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We tested how amendments of different forms of nitrogen (N) affect microbial respiration rates by
adding six different forms of N (NH4NO3, (NH2)2CO (urea), KNO3, NH4Cl, (NH4)2SO4, Ca(NO3)2) to three
distinct soils. All inorganic N forms led to a net reduction in microbial respiration, and the magnitude of
the observed response (up to 60 % reduction) was consistent across all soils and negatively correlated
with N concentration. Urea also reduced respiration rates in nearly all cases, but the effect was atten-
uated by the associated input of labile organic carbon. We observed decreases in respiration regardless of
soil type, the specific N counter ion, N added as NH4

þ or NO3
�, or the effects of N form on soil pH, sug-

gesting that decreases in respiration rates were mainly a direct result of the increase in soil N availability,
rather than indirect effects caused by the form of N added.

� 2010 Elsevier Ltd. All rights reserved.
A large number of published field and laboratory studies have
examined how nitrogen (N) affects belowground communities and
processes by adding N to soils and then measuring how microbial
respiration, biomass and microbial community composition
respond (e.g. Söderström et al., 1983; Fog, 1988; Waldrop et al.,
2004; Treseder, 2008; Janssens et al., 2010). The form of N added
varies across studies, yetwe know little about howdifferent N forms
may impact microbial processes. N additions to soil can affect
microbial activity, yet it is not clear if these impacts are a direct
function of the increase in N availability or a result of indirect effects
of the fertilizer inputs on other soil chemical characteristics (e.g.
changes in pH or concentrations of cations/anions other than N).
Specifically, N addition frequently decrease microbial respiration
(Kowalenko et al., 1978; Söderström et al., 1983; Thirukkumaran &
Parkinson, 2000; Bowden et al., 2004; Craine et al., 2007 Treseder,
2008), but it is not known whether this microbial response is
a direct effect of the increase in N availability and if adding different
forms of N would yield a similar response. Resolution of this ques-
tion can provide a better understanding of soil responses to
N additions (Treseder, 2008; Janssens et al., 2010).
: þ1 303 492 1149.
amirez).

All rights reserved.
Here we describe a laboratory experiment designed to deter-
mine how the form of N and the rate of N application influences soil
microbial respiration. We added N at different concentrations to
three soil types, using six different N forms that varied in the
oxidation state of N, the ion paired with N, and the presence of
organic C. Comparing treatments allowed us to examined how the
effects of N on microbial respiration are influenced by 1) the
amount of N added; 2) N added as NH4

þ or as NO3
�, or N counter ion

type; 3) the indirect effects of fertilizer additions on soil pH; and 4)
the co-addition of reduced C when adding urea.

Soils were collected in May 2009 from the top 5 cm of the profile
of three sites within the Front Range of the Rocky Mountains. These
soils were selected because they represent multiple ecosystem and
vegetation types (‘aspen’, ‘pine’, and ‘grassland’) with distinct soil
edaphic characteristics (Table 1). Soils were sieved on site to 2 mm,
thoroughly homogenized, and then stored at 4 �C for oneweek. Sub-
samples of soil (5 g each) were weighed into 60 mL glass vials. Each
sub-sample was treated with one of six N-fertilizer forms most
commonly used in field or laboratory N-amendment experiments:
NH4NO3, (NH2)2CO (urea), KNO3, NH4Cl, (NH4)2SO4, Ca(NO3)2, in one
of four concentrations (10, 50, 200, 500 mgN�1 g soil�1). Each soilwas
subsequently adjusted to 50% of water holding capacity (WHC).
Control soils received only water. Each treatment was replicated 3
times, yielding 90 sub-samples per soil type for a total of 270 indi-
vidual vials. Soils were incubated for 45 days at 21 �C. Soil respiration
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Table 1
A description of the three soils used in this study. Mean values for measured soil properties with standard error of the mean (SEM) indicated in parentheses when available.

Soil Latitude Longitude Dominant species C:N Total C
(mg g�1 soil)

Total N
(mg g�1 soil)

Extractable N
(mg g�1 soil)

pH

Aspen 40.02 �105.48 Aspen (Populus tremuloides) 16.55 (0.56) 19.39 (0.61) 1.17 (0.00) 0.009 (NA) 5.66 (0.12)
Pine 40.02 �105.48 Ponderosa pine (Pinus ponderosa),

Lodgepole pine (Pinus contorta)
27.21 (0.51) 15.23 (0.69) 0.56 (0.01) 0.001 (NA) 6.10 (0.17)

Grassland 39.13 �105.72 Blue grama (Bouteloua gracilis) 10.08 (0.16) 9.40 (0.27) 0.93 (0.01) 0.014 (NA) 5.91 (0.24)
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ratesweremeasured 9 times throughout the incubationperiod using
the method described in Fierer et al. (2003). Net CO2 productionwas
calculated by measuring the increase in headspace CO2 concentra-
tions relative to the controls over time. Statistical analyses were
conducted with R, version 2.10.1 (http://www.r-project.org).

