(F15,88 = 1.85, p = 0.040) indicated that rates were sometimes 
higher in 2021 than in 2020 for two sites, with no differences in 

rates between 2020 and 2021 for the other five sites (Figure 7b). 
Four sites had little-to-no net nitrification in 2020 and 2021, re-
sulting in ƒnitrified values close to 0. In contrast, one site (oak–
hickory—S CT) had 2020–2021 mean ƒnitrified of 0.173 while 
two sites (suburban—PA and urban—PA) had ƒnitrified values 
greater than 1. ƒnitrified was greater in 2021 (0.06 ± 0.11) than 
2020 (0.02 ± 0.04; F1,84 = 9.76, p = 0.002) but only after excluding 
the two PA sites from the analysis. When including the PA re-
gion, however, ƒnitrified decreased in 2021 (0.46 ± 0.74) compared 
to 2020 (0.77 ± 1.48) because of their greater overall rates com-
pared to the remaining sites (F1,115 = 4.36, p = 0.039). Soil C was 
an insignificant parameter in explaining net N transformations 
and ƒnitrified.

4   |   Discussion

4.1   |   Fraction of Mineralized N That is Nitrified 
Potentially Tied to Microbial Competition

Across an anthropogenic N deposition gradient within the con-
tiguous United States, we tested whether N deposition weak-
ened soil C control over the coupling between net nitrification 
and N mineralization rates when plants are excluded. We found 
that soil C was negatively related to net nitrification rates and 
resulted in ƒnitrified either close to 0 (decoupled N transforma-
tions) or 1 (coupled N transformations), supporting the hypothe-
sis that soil C controls competition for N between heterotrophic 
microbes and nitrifiers (Dijkstra et  al.  2008). A recent study 
leveraging Long-Term Ecological Research data across various 

FIGURE 6    |    Soil chemistry and microbial functional effects on ƒnitrified under (a) low, (b), intermediate, and (c) high N deposition. Paths in the SEM 
(χ2 = 3.61, df = 3, p = 0.307; Fisher's C = 5.12, df = 6, p = 0.529) include the standardized effect sizes (boxes) under the different N deposition classes 
with solid lines indicating significant relationships at the *p < 0.05, **p < 0.01, and ***p < 0.001 levels that are sized proportionally to the effect size for 
the 71 independent observations (n = 71). Dotted lines show the insignificant paths for each deposition classification. The correlated error between 
soil C and N was 0.876. (d) The calculated direct, indirect, and total effects of soil C on ƒnitrified at low, intermediate, and high N deposition.
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biomes and climates in North America also documented that 
soil C influenced the degree of coupling of net N transforma-
tions across ecosystems (Gill et al. 2023). Labile C availability 
primarily regulates how much N is released by microbial hetero-
trophs (Keiser, Knoepp, and Bradford  2016). Although we did 

not quantify labile C availability, this pool correlates positively 
to the measured total soil C (McLauchlan and Hobbie  2004). 
Moreover, higher soil C:N ratios resulted in much lower net nitri-
fication rates measured using laboratory incubations even under 
relatively high net N mineralization rates. This finding of low 

FIGURE 7    |    Net N transformation rates in 2020 and 2021 collected at the resampled sites to assess temporal changes resulting from changes in N 
deposition from the COVID-19 pandemic (n = 154). (a) Net N mineralization rates were higher in 2021 than in 2020 for the mixed forest—S. CT site. 
(b) Net nitrification rates varied significantly between 2020 and 2021 for some collection points for two sites. Points are the mean rates (± 1 standard 
error) at each time point separated by year. Asterisks above points in (b) indicate statistical differences between years at the time of collection at the 
**p < 0.01 and ***p < 0.001 thresholds.
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net nitrification rates under high soil C:N environments could 
be more pronounced in the presence of roots because plants 
also compete with nitrifiers for NH4

+, further restricting nitri-
fication (Schimel and Bennett 2004). Thus, our analysis across 
multiple terrestrial ecosystems that vary in soil characteristics 
and climates offers evidence that soil C availability drives cou-
pled–decoupled net N transformations whereby ƒnitrified associ-
ates negatively with increasing soil C.

Although we did not explicitly measure competition for NH4
+ 

in this study using gross rates, our functional assays suggest 
that competition for N between microbial heterotrophs and 
nitrifiers appeared to shape soil N dynamics. Soil microorgan-
isms synthesize fewer extracellular enzymes that target SOM 
for labile N (i.e., NAG) under higher available N conditions as 
a mechanism to conserve intracellular resources (Allison and 
Vitousek  2005; Chróst  1991; Nieland et  al.  2024; Sinsabaugh 
et al. 2008; Sinsabaugh and Follstad Shah 2012). Microbial en-
zymatic investment for C relative to N acquisition, the BG:NAG 
ratio, serves as an indicator of microbial N limitation because it 
reflects the balance between bioavailable N, largely controlled 
by plant N uptake and heterotrophic N requirements (Fierer, 
Wood, and Bueno De Mesquita  2021; Sinsabaugh, Hill, and 
Follstad Shah 2009), despite NAG being a C- and N-acquisition 
enzyme. Lower microbial heterotrophic N demand has been 
associated with higher net nitrification and mineralization 
rates (Jia et al. 2020; Jian et al. 2016; Ouyang et al. 2018; Vega 
Anguiano et al. 2024), and we found some evidence that ƒnitrified 
increased also as microbial N demand decreased (Figure  4a). 
However, the SEM indicated that microbial N demand was 
weakly associated with ƒnitrified when other pathways in explain-
ing ƒnitrified were also included. This contrast between the SEM 
and the linear model highlights that other relationships tied to 
ƒnitrified besides microbial N demand measured using extracellu-
lar enzymes are necessary to explain how microbial competition 
for N affects ƒnitrified.

The negative relationship between active microbial biomass 
and ƒnitrified further supports the idea that competition between 
microbial heterotrophs and nitrifiers may drive the relationship 
between soil C and net N transformations. Soil microbial hetero-
trophs compete with nitrifiers for NH4

+ (Verhagen, Laanbroek, 
and Woldendrop 1995), with gross immobilization rates exceed-
ing gross nitrification rates in some cases (Hart et al. 1994). A 
recent synthesis found that soil microbial biomass C, quantified 
through chloroform fumigation extraction, is a driver of gross 
N immobilization rates (Li et al. 2021). Hence, greater soil mi-
crobial biomass, particularly the active pool measured through 
SIR, should increase N immobilization and limit nitrification 
(Li et  al.  2020; Schimel and Bennett  2004). Ectomycorrhizal 
(EcM) fungi may also play a key role in ƒnitrified in soils as these 
organisms are known to compete with nitrifiers for NH4

+ 
(Tatsumi et  al.  2020) and associate with trees at some of our 
sites (Table  S1; Phillips, Brzostek, and Midgley  2013). Given 
that net N mineralization and nitrification rates were measured 
in the laboratory, bioavailable N may be greater than would be 
expected in the presence of roots and their mycorrhizal symbi-
onts. Altogether, our functional assessments of soil microbial 
communities provide further evidence that the mechanism for 
net nitrification and N mineralization coupling is explained by 
microbial competition for NH4

+.

4.2   |   N Deposition Modifies Net N Transformation 
Dynamics

Background rates of N deposition partially explained net nitri-
fication rates and ƒnitrified, with ƒnitrified increasing under high 
background N deposition in high soil C, supporting H1 that N 
deposition alleviates NH4

+ limitation of nitrifiers (Figure  1). 
Previous research found that soil C was the primary driver de-
termining the degree of coupling of net N mineralization and 
nitrification in terrestrial landscapes (Gill et  al.  2023; Keiser, 
Knoepp, and Bradford  2016). Our analysis suggests that back-
ground N deposition explained ƒnitrified in addition to soil C. 
Many of the high soil C sites that deviated from their predicted 
decoupled net nitrification–N mineralization relationship (i.e., 
ƒnitrified = 0) had intermediate or high background N deposi-
tion. Moreover, the total effect of soil C on ƒnitrified diminished 
as background N deposition increased. These findings could 
explain why some high soil C ecosystems reported by Gill 
et  al.  (2023) had coupled net N transformations, particularly 
for the Midwest and Atlantic coast sites where dry deposition of 
ammonia (NH3) is high because of agriculture (Liu et al. 2022). 
Furthermore, these Midwest and Atlantic coast soils were rela-
tively enriched with N based on soil C:N ratios (Figure S3); thus, 
net nitrification rates and ƒnitrified should increase with more 
available N (Elrys et al. 2021). Because wet and dry deposition 
has been NH4

+ dominated in the United States in recent years 
(Li et al. 2016), N deposition should continue to alleviate NH4

+ 
limitation for nitrifiers, with oxidized forms of deposited N sup-
plying N to plants and microbial heterotrophs, weakening com-
petition with nitrifiers.

