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ABSTRACT

Experimental nitrogen (N) deposition generally

inhibits decomposition and promotes carbon (C)

accumulation in soils, but with substantial varia-

tion among studies. Differences in ecosystem

properties could help explain this variability: N

could have distinct effects on decomposition and

soil C due to differences in vegetation characteris-

tics (that is, root C inputs and chemistry) that

influence microbial biomass or soil properties like

pH that can affect organic matter stabilization. We

used a 12-year N addition experiment to determine

effects of sustained N addition on soil C pool sizes

and cycling across different grassland, conifer and

deciduous forest sites in Minnesota, USA, while

controlling for soil type and climate. We conducted

a year-long soil incubation, and fit one- and two-

pool decay models to respiration data to identify C

pool sizes and decay rates. Contrary to previous

studies, we found no consistent effects of N on soil

C across sites: soil C stocks, microbial respiration,

soil C decay rates and pool sizes all showed no

general response to N in these sandy soils. Never-

theless, microbial biomass, microbial respiration,

and the root biomass C pool responses to N addition

were highly correlated, suggesting that soil C re-

sponses were ultimately driven by fine root bio-

mass C responses to N addition, which in turn

affected microbial biomass. However, the incon-

sistent directional responses to N among sites with

similar vegetation cover highlight that N addition

effects can be site-specific and raise caution for

broad extrapolation of results from individual sys-

tems to global models.
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HIGHLIGHTS

� Across forest and grassland sites, soil C did not

respond to long-term N addition.

� Soil C cycling ranged widely across sites despite

similar soils and climate.

� Soil respiration response to N followed root C

and microbial biomass responses to N.

INTRODUCTION

Soils represent the largest global terrestrial pool of

carbon (C) (Ciais and others 2013), such that even

small shifts in soil C pools could have large impli-

cations for atmospheric concentrations of carbon

dioxide (CO2). Increasing availability of nitrogen

(N) in ecosystems can influence soil C pools, as N is

intricately connected to primary production (Vi-

tousek and Howarth 1991; LeBauer and Treseder

2008), soil microbial biomass (Treseder 2008), and

decomposition (Berg 2014). With global anthro-

pogenic inputs of biologically reactive N up 12-fold

since 1860 (because of agricultural practices, fer-

tilizer use, and fossil fuel combustion), and ex-

pected to continue to rise (Gruber and Galloway

2008), understanding whether N addition could

lead to measurable changes in soil C in the future is

important. Yet, how soil C cycling responds to N

addition across sites with different vegetation cover

(for example, deciduous forests, coniferous forests,

and grasslands) remains poorly understood because

vegetation cover type is often confounded with soil

texture or climate. Here, we focus on determining

variation in N effects on soil C dynamics across

eight forest and grassland sites with the same soil

and climate.

It is not well understood whether N has similar

effects on soil C among sites with different domi-

nant plant species. For example, soil C responses to

N addition across temperate forests can be quite

variable: a meta-analysis of 36 temperate-forest

studies found an average 15% reduction in

microbial respiration with N addition, but re-

sponses ranged from a 57% suppression to a 63%

increase (Janssens and others 2010). An experi-

ment across temperate forests further suggests that

N could have distinct effects on soil C across sites

with different dominant canopy species (Waldrop

and others 2004). Furthermore, although meta-

analyses have shown N addition to decrease

microbial biomass (Treseder 2008) and respiration

(Janssens and others 2010) on average, variation in

microbial communities associated with different

dominant plant species and fertility (Wardle 2004)

could influence the magnitude of microbial re-

sponses to N addition (Leff and others 2015). Ad-

ded N could also alter belowground C inputs,

depending on the plant response. If net primary

productivity (NPP), including belowground net

primary productivity (BNPP), increases, then C

inputs belowground would also increase (Adair and

others 2009; Yue and others 2016) (assuming there

is no offsetting increase in root longevity). How-

ever, if plants partition NPP away from BNPP in

response to N addition, C inputs belowground

would decrease (Janssens and others 2010). These

potential changes in C allocation with added N

could further differ depending on dominant vege-

tation cover types and physiologies (Liu and

Greaver 2010). Other site properties, such as root

biomass, root chemistry, and soil pH, could lead to

distinct N addition effects not only on microbial

respiration and total soil C, but on C pools with

different mean residence times as well.

Soil C pools with different mean residence times

should respond differently to N addition (Neff and

others 2002; Reid and others 2012; Riggs and oth-

ers 2015); their rates of cycling have unique con-

trols, which could be influenced differently by N

and vegetation cover type. The fast-cycling C pool

(Cf) is controlled largely by litter chemistry

(Cleveland and others 2014) and microbial physi-

ology (Schimel and Schaeffer 2012), which are

both sensitive to N addition and likely vary among

sites with differing vegetation cover. N addition can

increase root N concentrations (Knops and others

2007) and alleviate microbial nutrient limitation,

resulting in increased microbial efficiency (Ågren

and others 2001; Schimel and Weintraub 2003;

Manzoni and others 2012). Indeed, decomposition

of fast-cycling C has been shown to increase with N

addition (Neff and others 2002; Riggs and others

2015). However, N addition can also lead to lower

rates of decomposition by decreasing microbial

biomass (Treseder 2008) or reducing oxidative

extracellular enzyme activities (Jian and others

2016).

