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ABSTRACT

Biogeochemical cycles are inherently linked
through the stoichiometric demands of the organ-
isms that cycle the elements. Landscape distur-
bance can alter element availability and thus the
rates of biogeochemical cycling. Nitrification is a
fundamental biogeochemical process positively re-
lated to plant productivity and nitrogen loss from
soils to aquatic systems, and the rate of nitrification
is sensitive to both carbon and nitrogen availability.
Yet how these controls influence nitrification rates
at the landscape scale is not fully elucidated. We,
therefore, sampled ten watersheds with different
disturbance histories in the southern Appalachian
Mountains to examine effects on potential net
nitrification rates. Using linear mixed model selec-
tion (AIC), we narrowed a broad suite of putative
explanatory variables into a set of models that best
explained landscape patterns in potential net
nitrification. Forest disturbance history determined
whether nitrification and nitrogen mineralization
were correlated, with the effect apparently medi-

ated by microbially available carbon. Undisturbed
forests had higher available carbon, which uncou-
pled potential net nitrification from potential net
nitrogen mineralization. In contrast, disturbed
watersheds had lower available carbon, and nitri-
fication rates were strongly correlated to those of
nitrogen mineralization. These data suggest that a
history of disturbance at the landscape scale re-
duces soil carbon availability, which increases
ammonium availability to nitrifiers at the micro-
scale. Landscape-level soil carbon availability then
appears to determine the coupling of autotrophic
(nitrification) and heterotrophic (nitrogen miner-
alization) biogeochemical processes, and hence the
relationship between carbon and nitrogen cycling
in soils.
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INTRODUCTION

Biogeochemical cycles are linked through organis-
mal demand for stoichiometrically defined amounts
of different elements required for growth (McGill
and Cole 1981; Schlesinger and others 2011). This
coupling of elemental demands likely determines
how ecosystems respond to global change (Finzi
and others 2011). For example, plant productivity
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responses to elevated CO, are dependent on the rate
at which nitrogen (N) is made available in the soil
for plant uptake (Drake and others 2011; Phillips
and others 2011). Similarly, N fertilization effects
on soil organic matter turnover are dependent on
the quality of the constituent carbon (C) com-
pounds (Neff and others 2002). Both C and N cy-
cling processes in soil are affected by disturbances,
with the type of land-use change determining the
degree of impact to C and N cycles (Guo and
Gifford 2002; Murty and others 2002). For
example, logging removes aboveground biomass,
which subsequently decreases or stops new C
inputs (for example, coarse woody debris, leaf
litter, root turnover) and plant N uptake. In re-
sponse, belowground C stocks can then decline
(Schlesinger 1986) whereas N export typically
increases (Bormann and Likens 1979; Swank and
others 2014). Therefore, knowledge of distur-
bance and land-use history may explain variation
in the rates of biogeochemical processes across
contemporary landscapes that are caused by
changes in the availability of C and N to soil
microorganisms.

Soil microbial communities strongly regulate the
cycling of C and N in terrestrial ecosystems (van der
Heijden and others 2008). Some of the biogeo-
chemical processes involved in these cycles are
carried out only by soil microorganisms. One such
process is nitrification, where autotrophic microbes
(nitrifiers) fix CO, through the oxidation of
ammonium (NH,") to nitrate (NO5~). Nitrification
is positively associated with inorganic N availabil-
ity. The resulting ion, highly mobile NO5~, may be
taken up by plant roots, leach into aquatic systems,
or denitrify to the potent greenhouse gas N,O
(Viviroli and others 2007). Nitrifiers, therefore,
play a key functional role in the biogeochemistry of
ecosystems and, just like plants, have to compete
with heterotrophic soil microbes for inorganic N
(Hart and others 1994; Kaye and Hart 1997). The
strength of this microbe-microbe N competition is
likely strongly dependent on C availability to het-
erotrophic soil microbes (Verhagen and Laanbroek
1991; Booth and others 2005) because under
plentiful C supply the heterotrophs have a high N
demand for growth (Hart and others 1994).
Therefore, nitrification rates, and hence soil and
plant N cycle dynamics, may be inherently coupled
to C cycling rates through autotroph—heterotroph
NH," competition in soil microbial communities
(Booth and others 2005). However, it is uncertain
as to how disturbance history affects nitrification
rates across the landscape through influences on
soil C and N availability (Booth and others 2006;

Knoepp and others 2014). For example, undis-
turbed systems might be expected to have tight
associations between soil C and N cycling, as evi-
denced by fast rates of NO5~ turnover (Stark and
Hart 1997) and N assimilation by soil microbes
fueled by an abundance of labile C supply (Dijkstra
and others 2008). If disturbance decreases C avail-
ability to heterotrophic soil microbes, we might
then expect an uncoupling of C and N cycling be-
cause C-limited heterotrophs have a reduced de-
mand for N (Schimel and Weintraub 2003),
thereby facilitating NH,* oxidation by the auto-
trophic nitrifiers.