Site-specific characteristics may partially explain net nitrifica-
tion rates. For example, our analysis showed that under drier 
soil conditions, high net N mineralization rates resulted in high 
net nitrification rates. Conversely, soils with high moisture 
content and high background mean N deposition supported 
high net nitrification rates even when net N mineralization 
rates were low. The source of available NH4

+ for nitrifiers may 
therefore switch from N mineralization to deposition, and vice 
versa, under changing soil moisture conditions that could re-
flect site-specific edaphic characteristics, such as soil texture. 
However, our inferences on soil moisture and nitrification rates 
are limited since soil moisture was excluded from the SEM and 
given that laboratory incubations were run under field moisture 
conditions rather than at 65% water holding capacity (Linn and 
Doran 1984). Another soil characteristic, soil pH, also interacted 
with net N mineralization rates to explain net nitrification rates. 
Nitrification activity is generally more favored in neutral soils 
since NH3 availability, the substrate for ammonia oxidizers, de-
clines at lower pH conditions due to NH4

+ ionization (Frijlink 
et  al.  1992). While site-specific soil characteristics influence 
soil microbial activity (Zeglin et al. 2007) and N access (Keiser, 
Knoepp, and Bradford 2016) and can explain some variation in 
nitrification rates across regions, our analysis reveals the dual 
control of soil C and background N deposition as potential large-
scale drivers of ƒnitrified.

The functional assessments of enzyme activity and active mi-
crobial biomass that indicate probable soil microbial compe-
tition for N when considered together changed in response to 
increasing background N deposition. At low N deposition, active 
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microbial biomass and net N transformation rates were posi-
tively related as expected (García-Ruiz et al. 2008; Hobbie 2015), 
with the SEM confirming the negative association with active 
microbial biomass and ƒnitrified. However, at intermediate and 
high N deposition, active microbial biomass and NAG activity 
correlations with net N transformations unexpectedly turned 
negative, as well as active microbial biomass insignificantly 
relating to ƒnitrified in the SEM. A recent meta-analysis reports 
NAG activity is suppressed at N application rates at or exceeding 
83 kg N ha−1 year−1 (Jia et al. 2020), but our results show NAG ac-
tivity decreased at the high N deposition level, that is, at N input 
rates about an order of magnitude lower than that published 
threshold. This finding indicates that soil microbial communi-
ties are sensitive to external N supplied at rates much lower than 
those typically applied in N-fertilization studies (Averill, Dietze, 
and Bhatnagar  2018), suggesting a low critical N load to alter 
soil C-N dynamics. Although the reason for this large difference 
in thresholds is not known, plants and soil microbes take up a 
small fraction of applied fertilizer N because their net sink rates 
are likely saturated (Lovett and Goodale 2011). In contrast, in 
most regions of the world, N deposition rates are lower than agri-
cultural fertilization rates and consistent over time, allowing for 
N accumulation in ecosystems. Future work should discern the 
quantity of anthropogenic N required to alter competition for N 
between microbial heterotrophs and nitrifiers and explicitly test 
microbial competition with measures of gross N transformation 
rates across ecosystems.

4.3   |   Spatiotemporal Dynamics of Microbial 
Competition for N

Despite a reduction in N deposition related to COVID-19 restric-
tions, there were no major differences in net N transformation 
rates between 2020 and 2021. Soil C did not control net N trans-
formation rates nor ƒnitrified in 2021 at sites with intermediate 
and high background rates of N deposition, in contrast to H2 
(Figure 1). Instead, it appears that background N deposition was 
a mediator of the N cycle. Our findings are supported by the few 
N-cessation field experiments that document soil net N mineral-
ization (Clark et al. 2009; O'Sullivan et al. 2011) and nitrification 
rates (Stienstra, Klein Gunnewiek, and Laanbroek 1994) in previ-
ously fertilized treatments remaining higher than rates in unfer-
tilized treatments for at least 10 years. These findings, along with 
our results, are evidence of microbial functional legacies in which 
contemporary microbial functions are driven by previous envi-
ronmental conditions (Crowther et  al.  2019; Hawkes, Shinada, 
and Kivlin 2020; Hawkes and Keitt 2015), or that high levels of 
N supply persisted. With higher N availability from past N depo-
sition, the cumulative amount of anthropogenic N, rather than 
annually supplied N concentration, appears to mutually control 
ƒnitrified along with soil C. Therefore, a short-term dip in N depo-
sition does not decrease net N transformation rates and ƒnitrified. 
Consequently, soil microbial functions may not change in tan-
dem with ongoing declines in N availability across most unman-
aged landscapes (Mason et al. 2022; McLauchlan et al. 2017).

If background N deposition modifies the influence of soil C on 
net N transformations, legacies of elevated net N transformation 
rates and ƒnitrified could persist after a decrease in anthropogenic 
N deposition. The recovery of ecosystem pools and processes from 

high N availability likely occurs nonlinearly and asynchronously 
(Gilliam et al. 2019) because plants and soil microbes jointly drive 
this recovery (Nieland and Zeglin 2024). For example, low C:N 
ratio in SOM can support high rates of N mineralization after 
N fertilization ceases (Frankenberger and Abdelmagid  1985; 
Manzoni et al. 2008), but lower NH4

+ availability due to immobi-
lization can reduce nitrification rates and ƒnitrified within 5 years 
after N fertilization stops (Nieland and Zeglin 2024). Given that 
dry N deposition rates decreased across 2018–2020, it appears 
that 3 years of total dry N deposition decline was not long enough 
to disrupt the role of background N deposition across North 
American ecosystems. Plants also retain high concentrations 
of N in their biomass that later serve as a substrate for N once 
plant litter turns over (Cotrufo et al. 2015; Lavallee, Soong, and 
Cotrufo 2020). For example, over longer time scales, early-seral 
N2-fixing trees can leave legacies of elevated soil N availability 
that persist for tens to hundreds of years (Perakis, Sinkhorn, and 
Compton 2011; Von Holle et al. 2013). Thus, the effects of high 
background N deposition on soil C, net N mineralization, and 
net nitrification relationships may depend on the magnitude and 
duration of N deposition in combination with ecosystem-specific 
characteristics, such as plant community composition.

5   |   Conclusions and Implications

Our measurements of net N transformations, ƒnitrified, and mi-
crobial biomass and function at 39 sites in 14 regions across the 
contiguous United States document that N deposition can dis-
rupt the role of soil C as a gatekeeper of coupled net N trans-
formations. As deposition supplied more N to soil pools, the 
relationship between net N mineralization and net nitrification 
rates (ƒnitrified) weakened because heterotrophs and nitrifiers 
shifted their N source. However, background N deposition rates 
of previous years, instead of N deposition inputs during the 
years of observation, controlled soil microbial responses. This 
finding suggests previous N deposition has a stronger role in 
the contemporary N cycle than current deposition. While in-
herent ecosystem properties such as differences in vegetation or 
soil characteristics affect how ecosystems respond to higher N 
availability, our findings suggest that background N deposition 
uniformly disrupts the relationship between soil C and net N 
transformations across different ecosystems and climates. The 
cumulative effect of N deposition attenuates how soil C controls 
coupled net N transformations by decoupling NH4

+ availability 
from soil N mineralization, which persists even with short-term 
(1–2 year) dips in deposition. With N deposition generally declin-
ing across the United States and more widely across the globe, 
it is unknown how long the historical imprint of N deposition 
will alter the relationship between soil C and net N transforma-
tions and whether this legacy will vary across soil and ecosys-
tem types. In the short term, predictions of N transformations, N 
availability, and N losses should account for both soil C content 
and regional N deposition.

Author Contributions

Matthew A. Nieland: data curation, formal analysis, visualization, 
writing – original draft. Piper Lacy: data curation, writing – review 
and editing. Steven D. Allison: resources, writing – review and editing. 