In all 5 inorganic N treatments, N-fertilizer additions signifi-
cantly decreased microbial CO2 production (Fig. 1). At the highest N
concentrations (500 mg N�1 g soil�1) average CO2 production over
the course of the incubation period decreased by approximately
60% in aspen soil, 60% in the pine soil and 30% in grassland soil
relative to the control (no added N) (P< 0.01 in all cases as deter-
mined by ANOVA) (Fig. 1). All soils experienced similar rates of
decline in respiration over the 45 d incubation (P> 0.05 in all cases)
(Fig. 2). For the 5 inorganic N-fertilizers, the inhibition of respira-
tion persisted throughout the duration of the incubation. By day 45,
control soils still produced significantly more CO2 than soils
receiving the highest N concentrations (500 mg N�1 g soil�1)
(P< 0.01 in all cases). As determined by multiple linear regression
(MLR), for these five forms of N, respiration was significantly
influenced by concentration of N (P< 0.01) and soil type did not
affect this relationship (P> 0.05). When examining possible indi-
rect effects, only pH had an observable impact on respiration
(P< 0.05), and other likely contributors such as N as NH4

þ or NO3
�
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Fig. 1. Box plots (showing the median, surrounded by a 50% quantile box and 100% quant
percent difference in total respiration, relative to the control, for each N form, concentrat
* Indicate significant difference (P< 0.05) from control (ANOVA, TukeyHSD).
and N counter ion types did not influence respiration (P> 0.05, as
determined by linear regression). Further examination of pH and N
concentration for each soil type shows that two of the three soils
experience inconsistent or insignificant effects of N additions on
soil pH (Table 2), yet all three soils exhibited decreases in microbial
activity. This evidence strongly suggests that pH changes resulting
from the N additions are not responsible for the consistent
decreases in respiration rates observed here.

In contrast to the C-free forms of N, urea addition decreased
respiration in the aspen and pine soils by only 27% and 11%,
respectively, but increased respiration rates by 20% in the grassland
soil, which had the lowest C:N ratio (P< 0.05) (Table 1). While urea
produced substantially more CO2 in the initial days relative to the
control (P< 0.05; ANOVA) (Fig. 2D), by day 17 this effect was
negligible (P> 0.05 in all soils; ANOVA). With the N inhibition of
microbial respiration evident by the end of the incubation in two of
the three soils, these results suggest that the additional C provided
by urea was readily labile and quickly consumed.

All inorganic N forms applied to the soils decreased microbial
respiration rates, with the magnitude of the decrease varying
across the soil types but not across the N forms. Any indirect effects
(e.g. pH) of N additions on respiration were inconsistent between
treatments and therefore cannot explain the consistent decrease in
A
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ile whiskers) of total respiration from control samples (no N added) (left panels), and
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Fig. 2. Panels AeC show average respiration rates (mg C-CO2 h�1 sample�1) in the aspen (A), pine (B) and grassland (C) soils for control and inorganic N treatments
(500 mg N g soil�1). Panel D shows respiration rates (mg C-CO2 h�1 sample�1) for control (�) and urea treatments (þ) (500 mg N g soil�1) for all three soils.

Table 2
Correlation values between pH and N concentrations for each soil and nitrogen type.
*P< 0.05, **P< 0.01, ***P< 0.001, not significant (N.S.). A negative correlation indi-
cates that pH decreased as N concentration increased.

Nitrogen Aspen Pine Grassland

NH4NO3 þ0.64* �0.91*** N.S.
Urea �0.91*** N.S. N.S.
KNO3 þ0.58* �0.82*** �0.61**
NH4Cl þ0.55* �0.87*** N.S.
(NH4)2SO4 N.S. �0.87*** N.S.
Ca(NO3)2 �0.60* �0.84*** N.S.
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respiration across soils and treatments. Instead, direct N addition
and the concentration of that addition provide the best explanation
for the observed decreases in soil respiration. Our study highlights
that comparisons among experiments that add different inorganic
forms of N can be made reliably, and comparisons that include urea
amendments are still appropriate in longer-term studies. While we
demonstrate that a range of fertilizer types have similar impacts on
soil respiration, future work is still needed to identify the mecha-
nism, or set of mechanisms, responsible for the apparent
suppression of microbial respiration.
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