We examined how historic disturbance regimes
affect potential net nitrification rates in forested
landscapes by working across and within ten,
experimental watersheds. We appear to be the first
to examine patterns and associated controls on net
nitrification across pronounced environmental
gradients caused by forest disturbance history and
watershed topography (for example, ridge wvs.
riparian habitat) across the same landscape. To do
so, we evaluated a broad set of putative explana-
tory variables that are documented drivers of
potential net nitrification rates across landscapes.
Despite this extensive assessment of putative
explanatory variables, we expected that C and
NH,* availability would emerge as dominant con-
trols across the landscape. Previous work in labo-
ratory chemostats (Verhagen and Laanbroek 1991;
Verhagen and others 1992) and freshwater systems
(Strauss and others 2000; Bernhardt and others
2002; Bernhardt and Likens 2002) demonstrated
that nitrifier abundance or activity declines with
increasing C availability. Knowing that disturbance
can reduce soil C content (Schlesinger 1986), we
selected a mixture of four undisturbed and six
disturbed watersheds. The six disturbed watersheds
were clear-felled (four with no materials removed),
and two converted to plantations in the 1950s and
1960s (Appendix 1 in Supplementary material),
disturbances that alter soil C content (Knoepp and
Swank 1997) and availability (Liao and others
2010).

Lower soil organic C availability should then
promote C limitation of heterotrophic microbes,
decreasing their demand for NH," and possibly
increasing the availability to nitrifiers (Dijkstra and
others 2008). As such, we hypothesized (Hyp. 1)
that disturbed watersheds will have lower available
soil C and hence higher rates of potential net
nitrification because of reduced heterotroph-nitri-
fier competition. However, soil nitrifiers comprise
both ammonia-oxidizing Archaea (AOA) and
ammonia-oxidizing bacteria (AOB), with the
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former potentially able to outcompete hetero-
trophic bacteria for NH,*, as demonstrated in
marine environments. (Martens-Habbena and
others 2009). We, therefore, set up an alternative
hypothesis (Hyp. 2) that historical disturbance ef-
fects on soil C have minimal influence on potential
net nitrification rates. Instead, we expected nitrifi-
cation would be controlled by a host of edaphic
characteristics—such as soil pH, moisture, and
texture—that have been identified as controls on
net nitrification and that vary across the landscape,
independent of disturbance history.

METHODS
Experimental Design

The study took place at the Coweeta Hydrologic
Laboratory, a USDA Forest Service Experimental
Forest and National Science Foundation Long-
Term Ecological Research (LTER) site located in
southwestern, North Carolina (35°00'N, 83°30'W).
The Coweeta basin is 2185 ha, ranging in elevation
from 679 to 1592 m, and is composed of multiple
sub-watersheds with varying treatment histories.
Soils are classified in the Inceptisol or Ultisol orders,
with varying physical and chemical properties
throughout the basin. Ten sub-watersheds (hence-
forth referred to as ‘watersheds’) were selected to
represent a range in elevation, aspect, and treat-
ment history, with the latter categorization classi-
fied as Undisturbed or Disturbed. In an effort to
separate treatment history effects from topograph-
ical differences among watersheds, Disturbed and
Undisturbed watersheds were identified at both
lower and higher elevations, and with both north-
and south-facing aspects (Appendix 1 in Supple-
mentary material).

To characterize the spatial variation in putative
control and response variables, we established
50 m transects in the upper and lower portion of
each watershed. The lower transect was located
20 m upstream from the catchment weir, and the
upper transect began at the head of the perennial
headwater stream. The transects began 1 m from
the stream edge and ran upslope, perpendicular to
the slope contour, following the major water flow
path to the stream. Plots (5 m radius) were located
at 5, 25, and 45 m along each transect to account
for variation in soil moisture moving away from the
stream bed. Due to the continuous steep slopes
(30-90%) up to a watershed boundary, a 50 m
transect provided a consistent plot design across the
landscape. This sampling design allowed us to
capture a snapshot of site properties at three levels

of spatial variation: landscape (watershed), within-
watershed (transect), and riparian-upland (plot).

Within each plot, six mineral soil cores (10 cm
depth, 8 cm dia.) were taken in a five-point star-
design, plus plot center after carefully removing the
organic horizon. The organic horizon plays an
important role in nutrient availability in forests and
O horizon formation is indicative of overall site
nutrient cycling rates, with greater Oa horizon
mass occurring on sites characterized by low N
availability (Perala and Alban 1982; Knoepp and
others 2000). However, we concentrated our sam-
pling efforts in the mineral soils because in most
southern Appalachian hardwood forests fine tree
roots are concentrated in the mineral soils with
greater than 60% found in the surface 10 cm
(McGinty 1976; Nuckolls and others 2009). Fur-
thermore, within these temperate forests, under
both coniferous and hardwood overstory, mineral
soils have a greater probability of higher relative
net nitrification indices than the surficial O horizon
(Lavoie and Bradley 2003). Soils were transported
to the lab on ice. Spot measures of soil moisture
and temperature to a depth of 12 cm and 10 cm,
respectively, were recorded in each plot using a
HydroSense probe (Campbell Scientific, Inc., Lo-
gan, UT USA) and an electronic thermometer
(VWR International, Radnor, PA USA), an ap-
proach that resolves relative differences in these
variables at the spatial scale of our study (Warren
and Bradford 2011).