 13652486, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70016 by M

ichigan State U
niversity, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16 of 20 Global Change Biology, 2024

Jennifer M. Bhatnagar: resources, writing – review and editing. 
Danica A. Doroski: resources, writing – review and editing. Serita 
D. Frey: resources, writing – review and editing. Kristen Greaney: 
resources, writing – review and editing. Sarah E. Hobbie: resources, 
writing – review and editing. Sara E. Kuebbing: resources, writing – 
review and editing. David B. Lewis: resources, writing – review and 
editing. Marshall D. McDaniel: resources, writing – review and edit-
ing. Steven S. Perakis: resources, writing – review and editing. Steve 
M. Raciti: resources, writing – review and editing. Alanna N. Shaw: 
resources, writing – review and editing. Christine D. Sprunger: re-
sources, writing – review and editing. Michael S. Strickland: re-
sources, writing – review and editing. Pamela H. Templer: resources, 
writing – review and editing. Corinne Vietorisz: resources, writing 
– review and editing. Elisabeth B. Ward: resources, writing – review 
and editing. Ashley D. Keiser: conceptualization, methodology, proj-
ect administration, resources, supervision, validation, writing – review 
and editing.

Acknowledgments

We thank Cameron Chin, Gabriella Griffen, and Sabrina Sprague for lab-
oratory assistance. We also thank the Stable Isotope Ecology Laboratory 
at the University of Georgia and personnel for soil C and N data. This 
work was supported by the University of Massachusetts Amherst. 
Authors were supported by National Science Foundation awards (DEB-
1831944 for SEH, EAR-2045135 for SSP, and 1845417 for MSS) and the 
Department of Energy Office of Biological and Environmental Research 
(DE-SC0020382 for SDA). Any use of trade, firm, or product names is 
for descriptive purposes only and does not imply endorsement by the 
US Government.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available in 
Dryad at https://​doi.​org/​10.​5061/​dryad.​g79cn​p611. Atmospheric nitro-
gen deposition data are available from the National Trends Network 
(National Atmospheric Deposition Program) at https://​nadp.​slh.​wisc.​
edu/​commi​ttees/​​tdep/​ (version 2023.1) and from the Clean Air Status 
and Trends Network (United States Environmental Protection Agency) 
at https://​www.​epa.​gov/​castnet. Climate and weather data are available 
from the Cooperative Observer Network (National Weather Service) at 
https://​www.​ncdc.​noaa.​gov/​cdo-​web/​datasets (daily summaries).

References

Aber, J., W. McDowell, K. Nadelhoffer, et al. 1998. “Nitrogen Saturation 
in Temperate Forest Ecosystems.” Bioscience 48, no. 11: 921–934. 
https://​doi.​org/​10.​2307/​1313296.

Ackerman, D., D. B. Millet, and X. Chen. 2019. “Global Estimates 
of Inorganic Nitrogen Deposition Across Four Decades.” Global 
Biogeochemical Cycles 33, no. 1: 100–107. https://​doi.​org/​10.​1029/​2018G​
B005990.

Ajwa, H. A., C. J. Dell, and C. W. Rice. 1999. “Changes in Enzyme 
Activities and Microbial Biomass of Tallgrass Prairie Soil as Related to 
Burning and Nitrogen Fertilization.” Soil Biology and Biochemistry 31, 
no. 5: 769–777. https://​doi.​org/​10.​1016/​S0038​-​0717(98)​00177​-​1.

Alfano, V., and S. Ercolano. 2020. “The Efficacy of Lockdown 
Against COVID-19: A Cross-Country Panel Analysis.” Applied Health 
Economics and Health Policy 18, no. 4: 509–517. https://​doi.​org/​10.​1007/​
s4025​8-​020-​00596​-​3.

Allen, R. G., L. S. Pereira, D. Raes, and M. Smith. 1999. “Crop 
Evapotranspiration.” Guidelines for Computing Crop Water Requirements 
(56; FAO Irrigation and Drainage Paper, p. 300). United Nations – FAO.

Allen, S. E., ed. 1974. Chemical Analysis of Ecological Materials. 
Hoboken, NJ: Blackwell Scientific.

Allison, S. D., and P. M. Vitousek. 2005. “Responses of Extracellular 
Enzymes to Simple and Complex Nutrient Inputs.” Soil Biology and 
Biochemistry 37, no. 5: 937–944. https://​doi.​org/​10.​1016/j.​soilb​io.​2004.​
09.​014.

Anderson, J. P. E., and K. H. Domsch. 1978. “A Physiological Method 
for the Quantitative Measurement of Microbial Biomass in Soils.” Soil 
Biology and Biochemistry 10, no. 3: 215–221. https://​doi.​org/​10.​1016/​
0038-​0717(78)​90099​-​8.

Averill, C., M. C. Dietze, and J. M. Bhatnagar. 2018. “Continental-Scale 
Nitrogen Pollution Is Shifting Forest Mycorrhizal Associations and Soil 
Carbon Stocks.” Global Change Biology 24, no. 10: 4544–4553. https://​
doi.​org/​10.​1111/​gcb.​14368​.

Bates, D., M. Mächler, B. Bolker, and S. Walker. 2015. “Fitting Linear 
Mixed-Effects Models Using lme4.” Journal of Statistical Software 67, 
no. 1. https://​doi.​org/​10.​18637/​​jss.​v067.​i01.

Benish, S. E., J. O. Bash, K. M. Foley, et al. 2022. “Long-Term Regional 
Trends of Nitrogen and Sulfur Deposition in the United States From 
2002 to 2017.” Atmospheric Chemistry and Physics 22, no. 19: 12749–
12767. https://​doi.​org/​10.​5194/​acp-​22-​12749​-​2022.

Berman, J. D., and K. Ebisu. 2020. “Changes in U.S. Air Pollution 
During the COVID-19 Pandemic.” Science of the Total Environment 739: 
139864. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​139864.

Bettez, N. D., and P. M. Groffman. 2013. “Nitrogen Deposition in and 
Near an Urban Ecosystem.” Environmental Science & Technology 47, no. 
11: 6047–6051. https://​doi.​org/​10.​1021/​es400​664b.

Bowden, R. D., S. J. Wurzbacher, S. E. Washko, et  al. 2019. “Long-
Term Nitrogen Addition Decreases Organic Matter Decomposition and 
Increases Forest Soil Carbon.” Soil Science Society of America Journal 
83, no. S1: S82–S95. https://​doi.​org/​10.​2136/​sssaj​2018.​08.​0293.

Bradford, M. A., C. A. Davies, S. D. Frey, et  al. 2008. “Thermal 
Adaptation of Soil Microbial Respiration to Elevated Temperature.” 
Ecology Letters 11, no. 12: 1316–1327. https://​doi.​org/​10.​1111/j.​1461-​
0248.​2008.​01251.​x.

Bradford, M. A., N. Fierer, and J. F. Reynolds. 2008. “Soil Carbon Stocks 
in Experimental Mesocosms Are Dependent on the Rate of Labile 
Carbon, Nitrogen and Phosphorus Inputs to Soils.” Functional Ecology 
22, no. 6: 964–974. https://​doi.​org/​10.​1111/j.​1365-​2435.​2008.​01404.​x.

Burns, R. G. 1982. “Enzyme Activity in Soil: Location and a Possible 
Role in Microbial Ecology.” Soil Biology and Biochemistry 14, no. 5: 423–
427. https://​doi.​org/​10.​1016/​0038-​0717(82)​90099​-​2.

Carson, C. M., A. Jumpponen, J. M. Blair, and L. H. Zeglin. 2019. “Soil 
Fungal Community Changes in Response to Long-Term Fire Cessation 
and N Fertilization in Tallgrass Prairie.” Fungal Ecology 41: 45–55. 
https://​doi.​org/​10.​1016/j.​funeco.​2019.​03.​002.

Chróst, R. J. 1991. “Environmental Control of the Synthesis and Activity 
of Aquatic Microbial Ectoenzymes.” In Microbial Enzymes in Aquatic 
Environments, edited by R. J. Chróst, 29–59. New York, NY: Springer. 
https://​doi.​org/​10.​1007/​978-​1-​4612-​3090-​8_​3.

Clark, C. M., S. E. Hobbie, R. Venterea, and D. Tilman. 2009. “Long-
Lasting Effects on Nitrogen Cycling 12 Years After Treatments Cease 
Despite Minimal Long-Term Nitrogen Retention.” Global Change Biology 
15, no. 7: 1755–1766. https://​doi.​org/​10.​1111/j.​1365-​2486.​2008.​01811.​x.