In contrast, slow-cycling C (Cs), controlled by

physical and chemical protection (Jastrow and

others 2006; Dungait and others 2012; Angst and

others 2017), has been shown to decay more slowly

with added N (Riggs and others 2015). N addition

could decrease the decay rate of slow-cycling C (ks)

by affecting the capacity for organic matter stabi-

lization via cation bridging. Specifically, N-induced

acidification (Bouwman and others 2002) could

lead to leaching losses of base cations (Aber and

others 1998), but also increase the solubility of
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polyvalent cations like Al3+ and Fe3+, which

strongly bind organic matter to soil mineral sur-

faces protecting it from decomposition (Hobbie and

others 2007). However, because ambient pH levels

differ substantially by vegetation cover (Reich and

others 2005; Mueller and others 2012), and sites

with low cation exchange capacity can be more

susceptible to acidification from N addition (Clark

and others 2007), the type of site might influence

whether added N induces strong acidification and

thus increases organic matter stabilization.

Our objective was to assess how N addition af-

fects soil C cycling across sites with differing vege-

tation cover. Other comparative studies that

control for soil type, climate, and N deposition

history are, to our knowledge, non-existent; this is

an important gap in our ability to determine whe-

ther N addition influences soil C cycling similarly

across sites with different vegetation cover. The

diversity of sites and vegetation cover within the

22 km2 of the Cedar Creek Ecosystem Science Re-

serve in central Minnesota present a unique

opportunity to test this, as plant species composi-

tion varies (largely because of variation in land use

and disturbance history), whereas soil type, cli-

mate, and N deposition history are similar. Our

specific hypotheses were as follows:

1. N addition will decrease microbial respiration

and increase soil C. We expect this will be driven

by reduced microbial biomass and decreased

rates of decay of both the fast and slow pools (kf
and ks, respectively) with N addition. Alterna-

tively, N addition could alleviate microbial N

limitation and increase fast pool decay rates.

2. N addition will have variable effects on soil C

cycling among sites because of variation in

ambient root biomass, root chemistry, and soil

pH. We expect sites with high fine root C:N and

lignin:N will show more positive effects of N on

kf, and sites with low ambient pH will show

more negative effects of N addition on kf and ks.

METHODS

Study Site

Experimental plots were established in 1999 in eight

sites of differing vegetation cover at the Cedar Creek

Ecosystem Science Reserve in East Bethel, MN (lat-

itude 45.40�N, longitude 93.20�W,elevation 270 m)

(Hobbie 2005). From 1999 to 2011, average annual

precipitation was 744 mm/year and mean annual

temperature was 7.2 �C. The eight sites, all within

5 km of each other, included different canopy

dominants: 2 pin oak stands (Quercus ellipsoidalis), 2

white pine stands (Pinus strobus) (one plantation,

Pine 1, and one natural stand, Pine 2), 1 maple-

basswood stand (Acer saccharum, Tilia americana, and

Quercus ellipsoidalis), 1 clonal bigtooth aspen stand

(Populus grandidentata) that had invaded an old field,

and 2 abandoned agricultural fields now dominated

by tallgrass prairie species (mix of C3 and C4; Old

Fields 1 and 2) (Hobbie 2005, 2008). The sites are all

on a sandy outwash plain (> 90% sand), and soils

are classified as Udipsamments (Grigal and Homann

1994). At each site, 12 2.5 m by 2.5 m plots were set

up and randomly assigned to either the N-fertilized

treatment (receiving a total of 10 g N/m2/year as

NH4NO3 applied in aqueous solution in three appli-

cations over the growing season) or control (re-

ceiving equal amounts of water instead). Given the

size of the plots, changes in vegetation composition

only occurred in the grassland sites (N-addition plots

shifted from domination by Schizachyrium scoparium

andotherC3 andC4 grasses to domination byElymus

repens).

Soil Sampling and Characterization

Soil cores were taken in October 2011 after

12 years of treatment. Prior to taking soil cores, the

organic horizon (minimal to non-existent) was re-

moved if present. Five cores (2 cm diameter) were

randomly collected per plot to 10 cm depth, com-

bined and homogenized. Soils were transported to

the laboratory on ice and stored in the refrigerator

for no more than 48 h. Soils were passed through a

2-mm sieve, and fine roots were picked out and

frozen. Soil not used immediately was air-dried for

at least 48 h. In September 2018, two cores were

taken at each plot to assess bulk density using a

5 cm diameter core to 10 cm diameter depth.