Soil Analyses

Soil analyses were informed by reviewing the peer-
reviewed literature to identify variables reported to
be significant controls on potential net nitrification
rates in soils. Through this literature assessment,
we identified about 20 variables to measure on our
study soils (Table 1). Soils within a plot were first
homogenized before dividing by mass for analysis
of the physical, chemical, and microbial variables
we identified. Bulk density of dried soil was cal-
culated on a mass basis (Kramer and others 2012).
Briefly, non-sieved soil taken to a known depth
was dried for soil content (g soil cm™ ) and adjusted
for root and stone volume. The soil partitioned for
chemical analyses was first passed through a 2-mm
sieve. Duplicate subsamples of fresh soil were used
to measure field moisture content (105°C for 24 h)
and water holding capacity [fully saturated, drain
for 2 h, and dried at 105°C for 24 h (Bradford and
others 2008a)]. Soil pH was determined in a water
solution, 1:1 by volume (Allen 1989). Labile carbon
was estimated using a 30-day incubation at 20°C
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Table 1. Data Summary Table: Variables Averaged by Watershed Disturbance History

Variable Disturbed Undisturbed
Potential net nitrification (mg N g soil™' 28 days™") 0.011 + 0.014 0.0013 + 0.0030
Potential net N mineralization (mg N g soil™' 28 days™") 0.012 £ 0.013 0.011 £+ 0.016
Extractable NO5~ (ug N g soil™!) 6.6 £9.7 0.13 + 0.46
Extractable NH,* (ug N g soil ™) 7.8+ 3.6 11 £ 8.6
Extractable total N (ug N g soil ') 23 + 18 24 + 17
Extractable DON (ug N g soil ™) 8.2+ 10 13+ 11
Soil %N 0.27 £ 0.12 0.42 £+ 0.29
Net nitrification: net mineralization 0.69 £+ 0.58 0.16 £ 0.31

(ratio, unitless)
pH (H" ions)

4.5E-06 £ 2.6E-06

3.0E-05 £ 5.6E-05

Labile C (mg C g dry weight soil ') 0.45 £+ 0.13 1.0 £ 0.84
Extractable DOC (pg C g soil™') 280 + 78 490 £ 200
Soil %C 4.5+ 1.5 9.1+ 7.8
Soil C content (kg C m™?) 3.8 [5.7] 5.0 [7.5]

Soil C:N 17 £ 2.9 21 +£4.1
Microbial biomass CO>—C (ug C g dry wt soil ™' h™") 2.0 +£0.53 53+ 6.0
Microbial biomass N (ug N g soil ') 65 + 34 120 + 88
Microbial biomass C (ug C g soil™!) 460 £+ 150 960 £ 670
% Sand 61 + 5.8 61 + 10
% Silt 27 £ 53 28 + 10
% Clay 11 +43 124523
Textural class Sandy loam Sandy loam
Bulk density (g soil cm ™) 0.84 £+ 0.23 0.55 £ 0.21
Soil temperature (°C) 21 £ 0.79 21 £ 1.2
Soil moisture (g H,O g soil ") 0.33 £0.15 0.75 £ 0.96
Soil water holding capacity (g H,O g soil !) 0.72 £ 0.21 14+13
Land conversion Disturbed Undisturbed

The mean values (£SD) for each measured soil variable averaged by watershed disturbance history (Disturbed and Undisturbed). The average soil carbon content (kg C m™2)
was calculated using average %C and average bulk density, estimated to a depth of 10 cm as well as 15 cm—the latter to directly compare with the Fraterrigo and others
(2005) results (see Discussion). Fraterrigo and others (2005), working within the region, found coupled net nitrification and net N mineralization in both reference and
previously logged sites, but had a total soil C content just below 4 kg C m™?, throughout.

using methods described in Fierer and others
(2005) and Bradford and others (2008b). This
method provides an estimate of microbially avail-
able C resources through repeated CO, efflux
measurements across 30 days. Labile C is then
calculated as the cumulative CO, efflux across the
30-day assessment (mg C g dry weight soil™').
Active microbial biomass was estimated through
substrate-induced respiration (SIR) (West and
Sparling 1986; Bradford and others 2008b). Chlo-
roform fumigation extraction (CFE) was used to
measure active and inactive microbial biomass C as
well as K,SO4-extractable NH,* and NO5;~ con-
centrations to determine microbial biomass N. We
followed CFE methods described by Fierer and
Schimel (2003). Samples were run on an Astoria 2
Flow Analyzer (Astoria-Pacific, Clackamas, OR,
USA) for N products and a Shimadzu TOC-V (Shi-
madzu, Maryland, USA) for C. Air-dried, sieved soil
was analyzed for texture using the hydrometer
method at the University of Connecticut Soil