Cleveland, C. C., and D. Liptzin. 2007. “C:N:P Stoichiometry in Soil: Is 
There a “Redfield Ratio” for the Microbial Biomass?” Biogeochemistry 
85, no. 3: 235–252. https://​doi.​org/​10.​1007/​s1053​3-​007-​9132-​0.

Cotrufo, M. F., J. L. Soong, A. J. Horton, et al. 2015. “Formation of Soil 
Organic Matter via Biochemical and Physical Pathways of Litter Mass 
Loss.” Nature Geoscience 8, no. 10: 776–779. https://​doi.​org/​10.​1038/​
ngeo2520.

 13652486, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70016 by M

ichigan State U
niversity, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.g79cnp611
https://nadp.slh.wisc.edu/committees/tdep/
https://nadp.slh.wisc.edu/committees/tdep/
https://www.epa.gov/castnet
https://www.ncdc.noaa.gov/cdo%E2%80%90web/datasets
https://doi.org/10.2307/1313296
https://doi.org/10.1029/2018GB005990
https://doi.org/10.1029/2018GB005990
https://doi.org/10.1016/S0038-0717(98)00177-1
https://doi.org/10.1007/s40258-020-00596-3
https://doi.org/10.1007/s40258-020-00596-3
https://doi.org/10.1016/j.soilbio.2004.09.014
https://doi.org/10.1016/j.soilbio.2004.09.014
https://doi.org/10.1016/0038-0717(78)90099-8
https://doi.org/10.1016/0038-0717(78)90099-8
https://doi.org/10.1111/gcb.14368
https://doi.org/10.1111/gcb.14368
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.5194/acp-22-12749-2022
https://doi.org/10.1016/j.scitotenv.2020.139864
https://doi.org/10.1021/es400664b
https://doi.org/10.2136/sssaj2018.08.0293
https://doi.org/10.1111/j.1461-0248.2008.01251.x
https://doi.org/10.1111/j.1461-0248.2008.01251.x
https://doi.org/10.1111/j.1365-2435.2008.01404.x
https://doi.org/10.1016/0038-0717(82)90099-2
https://doi.org/10.1016/j.funeco.2019.03.002
https://doi.org/10.1007/978-1-4612-3090-8_3
https://doi.org/10.1111/j.1365-2486.2008.01811.x
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1038/ngeo2520
https://doi.org/10.1038/ngeo2520


17 of 20

Craine, J. M., C. Morrow, N. Fierer, J. M. Craine, C. Morrow, and N. 
Fierer. 2007. “Microbial Nitrogen Limitation Increases Decomposition.” 
Ecology 88, no. 8: 2105–2113.

Crowther, T. W., J. van den Hoogen, J. Wan, et  al. 2019. “The Global 
Soil Community and Its Influence on Biogeochemistry.” Science 365, no. 
6455: eaav0550. https://​doi.​org/​10.​1126/​scien​ce.​aav0550.

Dijkstra, P., C. M. LaViolette, J. S. Coyle, et al. 2008. “15 N Enrichment 
as an Integrator of the Effects of C and N on Microbial Metabolism and 
Ecosystem Function.” Ecology Letters 11, no. 4: 389–397. https://​doi.​org/​
10.​1111/j.​1461-​0248.​2008.​01154.​x.

Edwards, I. P., D. R. Zak, H. Kellner, S. D. Eisenlord, and K. S. Pregitzer. 
2011. “Simulated Atmospheric N Deposition Alters Fungal Community 
Composition and Suppresses Ligninolytic Gene Expression in a 
Northern Hardwood Forest.” PLoS One 6, no. 6: e20421. https://​doi.​org/​
10.​1371/​journ​al.​pone.​0020421.

Elrys, A. S., J. Wang, M. A. S. Metwally, et  al. 2021. “Global Gross 
Nitrification Rates Are Dominantly Driven by Soil Carbon-To-Nitrogen 
Stoichiometry and Total Nitrogen.” Global Change Biology 27, no. 24: 
6512–6524. https://​doi.​org/​10.​1111/​gcb.​15883​.

Fierer, N., S. A. Wood, and C. P. Bueno De Mesquita. 2021. “How Microbes 
Can, and Cannot, Be Used to Assess Soil Health.” Soil Biology and 
Biochemistry 153: 108111. https://​doi.​org/​10.​1016/j.​soilb​io.​2020.​108111.

Fixen, P. E., and F. B. West. 2002. “Nitrogen Fertilizers: Meeting 
Contemporary Challenges. AMBIO: A Journal of the Human.” 
Environment 31, no. 2: 169–176. https://​doi.​org/​10.​1579/​0044-​7447-​
31.2.​169.

Frankenberger, W. T., and H. M. Abdelmagid. 1985. “Kinetic Parameters 
of Nitrogen Mineralization Rates of Leguminous Crops Incorporated 
Into Soil.” Plant and Soil 87, no. 2: 257–271.

Frey, S. D., M. Knorr, J. L. Parrent, and R. T. Simpson. 2004. “Chronic 
Nitrogen Enrichment Affects the Structure and Function of the Soil 
Microbial Community in Temperate Hardwood and Pine Forests.” 
Forest Ecology and Management 196, no. 1: 159–171. https://​doi.​org/​10.​
1016/j.​foreco.​2004.​03.​018.

Frey, S. D., S. Ollinger, K. Nadelhoffer, et al. 2014. “Chronic Nitrogen 
Additions Suppress Decomposition and Sequester Soil Carbon in 
Temperate Forests.” Biogeochemistry 121, no. 2: 305–316. https://​doi.​
org/​10.​1007/​s1053​3-​014-​0004-​0.

Frijlink, M. J., T. Abee, H. J. Laanbroek, W. De Boer, and W. N. Konings. 
1992. “The Bioenergetics of Ammonia and Hydroxylamine Oxidation 
in Nitrosomonas europaea at Acid and Alkaline pH.” Archives of 
Microbiology 157, no. 2: 194–199. https://​doi.​org/​10.​1007/​BF002​45290​.

García-Ruiz, R., V. Ochoa, M. B. Hinojosa, and J. A. Carreira. 2008. 
“Suitability of Enzyme Activities for the Monitoring of Soil Quality 
Improvement in Organic Agricultural Systems.” Soil Biology and 
Biochemistry 40, no. 9: 2137–2145. https://​doi.​org/​10.​1016/j.​soilb​io.​
2008.​03.​023.

Garten, C. T., C. M. Iversen, and R. J. Norby. 2011. “Litterfall 15 N 
Abundance Indicates Declining Soil Nitrogen Availability in a Free-Air 
CO 2 Enrichment Experiment.” Ecology 92, no. 1: 133–139. https://​doi.​
org/​10.​1890/​10-​0293.​1.

German, D. P., M. N. Weintraub, A. S. Grandy, C. L. Lauber, Z. L. Rinkes, 
and S. D. Allison. 2011. “Optimization of Hydrolytic and Oxidative 
Enzyme Methods for Ecosystem Studies.” Soil Biology and Biochemistry 
43, no. 7: 1387–1397. https://​doi.​org/​10.​1016/j.​soilb​io.​2011.​03.​017.

Gill, A. L., R. M. Grinder, C. R. See, et al. 2023. “Soil Carbon Availability 
Decouples Net Nitrogen Mineralization and Net Nitrification Across 
United States Long Term Ecological Research Sites.” Biogeochemistry 
162, no. 1: 13–24. https://​doi.​org/​10.​1007/​s1053​3-​022-​01011​-​w.

Gilliam, F. S., D. A. Burns, C. T. Driscoll, S. D. Frey, G. M. Lovett, and 
S. A. Watmough. 2019. “Decreased Atmospheric Nitrogen Deposition 
in Eastern North America: Predicted Responses of Forest Ecosystems.” 

Environmental Pollution 244: 560–574. https://​doi.​org/​10.​1016/j.​envpol.​
2018.​09.​135.

Groffman, P. M., C. T. Driscoll, J. Durán, et  al. 2018. “Nitrogen 
Oligotrophication in Northern Hardwood Forests.” Biogeochemistry 
141, no. 3: 523–539. https://​doi.​org/​10.​1007/​s1053​3-​018-​0445-​y.

Gruber, N., and J. N. Galloway. 2008. “An Earth-System Perspective 
of the Global Nitrogen Cycle.” Nature 451: 293–296. https://​doi.​org/​10.​
1038/​natur​e06592.