Given their role in C cycling, we quantified soil

moisture, soil pH, soil %C, soil %N, soil C:N ratio,

fine root biomass, microbial biomass C, microbial

biomass N, and microbial biomass C:N ratio. Fresh

soils were used to measure gravimetric soil mois-

ture (105 �C). Soil pH was measured on air-dried

soil using a 2:1 water-to-soil method (ThermoSci-

entific Orion 420A pH meter, Waltham, MA, USA;

Hendershot and others 1993). Total soil %C and

%N were measured via dry combustion of air-dried

soils (Costech ECS 4010 Elemental Analyzer,

Valencia, CA, USA). Soil %C was converted to total

soil C (g/m2) using plot-level bulk density data. The

soils from these sites do not contain carbonates so

total soil C is equivalent to total soil organic C.

Microbial biomass was assessed using chloroform

fumigation (Brookes and others 1985). Two ali-
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quots of fresh soil (equivalent to 10 g dried soil)

from each sample were extracted with 0.5 M

K2SO4 immediately or after 72 h of chloroform

fumigation in the dark. Extracts were immediately

frozen and later measured for TOC/TN (Shimadzu

TOC-V, Shimadzu Corporation, Kyoto, Japan).

Microbial biomass C and N were determined by

subtracting the non-fumigated sample from the

fumigated sample. Results of chloroform fumiga-

tion are presented as chloroform-labile C and N,

uncorrected for extraction efficiency. To determine

fine root biomass, frozen roots were thawed, wa-

shed with DI water, dried at 60 �C for at least 48 h,

and then weighed.

Fine Root Chemistry

Fine roots were analyzed for C and N concentration

and C chemistry. Dried roots were ground on a

Thomas Wiley Mill (Thomas Scientific, Swedes-

boro, NJ, USA) using a 0.85 mm catch screen (s-

tandard size 20) and analyzed for C chemistry using

an Ankom 200 Fiber Analyzer (ANKOM Technol-

ogy, Macedon, NY, USA) (% soluble cell contents,

% hemicellulose and bound proteins, % cellulose,

and % acid unhydrolyzable residue, lignin here-

after). Roots were further ground with a mortar

and pestle and tested for %C and %N via com-

bustion (Costech CN Elemental Analyzer, Costech

Analytical Technologies Inc., Valencia, CA, USA)

using Atropine as a standard. We tested two ana-

lytical replicates per sample and took their average.

Soil C Decomposition

We measured microbial respiration in long-term

laboratory incubations to assess soil C decomposi-

tion. Within 48 h of soil collection, 50 g of fresh,

root-free soil from each plot (n = 6 treatment and

n = 6 control, from each of the eight sites) was

weighed into a plastic cup and placed in a 1-l glass

mason jar. Jars were covered with gas-permeable,

low-density polyethylene film to avoid contami-

nation and desiccation but to prevent O2 depletion

and minimize CO2 build-up, and were stored in a

dark room at 21 �C. Soil moisture was maintained

throughout the incubation at 75% field capacity

with routine re-wetting with DI water. Respiration

was measured after a 24-h incubation period 16

times over 385 days (on days 1, 4, 7, 12, 19, 31, 38,

44, 54, 68, 84, 124, 171, 251, 341, and 384 after soil

collection). Jars were flushed to release built-up

CO2, capped, and headspace was then sampled

using a syringe immediately and 24 h after capping.

The 24-h CO2 efflux was determined by difference.

Gas samples were analyzed using an infrared gas

analyzer (LICOR LI-7000 CO2 Analyzer, Lincoln,

NE, USA). Cumulative respiration (mg C/g soil C

and mg C/g soil) was determined using daily res-

piration at each sample point, accounting for days

in between respiration sampling (that is, by mul-

tiplying the average rates at t1 and t2 by the number

of days between t1 and t2, following the methods of

Riggs and others 2015).

Daily respiration rates (Crate) were fit to both

one-pool and two-pool decay models. For the one-

pool model (Eq. 1), Ct is the size of the entire C pool

at time t and k is the rate of decay for the C pool. In

contrast, in the two-pool model (Eq. 2), Cf is the

size of the fast pool and kf is its decay rate. The

second, slow pool, which is the total C pool less the

size of the fast pool (Cf), decays at rate ks.

Crate tð Þ ¼ k � Ct � e�kt
� �

ð1Þ

Crate tð Þ ¼ kf � Cf � e�kft
� �

þ ks � Ct � Cf
� �

� e�kst
� �

ð2Þ

Maximum likelihood estimation (MLE) was used to

determine model parameters for C pools and decay

rates at the plot (that is, jar) level (bbmle package in

R). One- and two-pool models were assessed using

Akaike Information Criterion (AIC) values, cor-

rected for small sample size (AICc). Two-poolmodels

were the better fit for 72% of samples (69/96) (dif-

ference in AICc ‡ 2), and one- and two-pool models

were essentially indistinguishable (difference in

AICc < 2) for 25% of samples (24/96). Therefore,

all results reported hereafter are from the two-pool

models. Finally, because there are multiple param-

eter sets that could fit each model, we tested the

possibility of ‘‘parameter equifinality’’ where dif-

ferent combinations of parameters result in similarly

good models (Beven 2006). We found no evidence

for equifinality (results not shown).