Nutrient Analysis Laboratory, and run for total C
and N concentrations on a Carlo Erba elemental
analyzer (CE Elantech, Inc. Lakewood, NJ, USA).
Potential rates of net N mineralization and net
nitrification were calculated using laboratory
incubations following published protocols (Robert-
son and others 1999; Fraterrigo and others 2005).
Briefly, a sub-set of soil from each plot was passed
through a 4-mm sieve in the field, and then about
10 g of this sieved soil was added to a pre-weighed
bottle containing 50 mL of 2 M KCIl and shaken.
These initial N extractions were then returned to
the lab to determine NH,* and NO5~ extract con-
centrations using an Astoria 2 Auto-Analyzer (As-
toria-Pacific, Clackamas, OR, USA). Also on return
to the lab each afternoon, around 20 g of the 4-mm
sieved soils were added to a jar for incubation at
20°C and covered with plastic wrap to allow air
diffusion but prevent drying. Soil water contents
were adjusted and maintained at 65% of water
holding capacity, and so were favorable for micro-
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bial activity (Bradford and others 2008b). After
28 days, 10 g dry weight soil equivalent was ex-
tracted with 50 mL of 2 M KCl to analyze NH," and
NO;~ concentrations. Nitrification was calculated
as NO5 ™~ at 28 days minus initial NO5 ™~ at time zero;
N mineralization equals NHy + NO5;~ at 28 days
minus NH; + NO;~ at time zero (Goodale and
Aber 2001).

Statistical Analyses

First, we ran a univariate regression for each puta-
tive controlling variable against potential nitrifica-
tion for all 60 plots (6 per watershed) combined. All
plots were treated as independent replicates. We set
the explanatory threshold low (> >0.05) to be
inclusive of explanatory variables that explained at
least some variation or that might interact. We then
used model selection with Akaike Information Cri-
terion (AIC) to find a reduced set of the 22 putative
variables to form the best statistical model (Kramer
and others 2012) to describe net nitrification. This
stepwise approach allowed us to narrow the factors
within our dataset, and to use linear regression to
identify the strongest predictors for nitrification
(Cottingham and others 2005). A linear mixed
model (LMM) approach was used so that the spatial
associations inherent in the study design were ac-
counted for by including watershed and transect as
random effects (Bradford and others 2014). Only
random effects with a AAIC no more than 1 were
included in model selection. All variables were tes-
ted for collinearity using a variance inflation factor
(VIF) test. Those variables, including random effects,
with a VIF less than 5 were included in model
selection. The fixed effects were permitted to interact
as two and three-way interactions. The best model
was a composite of the models with a AAIC no more
than 5. The mixed models were fit using the ““Ime4”’
package in the statistical freeware R (R Core Team
2012). Inference from the posterior distributions was
run on the best model using a Markov chain Monte
Carlo (MCMC) simulation, which allowed for cal-
culation of accurate P values from the LMMs. Based
on the initial results (‘Ultimate’ model, see below),
observations were split by disturbance history and
analyzed as for the full data set. Note that in the full
model the only ‘proxy’ variable assessed was dis-
turbance history (0,1). All other variables contained
only proximate variables (for example, soil pH and
temperature) as opposed to those that serve as a
proxy for such direct measures (for example, eleva-
tion). Our intention was to identify patterns in the
proximate variables that correlated with the poten-
tial for high net nitrification rates.

Given observed patterns in our putative con-
trolling wvariables, we additionally investigated
whether topographic position (transect and plot)
within a watershed influences nitrification rates. As
such, we ran LMMs for the two groups (Undis-
turbed vs. Disturbed) where watershed identity
was a random effect and transect (high or low) and
plot (riparian, mid-slope, and upslope) were fixed
effects. Based on the resulting influence of labile C
(see Results), we ran post hoc LMMs for the two
groups (Undisturbed vs. Disturbed) using the same
model structure. Additionally, we ran a t-test (for
groups with unequal variance) to confirm the dif-
ference in labile C between watershed disturbance
history (Undisturbed vs. Disturbed).