Hart, S. C., G. E. Nason, D. D. Myrold, and D. A. Perry. 1994. “Dynamics 
of Gross Nitrogen Transformations in an Old-Growth Forest: The Carbon 
Connection.” Ecology 75, no. 4: 880–891. https://​doi.​org/​10.​2307/​1939413.

Hawkes, C. V., and T. H. Keitt. 2015. “Resilience vs. Historical 
Contingency in Microbial Responses to Environmental Change.” 
Ecology Letters 18, no. 7: 612–625. https://​doi.​org/​10.​1111/​ele.​12451​.

Hawkes, C. V., M. Shinada, and S. N. Kivlin. 2020. “Historical Climate 
Legacies on Soil Respiration Persist Despite Extreme Changes in 
Rainfall.” Soil Biology and Biochemistry 143: 107752. https://​doi.​org/​10.​
1016/j.​soilb​io.​2020.​107752.

Hijmans, R. 2023. Raster: Geographic Data Analysis and Modeling R 
Package Version 3.6-26. https://​CRAN.​R-​proje​ct.​org/​packa​ge=​raster.

Hobbie, S. E. 2015. “Plant Species Effects on Nutrient Cycling: Revisiting 
Litter Feedbacks.” Trends in Ecology & Evolution 30, no. 6: 357–363. 
https://​doi.​org/​10.​1016/j.​tree.​2015.​03.​015.

Holland, E. A., B. H. Braswell, J. Sulzman, and J.-F. Lamarque. 2005. 
“Nitrogen Deposition Onto The United States and Western Europe: 
Synthesis of Observations and Models.” Ecological Applications 15, no. 
1: 38–57. https://​doi.​org/​10.​1890/​03-​5162.

Hood-Nowotny, R., N. Hinko-Najera Umana, E. Inselbacher, P. Oswald-
Lachouani, and W. Wanek. 2010. “Alternative Methods for Measuring 
Inorganic, Organic, and Total Dissolved Nitrogen in Soil.” Soil Science 
Society of America Journal 74, no. 3: 1018–1027. https://​doi.​org/​10.​2136/​
sssaj​2009.​0389.

Jia, X., Y. Zhong, J. Liu, G. Zhu, Z. Shangguan, and W. Yan. 2020. 
“Effects of Nitrogen Enrichment on Soil Microbial Characteristics: 
From Biomass to Enzyme Activities.” Geoderma 366: 114256. https://​
doi.​org/​10.​1016/j.​geode​rma.​2020.​114256.

Jian, S., J. Li, J. Chen, et al. 2016. “Soil Extracellular Enzyme Activities, 
Soil Carbon and Nitrogen Storage Under Nitrogen Fertilization: A Meta-
Analysis.” Soil Biology and Biochemistry 101: 32–43. https://​doi.​org/​10.​
1016/j.​soilb​io.​2016.​07.​003.

Keiser, A. D., J. D. Knoepp, and M. A. Bradford. 2016. “Disturbance 
Decouples Biogeochemical Cycles Across Forests of the Southeastern US.” 
Ecosystems 19, no. 1: 50–61. https://​doi.​org/​10.​1007/​s1002​1-​015-​9917-​2.

Keiser, A. D., M. Smith, S. Bell, and K. S. Hofmockel. 2019. “Peatland 
Microbial Community Response to Altered Climate Tempered by 
Nutrient Availability.” Soil Biology and Biochemistry 137: 107561. 
https://​doi.​org/​10.​1016/j.​soilb​io.​2019.​107561.

Keller, A. B., E. T. Borer, S. L. Collins, et al. 2022. “Soil Carbon Stocks in 
Temperate Grasslands Differ Strongly Across Sites but Are Insensitive 
to Decade-Long Fertilization.” Global Change Biology 28, no. 4: 1659–
1677. https://​doi.​org/​10.​1111/​gcb.​15988​.

Kemmitt, S., D. Wright, K. Goulding, and D. Jones. 2006. “pH Regulation 
of Carbon and Nitrogen Dynamics in Two Agricultural Soils.” Soil 
Biology and Biochemistry 38, no. 5: 898–911. https://​doi.​org/​10.​1016/j.​
soilb​io.​2005.​08.​006.

Knapp, A. K., C. Beier, D. D. Briske, et al. 2008. “Consequences of More 
Extreme Precipitation Regimes for Terrestrial Ecosystems.” Bioscience 
58, no. 9: 811–821. https://​doi.​org/​10.​1641/​B580908.

Knorr, M., S. D. Frey, and P. S. Curtis. 2005. “Nitrogen Additions and 
Litter Decomposition: A Meta-Analysis.” Ecology 86, no. 12: 3252–3257. 
https://​doi.​org/​10.​1890/​05-​0150.

 13652486, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70016 by M

ichigan State U
niversity, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1126/science.aav0550
https://doi.org/10.1111/j.1461-0248.2008.01154.x
https://doi.org/10.1111/j.1461-0248.2008.01154.x
https://doi.org/10.1371/journal.pone.0020421
https://doi.org/10.1371/journal.pone.0020421
https://doi.org/10.1111/gcb.15883
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1579/0044-7447-31.2.169
https://doi.org/10.1579/0044-7447-31.2.169
https://doi.org/10.1016/j.foreco.2004.03.018
https://doi.org/10.1016/j.foreco.2004.03.018
https://doi.org/10.1007/s10533-014-0004-0
https://doi.org/10.1007/s10533-014-0004-0
https://doi.org/10.1007/BF00245290
https://doi.org/10.1016/j.soilbio.2008.03.023
https://doi.org/10.1016/j.soilbio.2008.03.023
https://doi.org/10.1890/10-0293.1
https://doi.org/10.1890/10-0293.1
https://doi.org/10.1016/j.soilbio.2011.03.017
https://doi.org/10.1007/s10533-022-01011-w
https://doi.org/10.1016/j.envpol.2018.09.135
https://doi.org/10.1016/j.envpol.2018.09.135
https://doi.org/10.1007/s10533-018-0445-y
https://doi.org/10.1038/nature06592
https://doi.org/10.1038/nature06592
https://doi.org/10.2307/1939413
https://doi.org/10.1111/ele.12451
https://doi.org/10.1016/j.soilbio.2020.107752
https://doi.org/10.1016/j.soilbio.2020.107752
https://cran.r-project.org/package=raster
https://doi.org/10.1016/j.tree.2015.03.015
https://doi.org/10.1890/03-5162
https://doi.org/10.2136/sssaj2009.0389
https://doi.org/10.2136/sssaj2009.0389
https://doi.org/10.1016/j.geoderma.2020.114256
https://doi.org/10.1016/j.geoderma.2020.114256
https://doi.org/10.1016/j.soilbio.2016.07.003
https://doi.org/10.1016/j.soilbio.2016.07.003
https://doi.org/10.1007/s10021-015-9917-2
https://doi.org/10.1016/j.soilbio.2019.107561
https://doi.org/10.1111/gcb.15988
https://doi.org/10.1016/j.soilbio.2005.08.006
https://doi.org/10.1016/j.soilbio.2005.08.006
https://doi.org/10.1641/B580908
https://doi.org/10.1890/05-0150


18 of 20 Global Change Biology, 2024

Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen. 2017. “lmerT-
est Package: Tests in Linear Mixed Effects Models.” Journal of Statistical 
Software 82, no. 13: 1–26. https://​doi.​org/​10.​18637/​​jss.​v082.​i13.

Lamarque, J.-F., F. Dentener, J. McConnell, et  al. 2013. “Multi-
Model Mean Nitrogen and Sulfur Deposition From the Atmospheric 
Chemistry and Climate Model Intercomparison Project (ACCMIP): 
Evaluation of Historical and Projected Future Changes.” Atmospheric 
Chemistry and Physics 13, no. 16: 7997–8018. https://​doi.​org/​10.​5194/​
acp-​13-​7997-​2013.

Lavallee, J. M., J. L. Soong, and M. F. Cotrufo. 2020. “Conceptualizing 
Soil Organic Matter Into Particulate and Mineral-Associated Forms to 
Address Global Change in the 21st Century.” Global Change Biology 26, 
no. 1: 261–273. https://​doi.​org/​10.​1111/​gcb.​14859​.

Le Quéré, C., R. B. Jackson, M. W. Jones, et  al. 2020. “Temporary 
Reduction in Daily Global CO2 Emissions During the COVID-19 Forced 
Confinement.” Nature Climate Change 10, no. 7: 647–653. https://​doi.​
org/​10.​1038/​s4155​8-​020-​0797-​x.