Statistical Analysis

Because we were interested in assessing the effects

of N addition and site on various elements of C cy-

cling, we developed linear statistical models to test

their main and interactive effects on soil C stocks,

cumulative respiration, and decay constants and

pool sizes. Additionally, we developed statistical

models for microbial respiration, decay rates, and

pool sizes that incorporated soil and microbial

characteristics along with N treatment and site as

explanatory variables. For these models, we in-

cluded site-level averages of ambient soil and

microbial characteristics, N treatment, site, N

treatment by site interaction, and each of the N
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treatment by soil and microbial interactions. We

only included soil and microbial characteristics that

were not highly correlated (r < 0.8, see Table S1),

which led us to include soil %C, soil C:N, microbial

biomass C, and fine root biomass C (g root C/g soil

or g root C/m2) as explanatory variables in the

models. Soil pH and %C were highly correlated

(r = - 0.85), which is why pH was left out. Finally,

we used a log response ratio approach to test the

relationships between responses of different vari-

ables to N addition at each site. We calculated re-

sponse ratios as ln(treatment)—ln(control) from the

six ambient and six +N plots. In all cases, data were

checked to ensure model assumptions of normality

and equal variance were met, and were natural log-

transformed as needed to achieve model assump-

tions. All data analysis was done in R (version 3.0.2,

The R Foundation for Statistical Computing).

RESULTS

N Effects on Cumulative Microbial
Respiration and Soil C Stocks Across
Sites

Contrary to our hypotheses, N addition did not lead

to general reductions in microbial respiration or

increases in soil C stocks (or C concentration)

across sites. There was wide site-to-site variation in

microbial respiration per g soil C, but N addition

had no effect across sites (ANOVA, Site

P < 0.0001; +N P = 0.6845; Site*N P = 0.2047,

Figure 1 and Table 2). Respiration per g soil also

differed among sites, and the effect of N addition

depended on site (ANOVA Site P < 0.0001; Site*N

P = 0.0204, Figure 1): in most cases, N addition did

not change cumulative respiration per g soil;

however, N addition decreased cumulative respi-

ration per g soil in Old Field 2 and increased it in

Pine 1. Site identity influenced cumulative respi-

ration even after including additional soil and

microbial characteristics in the model (P < 0.0001

for both per g soil C and per g soil; Table S2). There

was also no effect of added N on soil C stocks

(P > 0.3), and although soil C stocks differed

substantially by site (P < 0.0001; Table 2 and Fig-

ure S1), there was no interaction of added N*Site

(P > 0.2; Table 2). Soil %C also did not respond to

N addition (P > 0.1, Tables 1 and 2).

N Effects on Fast- and Slow-Cycling C
Across Sites

We also did not find support for our hypotheses

that long-term N addition would decrease C cycling

in both the fast and slow pools. Across sites, neither

the decay rate of the fast pool (kf) nor that of the

slow pool (ks) responded to long-term N addition

(ANOVA, P = 0.9482 and P = 0.8648, respectively,

Figure 2 and Table 2). Pool sizes also did not gen-

erally change (ANOVA, Cf P = 0.5888 and Cs
P = 0.1229, Figure 2 and Table 2). However, there

was a marginal Site*N addition interaction for Cf
(ANOVA, P = 0.0775), where although most sites

had no effect of N addition, Old Field 2 had a

smaller fast pool and Pine 1 had a larger fast pool

with N addition. There was no Site*N addition

interaction effect for the slow pool, Cs (P = 0.5089,

Table 2).

As expected, both fast- and slow-cycling C decay

rates and pool sizes differed substantially by site

(ANOVA, kf Site P < 0.0001; ks Site P < 0.0001; Cf
Site P = 0.0020; Cs Site P < 0.0001; Figure 2 and

Table 2). However, although there were some

patterns in C cycling by vegetation cover, there was

as much variation within as across sites with dif-

ferent vegetation cover (Figure 2). In kf and ks
models that included soil and microbial character-

istics, site identity still had a significant effect after

accounting for other soil parameters (P = 0.0043

and P < 0.0001, respectively, Table S2). In con-

trast, in Cf and Cs models that included soil and

microbial characteristics, site identity no longer

mattered, and instead soil %C was the key driver

for Cs such that higher soil %C meant a larger slow

pool (P < 0.0001, R2 = 0.8086; Table S2) and Cf
was not explained at all by site parameters

(Table S2).

Effects of N Addition on Microbial, Root,
and Soil Characteristics Across Sites

Effects of N addition on the hypothesized drivers of

soil C cycling—microbial biomass, root character-

istics, and soil pH—varied across sites. N addition

influenced microbial C and N in some cases, but the

direction of the effect depended on site (ANOVA

Site*N P = 0.0002 and P = 0.0005, respectively;

Tables 1 and 2): the two grassland sites and one of

the oak stands (Oak 1) had lower microbial C and N

with N addition, whereas the aspen and maple sites

had higher microbial C with N addition (Table 1).