REsuLTs

In regressing potential net nitrification against
potential net mineralization, we observed a split in
the data whereby those plots from Disturbed
watersheds had a strong positive relationship be-
tween nitrification and N mineralization, whereas
plots from Undisturbed watersheds had no rela-
tionship (Figure 1A). Overall, potential net nitrifi-
cation was an order of magnitude higher (Table 1)
in the Disturbed plots (0.011 £ 0.014 mg N g soil ™
128 day_l; mean £ SE) than in the Undisturbed
(0.0013 + 0.0030 mg N g soil™! 28 day™!). In
contrast, potential net N mineralization was
approximately equivalent (Table 1) between Dis-
turbed and Undisturbed watersheds (0.012 +
0.013 and 0.011 + 0.016 mg N g soil ™' 28 day ™',
mean *+ SE, respectively). Not surprisingly then,
the ratio of net nitrification: net mineralization—a
frequent expression of nitrifier activity (Hart and
others 1994)—differed markedly (albeit not signif-
icantly) between the disturbance histories. Specif-
ically, in the Disturbed watersheds the ratio was
0.69 £ 0.58 (mean *+ SE), with a median value of
0.88, and in the Undisturbed watersheds 0.16 +
0.31 (mean =+ SE), with a median value of zero.
We next sought to identify the controls that best
explained the different relationships between
potential net nitrification and net mineralization in
the Disturbed versus Undisturbed watersheds. All
random effects (watershed and transect) were re-
tained in the best model, revealing strong spatial
associations in our data, highlighting the need to
account for these dependencies with an LMM
framework. After selecting fixed effects from uni-
variate regression analyses, and testing for
collinearity, six fixed effects were retained: soil
moisture, soil temperature, net N mineralization,
disturbance history (0 or 1), microbially available
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Fig. 1. The results from the full models (60 plots across the ten watersheds) demonstrate the influence on potential net
nitrification rates from (A) watershed disturbance history and N mineralization, and (B) available C and N mineralization.
(A) The watersheds, and associated plots, are identified as Undisturbed (no known treatment history since 1927) or
Disturbed (various treatments—see Appendix 1 in Supplementary material). Plots within disturbed watersheds have a
positive, linear relationship between net nitrification (mg N g soil™' 28 days™') and net N mineralization (mg N g soil~
! 28 days™'), whereas those in undisturbed watersheds appear to have no relationship. The amount of available C appears
to drive the divergent patterns related to disturbance history, with disturbed watersheds having less available C
(< 0.8 mg g soil™!) than the undisturbed watersheds (inset). (B) Visual representation of the interaction between labile C
(mg C g soil ') and net N mineralization (mg N g soil ' 28 days™') on net nitrification (mg N g soil "' 28 days™'). When
labile C is lowest, and net N mineralization highest, net nitrification is greatest. Note that the curve is seen from its convex
surface, with the peak of the curve showing the highest rate of nitrification and N mineralization, and the lowest
availability of labile C.
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C, and total extractable inorganic N (NO; -N +
NH,"-N). The best-fit (lowest AAIC) model for
potential net nitrification included net N mineral-
ization, disturbance history, and the interaction
between the two, plus the two random effects. This
model had an adjusted % of 0.87 (Table 2, “Ulti-
mate Model’). The interaction between N miner-
alization and disturbance history was significant
(P < 0.001), suggesting that the relationship be-
tween N mineralization and nitrification depended
on past disturbance (as is depicted in Figure 1A).
Disturbance history is a proxy variable (that is, it
does not act directly on nitrifiers) and so we ran
models without it to explore which proximate
variables accounted for the strong influence of
disturbance history. Re-running with the same
sub-set of fixed effects (but without disturbance
history) revealed that the best-fit model again in-
cluded not only N mineralization but also micro-
bially available C and the interaction between
the two (Table 2, ‘Proximate Model’). This model
had an adjusted * of 0.75 and a significant net
N mineralization by available C interaction

(P < 0.001). The interaction arose because the
potential net nitrification was highest when avail-
able C was lowest and net N mineralization was
greatest, but when the available C was above about
0.8 mg C g soil !, increasing N mineralization had
very little effect on nitrification (Figure 1B, Ap-
pendix 2A in Supplementary material). Notably,
there was significantly (P = 0.002) less microbially
available C in the Disturbed watershed plots, with
values in these plots generally falling well below
the apparent 0.8 mg C g soil”' threshold (Fig-
ure 1A inset), suggesting that the influence of dis-
turbance history on potential net nitrification rates
acts primarily through reductions in microbially
available C.

Given the distinct patterning between the
Undisturbed and Disturbed watersheds, we further
explored the data after sorting by watershed dis-
turbance history to evaluate potential driving
variables within each disturbance treatment. The
best-fit model for the Undisturbed watersheds had
an adjusted * of only 0.38 and included extractable
NH,", total extractable inorganic N, their interac-

Table 2. Coefficients for Factors Explaining Variation in Potential Net Nitrification Rates in Four Distinct
Models: Ultimate, Proximate, Undisturbed, and Disturbed

Variables Coefficient P value r*
Model: ultimate 0.87
Intercept 0.0012 #+ 0.0012 0.60 na

N mineralization 0.0096 + 0.0056 0.93 0.64
disturbance history —0.0025 + 0.0026 0.11 0.66
N mineralization by disturbance history 1.024 + 1.032 0.0001 0.86
Model: proximate 0.75
Intercept 0.0004 £+ 0.0004 0.91 na