Lefcheck, J. S. 2016. “piecewiseSEM: Piecewise Structural Equation 
Modelling in r for Ecology, Evolution, and Systematics.” Methods in 
Ecology and Evolution 7, no. 5: 573–579. https://​doi.​org/​10.​1111/​2041-​
210X.​12512​.

Li, X., Z. Li, X. Zhang, et al. 2020. “Disentangling Immobilization of 
Nitrate by Fungi and Bacteria in Soil to Plant Residue Amendment.” 
Geoderma 374: 114450. https://​doi.​org/​10.​1016/j.​geode​rma.​2020.​
114450.

Li, Y., B. A. Schichtel, J. T. Walker, et al. 2016. “Increasing Importance 
of Deposition of Reduced Nitrogen in the United States.” Proceedings of 
the National Academy of Sciences 113, no. 21: 5874–5879. https://​doi.​org/​
10.​1073/​pnas.​15257​36113​.

Li, Z., Z. Zeng, Z. Song, et  al. 2021. “Vital Roles of Soil Microbes in 
Driving Terrestrial Nitrogen Immobilization.” Global Change Biology 
27, no. 9: 1848–1858. https://​doi.​org/​10.​1111/​gcb.​15552​.

Linn, D. M., and J. W. Doran. 1984. “Effect of Water-Filled Pore Space on 
Carbon Dioxide and Nitrous Oxide Production in Tilled and Nontilled 
Soils.” Soil Science Society of America Journal 48, no. 6: 1267–1272. 
https://​doi.​org/​10.​2136/​sssaj​1984.​03615​99500​48000​60013x.

Liu, L., W. Xu, X. Lu, et  al. 2022. “Exploring Global Changes in 
Agricultural Ammonia Emissions and Their Contribution to Nitrogen 
Deposition Since 1980.” Proceedings of the National Academy of 
Sciences 119, no. 14: e2121998119. https://​doi.​org/​10.​1073/​pnas.​21219​
98119​.

Liu, Z., and R. Stern. 2021. “Quantifying the Traffic Impacts of the 
COVID-19 Shutdown.” Journal of Transportation Engineering, Part A: 
Systems 147, no. 5: 4021014. https://​doi.​org/​10.​1061/​JTEPBS.​0000527.

Long, J. A. 2019. “Interactions: Comprehensive, User-Friendly Toolkit 
for Probing Interactions (p. 1.2.0) [Dataset].” https://​doi.​org/​10.​32614/​​
CRAN.​packa​ge.​inter​actions.

Lovett, G. M., and C. L. Goodale. 2011. “A New Conceptual Model of 
Nitrogen Saturation Based on Experimental Nitrogen Addition to an 
Oak Forest.” Ecosystems 14, no. 4: 615–631. https://​doi.​org/​10.​1007/​
s1002​1-​011-​9432-​z.

Manzoni, S., R. B. Jackson, J. A. Trofymow, and A. Porporato. 2008. 
“The Global Stoichiometry of Litter Nitrogen Mineralization.” Science 
321, no. 5889: 684–686. https://​doi.​org/​10.​1126/​scien​ce.​1159792.

Mason, R. E., J. M. Craine, N. K. Lany, et al. 2022. “Evidence, Causes, 
and Consequences of Declining Nitrogen Availability in Terrestrial 
Ecosystems.” Science 376, no. 6590: eabh3767. https://​doi.​org/​10.​1126/​
scien​ce.​abh3767.

McLauchlan, K. K., L. M. Gerhart, J. J. Battles, et al. 2017. “Centennial-
Scale Reductions in Nitrogen Availability in Temperate Forests of the 
United States.” Scientific Reports 7, no. 1: 7856. https://​doi.​org/​10.​1038/​
s4159​8-​017-​08170​-​z.

McLauchlan, K. K., and S. E. Hobbie. 2004. “Comparison of Labile Soil 
Organic Matter Fractionation Techniques.” Soil Science Society of America 
Journal 68, no. 5: 1616–1625. https://​doi.​org/​10.​2136/​sssaj​2004.​1616.

Melillo, J. M., J. D. Aber, A. E. Linkins, A. Ricca, B. Fry, and K. J. 
Nadelhoffer. 1989. “Carbon and Nitrogen Dynamics Along the Decay 
Continuum: Plant Litter to Soil Organic Matter.” Plant and Soil 115, no. 
2: 189–198. https://​doi.​org/​10.​1007/​BF022​02587​.

Nieland, M. A., C. M. Carson, V. Floyd, and L. H. Zeglin. 2024. “Product-
Inhibition Feedbacks, Not Microbial Population Level Tradeoffs or Soil 
pH, Regulate Decomposition Potential Under Nutrient Eutrophication.” 
Soil Biology and Biochemistry 189: 109247. https://​doi.​org/​10.​1016/j.​
soilb​io.​2023.​109247.

Nieland, M. A., P. Moley, J. Hanschu, and L. H. Zeglin. 2021. 
“Differential Resilience of Soil Microbes and Ecosystem Functions 
Following Cessation of Long-Term Fertilization.” Ecosystems 24, no. 8: 
2042–2060. https://​doi.​org/​10.​1007/​s1002​1-​021-​00633​-​9.

Nieland, M. A., and L. H. Zeglin. 2024. “Plant and Microbial Feedbacks 
Maintain Soil Nitrogen Legacies in Burned and Unburned Grasslands.” 
Journal of Ecology 112: 2093–2106. https://​doi.​org/​10.​1111/​1365-​2745.​
14386​.

Norby, R. J., J. M. Warren, C. M. Iversen, B. E. Medlyn, and R. E. 
McMurtrie. 2010. “CO2 Enhancement of Forest Productivity Constrained 
by Limited Nitrogen Availability.” Proceedings of the National Academy 
of Sciences 107, no. 45: 19368–19373. https://​doi.​org/​10.​1073/​pnas.​10064​
63107​.

O'Sullivan, O. S., P. Horswill, G. K. Phoenix, J. A. Lee, and J. R. Leake. 
2011. “Recovery of Soil Nitrogen Pools in Species-Rich Grasslands 
After 12 Years of Simulated Pollutant Nitrogen Deposition: A 6-Year 
Experimental Analysis.” Global Change Biology 17, no. 8: 2615–2628. 
https://​doi.​org/​10.​1111/j.​1365-​2486.​2011.​02403.​x.

Ouyang, Y., S. E. Evans, M. L. Friesen, and L. K. Tiemann. 2018. “Effect 
of Nitrogen Fertilization on the Abundance of Nitrogen Cycling Genes 
in Agricultural Soils: A Meta-Analysis of Field Studies.” Soil Biology 
and Biochemistry 127, no. August: 71–78. https://​doi.​org/​10.​1016/j.​soilb​
io.​2018.​08.​024.

Penuelas, J., M. Fernández-Martínez, H. Vallicrosa, et  al. 2020. 
“Increasing Atmospheric CO2 Concentrations Correlate With Declining 
Nutritional Status of European Forests.” Communications Biology 3, no. 
1: 125. https://​doi.​org/​10.​1038/​s4200​3-​020-​0839-​y.

Perakis, S. S., E. R. Sinkhorn, and J. E. Compton. 2011. “δ15N Constraints 
on Long-Term Nitrogen Balances in Temperate Forests.” Oecologia 167, 
no. 3: 793–807. https://​doi.​org/​10.​1007/​s0044​2-​011-​2016-​y.

Phillips, R. P., E. Brzostek, and M. G. Midgley. 2013. “The Mycorrhizal-
Associated Nutrient Economy: A New Framework for Predicting 
Carbon–Nutrient Couplings in Temperate Forests.” New Phytologist 
199, no. 1: 41–51. https://​doi.​org/​10.​1111/​nph.​12221​.

Posit Team. 2024. RStudio: Integrated Development Environment for R. 
Boston, MA: Posit Software, PBC. http://​www.​posit.​co/​.

R Core Team. 2024. R: A Language and Environment for Statistical 
Computing. Vienna, Austria: R Foundation for Statistical Computing. 
https://​www.​R-​proje​ct.​org.

Rao, P., L. R. Hutyra, S. M. Raciti, and P. H. Templer. 2014. “Atmospheric 
Nitrogen Inputs and Losses Along an Urbanization Gradient From 
Boston to Harvard Forest, MA.” Biogeochemistry 121, no. 1: 229–245. 
https://​doi.​org/​10.​1007/​s1053​3-​013-​9861-​1.