Nitrogen addition also affected fine root C and

chemistry, but not consistently across sites. Fine

root C:N ratio was lower with added N across sites,

but driven mostly by the two grassland sites (AN-

OVA, +N P = 0.0002, Site*N P = 0.0240, Tables 1

and 2). The proportion of root soluble cell contents,

the most labile C, increased with N addition across

all sites, but most notably in the grasslands where
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they went up by almost one third (ANOVA, +N

P = 0.0116, Tables 1 and 2, Figure S2). Concen-

trations of other C compounds in roots (hemicel-

lulose and bound proteins, cellulose, and lignin)

did not change with N addition, and there were no

Site*N addition interactions (ANOVA, P > 0.1 Ta-

bles 1 and 2, Figure S2). Fine root lignin:N was

generally lower with added N (ANOVA,

P < 0.0001, Table 2). Soil pH was consistently

lower with N addition, as expected, but the mag-

nitude of the effect differed by site, with the two

grassland sites showing larger effects (ANOVA, +N

P < 0.0001, Site*N P = 0.0199, Tables 1 and 2).

Site characteristics related to soil C cycling also

differed substantially across sites, in some cases

even under similar vegetation types (Tables 1

and 2). Microbial biomass C varied more than

twofold and fine root C also differed more than

fourfold. Fine root C:N, the proportions of soluble

cell contents, hemicellulose and bound proteins,

and lignin (but not cellulose) in roots also differed

across sites (ANOVA, P < 0.0001, P < 0.0001,

P < 0.0001, P = 0.0293, P = 0.4520, respectively,

Tables 1 and 2, Figure S2). However, fine root lig-

nin:N did not differ between sites (ANOVA,

P = 0.2152, Table 2). Average site-level soil pH

ranged from 5.1 to 5.7. In a principle component

analysis of all site soil, root, and microbial charac-

teristics, the two grassland sites clustered and the

forested sites mostly clustered together, although

the pine sites, particularly Pine 1, stood out as being

different from the other forested sites (Figure S3).

Figure 1. Cumulative microbial respiration by site and N treatment. Cumulative respiration over the duration of the

incubation expressed A per gram soil C, and B per gram soil. Respiration per gram soil C did not differ by N treatment (N

Treatment P = 0.6845; N*Site interaction P = 0.2047), but did differ significantly between sites (P < 0.0001). The

response of respiration per gram soil to N addition depended on site (N*Site interaction P = 0.0204), and overall differed

significantly among sites (P < 0.0001). Original data are shown, although statistics were run using natural log-

transformed data to validate model assumptions.
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Can Site-to-Site Variation in Microbial
and Root Responses to N Addition
Predict C Cycling Response to N
Addition?

Given substantial site-to-site variation in key site

parameters, C cycling, and their responses to N, we

were interested to see if the response of hypothe-

sized drivers of C cycling to N addition could ex-

plain variation in C cycling responses to N addition.

We had hypothesized that microbial respiration

and soil C stocks would change in response to

reductions in microbial biomass from soil acidifi-

cation and reduced root C inputs. Accordingly, the

responses of soil pH and microbial biomass C to N

addition were positively related (See Effects of N

Addition on Microbial, Root, and Soil Characteristics

Across Sites), although the relationship was mar-

ginally significant (P = 0.0529). Despite no consis-

tent effects of N addition on either root C or

microbial biomass C (Effects of N Addition on Micro-

bial, Root, and Soil Characteristics Across Sites),

microbial biomass C response to N addition tracked

closely with root C responses to N addition (Fig-

ure 3c; R2 = 0.4497, P = 0.0411). Microbial bio-

mass C response to N addition was also related to

the fine root C:N response to N addition, where

sites with more of a reduction in the root C:N with

N addition also had a greater reduction in microbial

biomass C (R2 = 0.4181, P = 0.0494). Furthermore,

responses of microbial respiration per g soil C to N

addition also closely followed microbial biomass C

and root C responses to N addition (Figure 3,

microbial biomass C R2 = 0.7052, P = 0.0056; root

C R2= 0.5333, P = 0.0240), although not root C:N

response (P > 0.2). There were no other signifi-

cant relationships between other root chemistry

responses to N addition (% soluble cell contents, %

hemicellulose and bound proteins, % cellulose, %

lignin, and root lignin:N) and microbial biomass,

respiration, or decay rate responses to N addition

(results not shown). The relationships between

microbial respiration response to N addition and

microbial biomass C and root C responses were

similar when respiration was expressed per g soil as

well (Figure S4). In contrast, the soil C stock re-

sponse to N addition did not relate to the microbial

biomass response, root C response, or soil pH re-

sponse to N addition (P > 0.5 for all).

Although we had expected changes in respira-

tion and soil C stocks to be associated with de-

creases in decay rates of both fast- and slow-cycling

C, respiration responses to N addition were mostly

related to responses in the fast pool, Cf (Figure S5;

per g soil C P = 0.0215; per g soil P = 0040), as wellT
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as to responses of root C and microbial biomass to N

addition (Figure S4). Interestingly, microbial res-

piration response to N addition tracked very closely

to the slow pool decay rate response to N addition

(per g soil C R2 = 0.8191, P = 0.0012; per g soil

R2 = 0.7998, P = 0.0017; Figure S6), but not to fast

pool decay rate response to N addition (P > 0.5

when expressed both per g soil C and per g soil).