N mineralization 1.018 + 0.99 0.0001 0.64
labile C —0.0017 + 0.0012 0.72 0.66
N mineralization by labile C —0.32 + 0.31 0.001 0.66
Model: undisturbed 0.38
Intercept —0.0020 + 0.0019 0.54 na
NH4 0.0004 £ 0.0005 0.062 0.074
total N 0.0001 £ 0.0001 0.20 0.047
N mineralization 0.081 £+ 0.067 0.41 0.0073
labile C —0.0017 + 0.0017 0.17 0.41
NH4 by total N —1.017e-05 £ 0.0000 0.061 0.024
Model: disturbed 0.92
Intercept 0.0017 £+ 0.0015 0.73 na

N mineralization 0.26 £ 0.25 0.23 0.88
soil moisture —0.0048 + 0.0050 0.68 0.75
N mineralization by soil moisture 1.47 £ 1.52 0.0012 0.94

Coefficients, P, and r* values for the minimally adequate linear mixed models explaining soil nitrification potential for both full models (Ultimate and Proximate), the
Undisturbed watersheds, and the Disturbed watersheds. Coefficients, their SD, and P values are estimated using an MCMC sampling approach. The r° values are also shown for
the univariate relationships, but include the model’s random effects (watershed and transect). Statistically significant (P < 0.05) coefficients are shown in bold. The Ultimate
model demonstrates that an interaction between net N mineralization and disturbance history best describes variation in net nitrification across the landscape. When
disturbance history is removed (Proximate model), an interaction between net N mineralization and labile C best describes variation in net nitrification. The data were then
split by disturbance history (Undisturbed and Disturbed models) to determine what best describes variation in net nitrification when looking at different spatial scales.
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tion, N mineralization, available C, and both ran-
dom effects (Table 2). None of the fixed effects
were statistically significant and only two were
marginally (P < 0.1) significant, including ex-
tractable NH,* and its interaction with total ex-
tractable inorganic N. Notably, the coefficient for
extractable NH,* was positive but the interaction’s
coefficient was negative. This suggests that the
positive effect of NH," is reduced at higher values of
total soil inorganic N, but it is unclear as to why this
should be so. Further, the univariate relationships
for these variables explained little variation in
potential net nitrification rates (Table 2). Notably,
albeit not statistically significant, available C was
the only variable to explain a substantial propor-
tion of variance (41%) in these data (Table 2), and,
as in the full data set, net nitrification was observed
only in those plots where there was < 0.8 mg C g
soil ™! (Appendix 2A in Supplementary material).
In contrast, the best-fit model for the Disturbed
watershed data had a high adjusted r* value (0.92).
This model included N mineralization, soil mois-
ture, and the interaction between the two effects
(Table 2). The interaction was significant (P <
0.001), driven by a decline in potential net nitrifi-
cation as soil moisture increased at low rates of N
mineralization. However, the model predicted that
the highest potential net nitrification rates occurred
when soil moisture and N mineralization were
greatest (Table 2; Figure 2). Available C values in
the Disturbed watershed plots were always less
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Fig. 2. The relationship between net N mineralization
(mg N g soil™! 28 days™!) and soil moisture (g H,O
g soil ') on potential net nitrification rates (mg N g soil ™!
28 days™ ') in the disturbed watersheds. Note that the
curve is seen from its convex surface, with the peak of
the curve showing the highest rate of nitrification when
N mineralization and moisture are also high, and the
lowest point of the curve indicating the lowest nitrifica-
tion, mineralization, and moisture.

than 0.8 mg C g soil™' (Appendix 2A in Supple-
mentary material), apparently minimizing the
control exerted by this variable, which conse-
quently was not retained in the best model for the
Disturbed watersheds.

Whereas potential net nitrification varied
according to watershed disturbance history, rates
were not influenced by landscape position within
watersheds (Appendix 3A in Supplementary
material) for either watershed group (Undisturbed
vs. Disturbed). However, we examined the influ-
ence of potential landscape variation on labile C
(Appendix 3B in Supplementary material) due to
its influence on potential net nitrification rates. In
contrast to net nitrification, variation in labile C did
vary by landscape position (high-elevation transect
versus low) for the Undisturbed watersheds where
labile C was almost twice as large in the upper
elevation transect (mean £ SE: 1.39 4+ 0.31 vs.
0.71 £ 0.08 mg C g dry weight soil ).