Redfield, A. C. 1958. “The Biological Control of Chemical Factors in the 
Environment.” American Scientist 46, no. 3: 205–221. https://​www.​jstor.​
org/​stable/​27827150.

Redling, K., E. Elliott, D. Bain, and J. Sherwell. 2013. “Highway 
Contributions to Reactive Nitrogen Deposition: Tracing the Fate of Vehi
cular NOx Using Stable Isotopes and Plant Biomonitors.” Biogeochemistry 
116, no. 1–3: 261–274. https://​doi.​org/​10.​1007/​s1053​3-​013-​9857-​x.

 13652486, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70016 by M

ichigan State U
niversity, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.5194/acp-13-7997-2013
https://doi.org/10.5194/acp-13-7997-2013
https://doi.org/10.1111/gcb.14859
https://doi.org/10.1038/s41558-020-0797-x
https://doi.org/10.1038/s41558-020-0797-x
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1016/j.geoderma.2020.114450
https://doi.org/10.1016/j.geoderma.2020.114450
https://doi.org/10.1073/pnas.1525736113
https://doi.org/10.1073/pnas.1525736113
https://doi.org/10.1111/gcb.15552
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.1073/pnas.2121998119
https://doi.org/10.1073/pnas.2121998119
https://doi.org/10.1061/JTEPBS.0000527
https://doi.org/10.32614/CRAN.package.interactions
https://doi.org/10.32614/CRAN.package.interactions
https://doi.org/10.1007/s10021-011-9432-z
https://doi.org/10.1007/s10021-011-9432-z
https://doi.org/10.1126/science.1159792
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1038/s41598-017-08170-z
https://doi.org/10.1038/s41598-017-08170-z
https://doi.org/10.2136/sssaj2004.1616
https://doi.org/10.1007/BF02202587
https://doi.org/10.1016/j.soilbio.2023.109247
https://doi.org/10.1016/j.soilbio.2023.109247
https://doi.org/10.1007/s10021-021-00633-9
https://doi.org/10.1111/1365-2745.14386
https://doi.org/10.1111/1365-2745.14386
https://doi.org/10.1073/pnas.1006463107
https://doi.org/10.1073/pnas.1006463107
https://doi.org/10.1111/j.1365-2486.2011.02403.x
https://doi.org/10.1016/j.soilbio.2018.08.024
https://doi.org/10.1016/j.soilbio.2018.08.024
https://doi.org/10.1038/s42003-020-0839-y
https://doi.org/10.1007/s00442-011-2016-y
https://doi.org/10.1111/nph.12221
http://www.posit.co/
https://www.r-project.org
https://doi.org/10.1007/s10533-013-9861-1
https://www.jstor.org/stable/27827150
https://www.jstor.org/stable/27827150
https://doi.org/10.1007/s10533-013-9857-x


19 of 20

Riggs, C. E., and S. E. Hobbie. 2016. “Mechanisms Driving the Soil 
Organic Matter Decomposition Response to Nitrogen Enrichment in 
Grassland Soils.” Soil Biology and Biochemistry 99: 54–65. https://​doi.​
org/​10.​1016/j.​soilb​io.​2016.​04.​023.

Robertson, G. P., D. C. Coleman, C. S. Bledsoe, and P. Sollins. 1999. 
Standard Soil Methods for Long-Term Ecological Research. Oxford: 
Oxford University Press.

Robertson, G. P., and P. M. Groffman. 2015. “Nitrogen Transformations.” 
In Soil Microbiology, Ecology and Biochemistry, 421–446. Amsterdam, 
The Netherlands: Elsevier. https://​doi.​org/​10.​1016/​B978-​0-​12-​41595​5-​6.​
00014​-​1.

Rocci, K. S., M. F. Cotrufo, and J. S. Baron. 2023. “Proximity to Roads 
Does Not Modify Inorganic Nitrogen Deposition in a Topographically 
Complex, High Traffic, Subalpine Forest.” Water, Air, & Soil Pollution 
234, no. 12: 761. https://​doi.​org/​10.​1007/​s1127​0-​023-​06762​-​2.

Rutz, C., M.-C. Loretto, A. E. Bates, et al. 2020. “COVID-19 Lockdown 
Allows Researchers to Quantify the Effects of Human Activity on 
Wildlife.” Nature Ecology & Evolution 4, no. 9: 1156–1159. https://​doi.​
org/​10.​1038/​s4155​9-​020-​1237-​z.

Sabo, R. D., A. J. Elmore, D. M. Nelson, C. M. Clark, T. Fisher, and K. 
N. Eshleman. 2020. “Positive Correlation Between Wood δ 15 N and 
Stream Nitrate Concentrations in Two Temperate Deciduous Forests.” 
Environmental Research Communications 2, no. 2: 25003. https://​doi.​
org/​10.​1088/​2515-​7620/​ab77f8.

Saiya-Cork, K. R., R. L. Sinsabaugh, and D. R. Zak. 2002. “The 
Effects of Long Term Nitrogen Deposition on Extracellular Enzyme  
Activity in an Acer saccharum Forest Soil.” Soil Biology and 
Biochemistry 34, no. 9: 1309–1315. https://​doi.​org/​10.​1016/​S0038​-​
0717(02)​00074​-​3.

Schimel, J. P., and J. Bennett. 2004. “Nitrogen Mineralization: 
Challenges of a Changing Paradigm.” Ecology 85, no. 3: 591–602. 
https://​doi.​org/​10.​1890/​03-​8002.

Schimel, J. P., and M. N. Weintraub. 2003. “The Implications of 
Exoenzyme Activity on Microbial Carbon and Nitrogen Limitation in 
Soil: A Theoretical Model.” Soil Biology and Biochemistry 35, no. 4: 549–
563. https://​doi.​org/​10.​1016/​S0038​-​0717(03)​00015​-​4.

Schlesinger, W. H. 2009. “On the Fate of Anthropogenic Nitrogen.” 
Proceedings of the National Academy of Sciences 106, no. 1: 203–208. 
https://​doi.​org/​10.​1073/​pnas.​08101​93105​.

Schrimpf, M. B., P. G. Des Brisay, A. Johnston, et  al. 2021. “Reduced 
Human Activity During COVID-19 Alters Avian Land Use Across 
North America. Science.” Advances 7, no. 39: eabf5073. https://​doi.​org/​
10.​1126/​sciadv.​abf5073.

Schwede, D. B., and G. G. Lear. 2014. “A Novel Hybrid Approach 
for Estimating Total Deposition in the United States.” Atmospheric 
Environment 92: 207–220. https://​doi.​org/​10.​1016/j.​atmos​env.​2014.​
04.​008.

Shipley, B. 2013. “The AIC Model Selection Method Applied to Path 
Analytic Models Compared Using a d-Separation Test.” Ecology 94, no. 
3: 560–564. https://​doi.​org/​10.​1890/​12-​0976.​1.

Sinsabaugh, R. L., and J. J. Follstad Shah. 2012. “Ecoenzymatic 
Stoichiometry and Ecological Theory.” Annual Review of Ecology, 
Evolution, and Systematics 43, no. 1: 313–343. https://​doi.​org/​10.​1146/​
annur​ev-​ecols​ys-​07111​2-​124414.

Sinsabaugh, R. L., B. H. Hill, and J. J. Follstad Shah. 2009. “Ecoenzymatic 
Stoichiometry of Microbial Organic Nutrient Acquisition in Soil and 
Sediment.” Nature 462, no. 7274: 795–798. https://​doi.​org/​10.​1038/​natur​
e08632.

Sinsabaugh, R. L., C. L. Lauber, M. N. Weintraub, et  al. 2008. 
“Stoichiometry of Soil Enzyme Activity at Global Scale.” Ecology Letters 
11, no. 11: 1252–1264. https://​doi.​org/​10.​1111/j.​1461-​0248.​2008.​01245.​x.

Sinsabaugh, R. S. 1994. “Enzymic Analysis of Microbial Pattern and 
Process.” Biology and Fertility of Soils 17, no. 1: 69–74. https://​doi.​org/​
10.​1007/​BF004​18675​.

Soong, J. L., L. Fuchslueger, S. Marañon-Jimenez, et al. 2020. “Microbial 
Carbon Limitation: The Need for Integrating Microorganisms Into Our 
Understanding of Ecosystem Carbon Cycling.” Global Change Biology 
26, no. 4: 1953–1961. https://​doi.​org/​10.​1111/​gcb.​14962​.