Soil C stock response to N addition was not related

to responses of microbial respiration, decay rates, or

pool sizes to N addition (P > 0.1 for all).

DISCUSSION

Contrary to our predictions that long-term N addi-

tion would reduce respiration rates and result in

greater soil C stocks, we found no overall effect of

12 years of N addition on soil C stocks, cumulative

microbial respiration, or fast and slow pool decay

rates or pool sizes in these sandy soils. We had fur-

ther expected sites to differ in themagnitude of their

responses to N addition, based on vegetation cover-

induced differences inkey characteristics related toC

cycling. Although C cycling responses to N addition

did differ across sites, those responses were not

necessarily consistent among similar vegetation

cover types (for example, N addition led to less

cumulative respiration in only one of the two

grassland sites and more cumulative respiration in

only one of the two pine-dominated sites). Here, we

explore possible explanations for the lack of an effect

of N addition across sites, suggest potential site-

specific differences that could have led to different

responses to N addition, and discuss the mechanistic

framework that emerges from the relationships we

found between respiration, microbial biomass, and

root C responses to N addition.

Soil Characteristics May Contribute
to the Small or Absent Effect of N
Addition

It is possible that slow-cycling C dynamics at Cedar

Creek are negligibly responsive to N addition be-

Table 2. ANOVA Table for Site Characteristics, Fine Root Chemistry, and Carbon Cycling Parameters

Site +N Site*N Adjusted R2

Site characteristics

Bulk density * 0.0766

Soil pH *** *** * 0.5428

Soil %Ca **** 0.8007

Soil %Na *** * 0.6792

Soil C:Na *** 0.7873

Soil moisture *** * 0.6644

Microbial biomass C *** *** 0.7001

Microbial biomass N *** *** 0.7382

Microbial biomass C:Na � 0.1088

Fine root chemistry

Fine root biomass C **** * * 0.4344

Fine root C:Na *** *** * 0.3587

Fine root lignin:Na *** 0.0953

Fine root % soluble cell contents *** * 0.3521

Fine root % hemicellulose and bound proteinsa *** 0.506

Fine root % cellulose 0.01503

Fine root % lignin * 0.08229

Carbon cycling parameters

kf
a **** 0.3157

ks
a **** 0.3051

Cf ** � 0.2065

Cs
a **** 0.8071

Microbial respiration per g soil Ca **** 0.3723

Microbial respiration per g soila **** * 0.6886

Soil C stocksa **** 0.5135

�P £ 0.10, *P £ 0.05, **P £ 0.01, ***P £ 0.001, ****P £ 0.0001.
aResponse variable was natural log-transformed to meet model assumptions.
Two-way ANOVAs were performed for simple hypothesis-testing for each site characteristic, fine root chemistry parameter, and carbon cycling parameter and its response to Site
and N Treatment (Response � Site*N).
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cause the sandy soils are less likely to demonstrate

increased chemical protection of organic matter

with N-induced acidification. Even though N

addition reduced pH by 0.1 to 0.6 units, corre-

sponding to a one- to fourfold increase in acidity,

the sandy soils (> 90%, Grigal and others 1974)

have low surface area and charge, and therefore a

low potential for chemical stabilization of organic

matter. Despite the high sand content, the slow-

cycling pools at Cedar Creek are as large or larger

than those measured using similar methods in

grassland soils in Nebraska, Iowa, and Colorado, in

soils ranging from 71.3 to 87.5% sand, and in the

Entisol, Mollisol, and Aridisol orders (Riggs and

others 2015). Thus, the slow-cycling pools at Cedar

Creek are not unusually low considering the range
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Figure 2. Carbon pools and decay rates by site and N treatment. A Fast pool decay rate (kf); B slow pool decay rate (ks); C

fast pool size (Cf); D slow pool size (Cs). All carbon cycling metrics shown differed among sites (kf P < 0.0001, ks
P < 0.0001, Cf P = 0.0020, Cs P < 0.0001), but not with N addition (P > 0.1 for all). Original data are shown for ease of

interpretation; however, kf, ks, and Cs were natural log-transformed for statistical analysis to meet model assumptions.
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Figure 3. Comparison of microbial respiration per gram soil C, microbial biomass C, and fine root C responses to N

addition. Responses to N are compared between: A Microbial respiration and microbial biomass C (y = 0.3898*x + 0.0160;

R2= 0.7052, P = 0.0056); B microbial respiration and root biomass C (y = 0.2921*x - 0.0820; R2= 0.5333, P = 0.0240);

and CMicrobial biomass C and fine root biomass C (y = 0.6077*x - 0.2190; R2= 0.4497, P = 0.0411). Response ratios (RR)

were calculated as ln(treatment)—ln (control). Site-level response ratios are calculated from the six ambient and six +N plots