DiscussioN

Forest disturbances such as clear-cutting may
accelerate net N transformations in the short-term
(Murty and others 2002). The legacy effects of
these disturbances on soil N transformations are
less well understood, but impacts may extend to
the long term depending on the site recovery pro-
cess (Knoepp and others 2014). Our data lend
support for our first hypothesis (Hyp. 1) that past
disturbance alters soil C availability, apparently
shifting the heterotrophic microbial biomass from
N- to C-limited, and facilitating higher potential net
nitrification rates in stands with historic distur-
bance. Specifically, where microbially available C is
low, heterotrophic N demand is presumably also
low, and so mineralized N (NH,") is more available
to the autotrophic nitrifiers (Hart and others 1994;
Strauss and others 2000; Booth and others 2005;
Silva and others 2005). Microbially available C
aligned with watershed disturbance history across
all scales of investigation. As a consequence, the
tight correlation between potential net nitrification
and potential net N mineralization observed in the
Disturbed watersheds is not observed in the
Undisturbed (for >80 years) watersheds, presum-
ably because the more abundant labile soil C gen-
erates a high heterotrophic microbial demand for
N. Our findings, therefore, suggest that disturbance
history at the landscape scale may act as an ulti-
mate control over the coupling between C and N
cycling in soils. This coupling is dictated, poten-
tially, by the ability of microbial heterotrophs to
outcompete nitrifiers for NH," at the micro-scale.
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The role of spatial scale in determining controls on
potential net nitrification rates was apparent within
our study landscape. Specifically, the best explana-
tory variables for net nitrification differed with the
spatial scale of our assessment, either across the
whole landscape or restricted only to watershed
disturbance history (Table 2). The pronounced scale
and context dependence of those variables identified
as the best possible controls on net nitrification may
help to resolve why net nitrification is linked to
many different variables across studies, including
pH, N mineralization, and microbial biomass C
(Table 1). Our data suggest that C availability to soil
heterotrophs is a higher order indirect control on net
nitrification rates, and when relaxed (<0.8 mg C g
soil ') other variables (for example, soil moisture)
then explain spatial patterns of nitrification.

The influence of scale on the controls of potential
net nitrification rates is best highlighted by the
strong relationship between net nitrification and net
N mineralization in the Disturbed but not Undis-
turbed watersheds (Figure 1). When potential net
nitrification and net N mineralization rates are
coupled and available C, and hence presumably
heterotrophic NH," demands, are low (Disturbed
watersheds), net nitrification is driven by an inter-
action between N mineralization and soil moisture.
Ammonium, the product of N mineralization, is the
substrate of nitrification whereas soil moisture af-
fects both the activity of the microbial community
(Fierer and Schimel 2002) and the movement of
ions (Parker and Schimel 2011). For example, soil
bacteria and soil solutions are connected through
the porous network of the soil profile (Dechesne and
others 2007). With adequate soil water content
nitrifiers can move towards concentrations of het-
erotrophs and NH,*, and the highly soluble and
mobile NO5 ion can travel through water-filled pore
spaces to prolific NO; oxidizers (Stark and Firestone
1995; Grundmann and others 2001). Interestingly,
plot (riparian to upslope) was not a significant
control over labile C or net nitrification in the Dis-
turbed watersheds where we might have expected
soil moisture to vary spatially from the stream edge
through to the upslope, and thus, drive plot-level
differences. Variation within the Disturbed water-
sheds (transect) also did not influence nitrification
rates or labile C, indicating the possibility of com-
prehensive land disturbance within a watershed.

Within Undisturbed watersheds four explanatory
variables were retained in the best model, but little
variance was explained (Table 2). It appears that
the primary controls on nitrification in our Undis-
turbed watersheds remain to be elucidated, but we
do highlight that potential net nitrification was