Soto, E. H., C. M. Botero, C. B. Milanés, et al. 2021. “How Does the Beach 
Ecosystem Change Without Tourists During COVID-19 Lockdown?” 
Biological Conservation 255: 108972. https://​doi.​org/​10.​1016/j.​biocon.​
2021.​108972.

Stevens, C. J. 2016. “How Long Do Ecosystems Take to Recover From 
Atmospheric Nitrogen Deposition?” Biological Conservation 200: 160–
167. https://​doi.​org/​10.​1016/j.​biocon.​2016.​06.​005.

Stienstra, A. W., P. Klein Gunnewiek, and H. J. Laanbroek. 1994. 
“Repression of Nitrification in Soils Under a Climax Grassland 
Vegetation.” FEMS Microbiology Ecology 14, no. 1: 45–52. https://​doi.​
org/​10.​1111/j.​1574-​6941.​1994.​tb000​89.​x.

Tatsumi, C., T. Taniguchi, S. Du, N. Yamanaka, and R. Tateno. 2020. 
“Soil Nitrogen Cycling Is Determined by the Competition Between 
Mycorrhiza and Ammonia-Oxidizing Prokaryotes.” Ecology 101, no. 3: 
e02963. https://​doi.​org/​10.​1002/​ecy.​2963.

Treseder, K. K. 2008. “Nitrogen Additions and Microbial Biomass: A 
Meta-Analysis of Ecosystem Studies.” Ecology Letters 11, no. 10: 1111–
1120. https://​doi.​org/​10.​1111/j.​1461-​0248.​2008.​01230.​x.

Vega Anguiano, N., K. M. Freeman, J. D. Figge, J. H. Hawkins, and L. H. 
Zeglin. 2024. “Bison and Cattle Grazing Increase Soil Nitrogen Cycling 
in a Tallgrass Prairie Ecosystem.” Biogeochemistry 167: 759–773. https://​
doi.​org/​10.​1007/​s1053​3-​024-​01144​-​0.

Venables, W. N., and B. D. Ripley. 2002. Modern Applied Statistics With 
S (4th Ed). New York, NY: Springer.

Verhagen, F. J. M., H. J. Laanbroek, and J. W. Woldendrop. 1995. 
“Competition for Ammonium Between Plant Roots and Nitrifying and 
Heterotrophic Bacteria and the Effects of Protozoan Grazing.” Plant 
and Soil 170: 241–250. https://​doi.​org/​10.​1007/​BF000​10477​.

Vitousek, P. M., J. D. Aber, R. W. Howarth, et  al. 1997. “Human 
Alteration of the Global Nitrogen Cycle: Sources and Consequences.” 
Ecological Applications 7, no. 3: 737–750.

Von Holle, B., C. Neill, E. F. Largay, et  al. 2013. “Ecosystem Legacy 
of the Introduced N2-Fixing Tree Robinia pseudoacacia in a Coastal 
Forest.” Oecologia 172, no. 3: 915–924. https://​doi.​org/​10.​1007/​s0044​
2-​012-​2543-​1.

Wallenstein, M. D., D. D. Myrold, M. Firestone, and M. Voytek. 
2006. “Environmental Controls on Denitrifying Communities and 
Denitrification Rates: Insights From Molecular Methods.” Ecological 
Applications 16, no. 6: 2143–2152. https://​doi.​org/​10.​1890/​1051-​
0761(2006)​016[2143:​ECODCA]​2.0.​CO;​2.

Wickham, H., M. Averick, J. Bryan, et  al. 2019. “Welcome to the 
Tidyverse.” Journal of Open Source Software 4, no. 43: 1686. https://​doi.​
org/​10.​21105/​​joss.​01686​.

Yang, M., L. Chen, G. Msigwa, K. H. D. Tang, and P.-S. Yap. 2022. 
“Implications of COVID-19 on Global Environmental Pollution and 
Carbon Emissions With Strategies for Sustainability in the COVID-19 
Era.” Science of the Total Environment 809: 151657. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2021.​151657.

Yuan, X., D. Niu, L. A. Gherardi, et al. 2019. “Linkages of Stoichiometric 
Imbalances to Soil Microbial Respiration With Increasing Nitrogen 
Addition: Evidence From a Long-Term Grassland Experiment.” Soil 
Biology and Biochemistry 138: 107580. https://​doi.​org/​10.​1016/j.​soilb​io.​
2019.​107580.

 13652486, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70016 by M

ichigan State U
niversity, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.soilbio.2016.04.023
https://doi.org/10.1016/j.soilbio.2016.04.023
https://doi.org/10.1016/B978-0-12-415955-6.00014-1
https://doi.org/10.1016/B978-0-12-415955-6.00014-1
https://doi.org/10.1007/s11270-023-06762-2
https://doi.org/10.1038/s41559-020-1237-z
https://doi.org/10.1038/s41559-020-1237-z
https://doi.org/10.1088/2515-7620/ab77f8
https://doi.org/10.1088/2515-7620/ab77f8
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1890/03-8002
https://doi.org/10.1016/S0038-0717(03)00015-4
https://doi.org/10.1073/pnas.0810193105
https://doi.org/10.1126/sciadv.abf5073
https://doi.org/10.1126/sciadv.abf5073
https://doi.org/10.1016/j.atmosenv.2014.04.008
https://doi.org/10.1016/j.atmosenv.2014.04.008
https://doi.org/10.1890/12-0976.1
https://doi.org/10.1146/annurev-ecolsys-071112-124414
https://doi.org/10.1146/annurev-ecolsys-071112-124414
https://doi.org/10.1038/nature08632
https://doi.org/10.1038/nature08632
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1007/BF00418675
https://doi.org/10.1007/BF00418675
https://doi.org/10.1111/gcb.14962
https://doi.org/10.1016/j.biocon.2021.108972
https://doi.org/10.1016/j.biocon.2021.108972
https://doi.org/10.1016/j.biocon.2016.06.005
https://doi.org/10.1111/j.1574-6941.1994.tb00089.x
https://doi.org/10.1111/j.1574-6941.1994.tb00089.x
https://doi.org/10.1002/ecy.2963
https://doi.org/10.1111/j.1461-0248.2008.01230.x
https://doi.org/10.1007/s10533-024-01144-0
https://doi.org/10.1007/s10533-024-01144-0
https://doi.org/10.1007/BF00010477
https://doi.org/10.1007/s00442-012-2543-1
https://doi.org/10.1007/s00442-012-2543-1
https://doi.org/10.1890/1051-0761(2006)016%5B2143:ECODCA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B2143:ECODCA%5D2.0.CO;2
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1016/j.scitotenv.2021.151657
https://doi.org/10.1016/j.scitotenv.2021.151657
https://doi.org/10.1016/j.soilbio.2019.107580
https://doi.org/10.1016/j.soilbio.2019.107580


20 of 20 Global Change Biology, 2024

Zeglin, L. H., M. Stursova, R. L. Sinsabaugh, and S. L. Collins. 2007. 
“Microbial Responses to Nitrogen Addition in Three Contrasting 
Grassland Ecosystems.” Oecologia 154, no. 2: 349–359. https://​doi.​org/​
10.​1007/​s0044​2-​007-​0836-​6.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 13652486, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70016 by M

ichigan State U
niversity, W

iley O
nline L

ibrary on [21/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s00442-007-0836-6
https://doi.org/10.1007/s00442-007-0836-6

	Nitrogen Deposition Weakens Soil Carbon Control of Nitrogen Dynamics Across the Contiguous United States
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Sites and Sample Collection
	2.2   |   Atmospheric N Deposition Estimates
	2.3   |   Soil Chemistry
	2.4   |   Soil Microbial C and N Cycling
	2.5   |   Statistical Analysis

	3   |   Results
	3.1   |   N Deposition
	3.2   |   Net Nitrification and N Mineralization Rates
	3.3   |   Soil Chemistry
	3.4   |   Soil Microbial Functions
	3.5   |   SEM Analysis
	3.6   |   Interannual Variability in Net N Transformations

	4   |   Discussion
	4.1   |   Fraction of Mineralized N That is Nitrified Potentially Tied to Microbial Competition
	4.2   |   N Deposition Modifies Net N Transformation Dynamics
	4.3   |   Spatiotemporal Dynamics of Microbial Competition for N

	5   |   Conclusions and Implications
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