(with the exception of Old Field 1 where microbial biomass C n = 5).
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of grassland soils in the USA, even though the

mechanisms of stabilization are likely limited. In-

deed, N-induced acidification may not have in-

creased cation availability for organic matter

bridging in a meaningful way given the soil’s low

clay content, which is the source of polyvalent

cations Al3+ and Fe3+. This could partially explain

the lack of Cs and microbial respiration response

since soil acidification has been shown to be the

primary control of N-induced reductions in micro-

bial respiration (Chen and others 2015). Although

a prior study in a grassland experiment at Cedar

Creek also found no effect of N addition on

microbial respiration (Riggs and others 2015), other

high-sand sites have demonstrated a reduction in

microbial respiration with N addition (Zak and

others 2016). Those sites had about 5 percentage

points more silt/clay than Cedar Creek soils

(� 15% silt+clay compared to < 10%), which

could have been enough to result in substantial

increases in occluded particulate organic matter

under N addition (Zak and others 2016).

Cedar Creek soils generally lack an organic

horizon (Grigal and others 1974), including at sites

used in this study, which could also help explain

the lack of a N addition effect. The reported positive

effect of N addition on soil C is most common in the

organic horizon, and often not observed in mineral

soil (Liu and Greaver 2010; Frey and others 2014;

Maaroufi and others 2015). It is possible that

mechanisms that lead to lower decomposition in

the organic horizon with N addition are less

prominent or not present in mineral soil. Specifi-

cally, in some temperate forests, N addition inhibits

oxidative enzyme activity and lignin degradation

(Zak and others 2008) and can also decrease the

abundance of lignolytic fungi on wood and other

high-lignin substrates (Entwistle and others 2018).

A recent meta-analysis across ecosystem types also

found reduced oxidative enzyme activities with N

addition (Jian and others 2016). Similarly, prior

work in the same Cedar Creek experiment used

here showed negative effects of N addition on late-

stage leaf litter decomposition (that is, higher

asymptotes) in a subset of these sites (Hobbie and

others 2012). It is possible, however, that N inhi-

bition of lignin-degrading enzymes, lignolytic fun-

gi, and late-stage litter decomposition is just more

important in the organic horizon (Zak and others

2008), or even in mineral soils that have a well-

developed organic horizon (Zak and others 2016).

Overall, because a positive effect of N addition on

soil C does not appear consistently in mineral soil

(Liu and Greaver 2010), as confirmed in this study,

and could be less pronounced in sandy soil, it is

worth using caution in extrapolating observed

positive mean effects of N addition on soil C from

certain systems (Janssens and others 2010) or or-

ganic soils (Liu and Greaver 2010) to global C

models, and in understanding future carbon-cli-

mate feedbacks (Heimann and Reichstein 2008).

Models that assume N addition increases soil C in

all soils could overestimate C storage enhancement

under increased N deposition, since much of soil C

is below the organic horizon (Jobbágy and Jackson

2000).

Site-Specific Differences in N Responses

Despite controlling for climate, soil type, and N

deposition history, and despite no main effects of N

addition on soil cycling responses across all sites,

we did find substantial differences in how soil C

cycling responded to N addition—across sites, and

even between sites with similar vegetation cover.

This result highlights how seemingly similar land-

scapes can behave differently. Land use history

may have played an important role here. Several of

the sites in this study were previously cultivated

likely contributing to their lower soil C content

(McLauchlan and others 2006)—the two old fields,

the aspen site, and likely Pine 1 (it is a plantation

and, given local history, was likely an abandoned

old field before that). Of all the characteristics we

included in models, soil %C explained much of the

variation in decay rates and pool sizes, which might

be expected since C decay metrics were analyzed

per gram soil. However that relationship may mask

other important factors, as soil %C was highly

positively correlated with soil %N, highly nega-

tively correlated with pH, and moderately posi-

tively correlated with soil C:N, and microbial

biomass C and N, although, as noted above, pH

responses here are less relevant for mineral stabi-

lization processes given the sandy soils, pH has

been linked to microbial community composition

(Rousk and others 2010) and microbial activity

(Whittinghill and Hobbie 2011). Yet, given the

strong correlation with %C, we cannot further

disentangle the mechanisms behind the relation-

ships with C cycling.

Coupled Root C and Microbial Biomass
Responses to N Addition as Potential
Drivers of Respiration Responses

The lack of a consistent N addition effect on

cumulative microbial respiration was likely due to a

minimal and inconsistent microbial biomass re-

sponse to N. Reductions in microbial respiration
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(Riggs and Hobbie 2016) and total soil CO2 flux

(Treseder 2008) with N addition have been shown

to be associated with reductions in microbial bio-

mass. However, unlike previous studies (Treseder

2008; Lu and others 2011; Liu and others 2015),

here N addition generally had no effect, but did

tend to reduce microbial biomass in some sites (the

two grassland sites and one of the oak stands), and

increase it in others (the aspen and maple sites).