only observed at low availabilities of labile C (Ap-
pendix 2 in Supplementary material). This obser-
vation again supports the idea that heterotrophic C
limitation is a higher order control on net nitrifica-
tion rates. Notably, availability in labile C did vary
between upper and lower regions of the Undis-
turbed watersheds (that is, between transects). More
specifically, the upper transects of our two high-el-
evation Undisturbed watersheds were associated
with the highest values of labile soil C availability
that we measured. This within-watershed variation
which may imply patchy land clearing events dating
to before disturbance history was well recorded at
Coweeta; whereby the two upper elevation areas
represent the only primary forest within all Undis-
turbed watersheds having likely been too steep and
too high for early land clearing (Flinn and others
2005). Consistent with these observations and our
initial literature review identifying a range of
potential influences on nitrification rates (Table 1),
a broad suite of variables emerge as controls over net
nitrification in these watersheds, or when labile C is
abundant. These results imply that controls over
nitrification depend on the spatial extent of analysis.
Therefore, different controls on potential net nitri-
fication rates reported in previous studies may be a
product of the spatial scale and associated underly-
ing contexts, including disturbance history.
Fraterrigo and others (2005) worked in water-
sheds within our same region, but found coupled
potential net N mineralization and net nitrification
rates in both historically logged and reference sites.
The apparent discordance between their results and
ours—where we see Undisturbed watersheds
associated with uncoupling of the N processes—is
resolved if we consider the key role that labile C
availability appears to play in coupling net N min-
eralization with net nitrification (Figure 1; Ap-
pendix 2 in Supplementary material, Table 2). In
contrast to our study area, the total soil C content
for both undisturbed reference and historically
logged sites in Fraterrigo and others (2005), col-
lected to a depth of 15 cm, was just below
4kg C m 2 and so only about 70% of the mean
value for our Disturbed watersheds (when adjusted
to the same depth). These low soil C values in both
treatments suggest that C availability was low en-
ough in the Fraterrigo and others (2005) study so
as not to limit nitrifiers indirectly by driving het-
erotroph NH,* demand, matching with what we
observed in our Disturbed watersheds. In contrast,
our Undisturbed watersheds likely had much
higher labile C availability than the reference site in
Fraterrigo and others (2005). Specifically, in our
watersheds, total soil C showed significant
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collinearity with microbially available C (> = 0.85,
Appendix 2 in Supplementary material), suggesting
that it and microbial biomass C (also collinear,
Appendix 2 in Supplementary material) were also
suitable indicators of C supply to the heterotrophic
microbial biomass. If the relationship between total
soil C and microbially available C holds between
studies, we may expect that only in our Undis-
turbed sites was labile C availability high enough to
promote heterotrophic N demand (Clarholm 1985;
Qian and others 1997) to an extent that subse-
quently reduced NH," availability for autotrophic
nitrifiers (Verhagen and Laanbroek 1991; Verhagen
and others 1992; Lovett and Rueth 1999; Strauss
and Lamberti 2000; Bernhardt and others 2002).
The possibility does exist that other non-measured
variables are driving variation in nitrification both
locally and across the landscape. However, our
work measuring net rates and 20 additional
experimental variables suggests that the coupling
between N mineralization and nitrification likely
depends on the local context in a region—including
details of historical disturbance and patterns of
recovery—and specifically the impact on C avail-
ability to the heterotrophic soil microbial biomass.
Our regional comparison (Fraterrigo and others
2005) further suggests a need to explicitly test for
the influence of landscape disturbance, both in
recent history and over centuries, as an ultimate
control over coupled C and N dynamics.

We resolved potential net nitrification rates
through lab assays and reasoned that these poten-
tials would be linked to field variables that influ-
enced nitrifier activity. Supporting this assertion,
the mean ratio of net nitrification: net mineraliza-
tion—which is a frequent expression of nitrifier
activity (Hart and others 1994)—was four-times
lower in the Undisturbed than the Disturbed
watersheds. Further, lab potential assays are con-
sidered a useful index for assessing available N
(Schimel and Bennett 2004), even with the
potential to overestimate rates (Knoepp and Swank
1995). Nevertheless, there are limitations to
assessments using potential net rates, which may
also lead to alternate explanations for our results.
In the Undisturbed watersheds where soil C is rel-
atively high, active soil microbial biomass is also
high (Appendix 2B in Supplementary material)
and, thus, heterotrophic N demand. By measuring
net rates we were, therefore, unable to determine
whether NO;~, the product of nitrification, is
immediately assimilated by the heterotrophs (Hart
and others 1994; Stark and Hart 1997), or whether
the heterotrophs instead assimilate NH,* before
nitrification can occur. In contrast, gross nitrifica-

tion measurements may better estimate the fate of
these N products (NH,* and NO;~) relative to
heterotrophic N demand. Therefore, measurements
of gross nitrification and N mineralization rates in
the field (Hart and others 1994; Schimel and Ben-
nett 2004) are required to substantiate our
hypothesis that heterotroph-autotroph competi-
tion for NH,"—indirectly determined by C avail-
ability to the heterotrophic biomass—is a higher
order control on the activities of nitrifiers. Cer-
tainly, heterotrophic and autotrophic microbes
have different growth and nutrient-capture strate-
gies (Davey and O’Toole 2000; Nunan and others
2003). And even within the nitrifiers, it is thought
that ammonia-oxidizing Archaea (AOA) can out-
compete ammonia-oxidizing bacteria (AOB) for
NH,*, and may even outcompete heterotrophs at
low ammonium concentrations (Prosser and Nicol
2012). Field research examining both AOA and
AOB as well as other competitors for NH,", such as
roots and mycorrhizae (Hart and others 1994;
Bonkowski 2004), is needed to determine the
critical NH,* supply rates required by nitrifiers for
high activity (Booth and others 2005). This critical
supply rate may be dependent upon soil C avail-
ability and, therefore, the stoichiometric demands
of actively growing heterotrophic bacteria and
fungi (Finzi and others 2011).

Our study suggests that variation in labile C
availability, which appears to be tied to historic
watershed disturbance at the landscape scale,
shapes contemporary biogeochemical processes. As
such, in disturbed watersheds there is a tight cou-
pling between potential net nitrification and net N
mineralization, but in undisturbed watersheds the
coupling appears to be between heterotrophic
microbial demand for C and N. Although these
nutrient transformations and microbial interactions
operate at micro-scales, we demonstrate their
potential influence over the coupling of biogeo-
chemical processes at the landscape-level.
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