Yet although microbial respiration did not re-

spond to N addition in our study overall, sites with

N-induced reductions in microbial respiration ten-

ded to have lower microbial biomass C with N

addition, as well as lower root C in response to

added N. Thus, we observed the expected coupling

of responses of roots and microbes to N addition

across sites. There were also some site-specific fine

root chemistry responses to N addition (lower fine

root C:N and increased % soluble cell contents

most notably in the grassland sites). And, sites that

responded to N addition with more of a reduction

in fine root C:N also had more of a reduction in

microbial biomass. However, these effects on root

chemistry did not translate to differences in

cumulative respiration, or decay rates of the fast or

slow pool. It therefore appears that the site-specific

N addition effects on microbial biomass may relate

most closely to root C responses to N addition.

The question for further investigation, then, is

what explains site variation in root C response to N

addition (and hence microbial biomass C response).

Our results also beg the question of why N addition

did not consistently reduce microbial biomass C

across our sites. Although declines in pH can inhibit

microbial abundance and alter community com-

position (Rousk and others 2010), we observed

only a marginally significant relationship between

microbial biomass response to N addition and pH

response. Instead, microbial biomass response to N

addition was explained largely by the root C re-

sponse to N addition.

Study Duration and Potential Shift
in Responses to N Addition Over Time

An earlier study in this experiment (Keeler and

others 2008) found a site*N addition interaction

(P = 0.0093) for labile soil C decomposition rate

responses to N addition after 5 years of treatment,

with slightly lower labile decay rates with N addi-

tion in Field 1 and Oak 1, and a trend toward

slightly higher decay rate in Pine 2 (from Figure 1b,

Keeler and others 2008). The two studies sampled

to different depths (20 cm in Keeler and others,

10 cm in the present study). Nevertheless, the de-

cay rates of the fast pool were correlated between

the two time points (P = 0.0192, R2 = 0.5343).

However, unlike Keeler and others (2008), we

found no N or site*N addition effects. There was no

relationship between the responses of the decay

rates to N addition between the two studies

(P > 0.2), as there was no consistent shift in the

response ratios: compared to the earlier study, sites

showed shifts in magnitude and direction of re-

sponse in a seemingly idiosyncratic fashion. This

could be due to a change in the response of the

drivers of respiration to N addition, or how respi-

ration responds to those drivers. However, with the

data available, we cannot say.

CONCLUSION

We found no evidence for soil C accumulation with

long-term N addition across eight forested and

grassland sites where climate, soil type, and N

deposition history were similar Across sites,

12 years of N addition led to no general change in

soil C stocks, microbial respiration per gram soil C,

fast- and slow-cycling C pools or decay rates. This

unexpected lack of effect occurred despite N-in-

duced declines in pH across sites, and changes in

microbial biomass C and N and decreased root lig-

nin:N and C:N in some sites. Nevertheless, the site-

to-site variability in microbial biomass response to

N addition tracked closely with microbial respira-

tion and root C responses to N addition, high-

lighting the connections between these processes.

Additional questions remain regarding why root

C—and then microbial biomass—responded posi-

tively in some sites and negatively in others. The

sandy, nutrient-poor Cedar Creek soils could have

contributed to the general lack of response, given

little opportunity for organic matter stabilization on

mineral surfaces and a low likelihood that N-in-

duced acidification would increase availability of

polyvalent cations that could facilitate organic

matter bridging. However, our work indicates that

prior findings that mineral soil C content tends not

to respond to N addition hold for these sandy soils

(Liu and Greaver 2010). Overall, the results re-

ported here contradict the often-cited inhibitory

effect of N addition on microbial respiration (Tre-

seder 2008; Janssens and others 2010), and related

build-up of stored soil C (Liu and Greaver 2010;

Yue and others 2016), and suggest that modeling

efforts that assume that N addition leads to lower

microbial respiration or greater soil C content

across soil types and horizons could overestimate

future C storage under increasing N deposition.
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Steenbock C, Stevens CJ, Fierer N. 2015. Consistent responses

of soil microbial communities to elevated nutrient inputs in

grasslands across the globe. Proc Natl Acad Sci 112:10967–72.

Liu L, Greaver TL. 2010. A global perspective on belowground

carbon dynamics under nitrogen enrichment. Ecol Lett

13:819–28.

Liu L, Wang X, Lajeunesse MJ, Miao G, Piao S, Wan S, Wu Y,

Wang Z, Yang S, Li P, Deng M. 2015. A cross-biome synthesis

of soil respiration and its determinants under simulated pre-

cipitation changes. Global Change Biol 22:1394–405.

Lu M, Zhou X, Luo Y, Yang Y, Fang C, Chen J, Li B. 2011. Minor

stimulation of soil carbon storage by nitrogen addition: a

meta-analysis. Agric Ecosyst Environ 140:234–44.

Maaroufi NI, Nordin A, Hasselquist NJ, Bach LH, Palmqvist K,

Gundale MJ. 2015. Anthropogenic nitrogen deposition en-

hances carbon sequestration in boreal soils. Global Change

Biol 21:3169–80.

Manzoni S, Taylor P, Richter A, Porporato A, Ågren G. 2012.
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