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ABSTRACT

We exploited the natural climate gradient in the
northern hardwood forest at the Hubbard Brook
Experimental Forest (HBEF) to evaluate the effects
of climate variation similar to what is predicted to
occur with global warming over the next 50—
100 years for northeastern North America on soil
carbon (C) and nitrogen (N) cycle processes. Our
objectives were to (1) characterize differences in
soil temperature, moisture and frost associated with
elevation at the HBEF and (2) evaluate variation in
total soil (TSR) and microbial respiration, N min-
eralization, nitrification, denitrification, nitrous
oxide (N,O) flux, and methane (CH,4) uptake along
this gradient. Low elevation sites were consistently
warmer (1.5-2.5°C) and drier than high elevation
sites. Despite higher temperatures, low elevation
plots had less snow and more soil frost than high
elevation plots. Net N mineralization and nitrifica-

tion were slower in warmer, low elevation plots, in
both summer and winter. In summer, this pattern
was driven by lower soil moisture in warmer soils
and in winter the pattern was linked to less snow
and more soil freezing in warmer soils. These data
suggest that N cycling and supply to plants in
northern hardwood ecosystems will be reduced in a
warmer climate due to changes in both winter and
summer conditions. TSR was consistently faster in
the warmer, low elevation plots. N cycling pro-
cesses appeared to be more sensitive to variation in
soil moisture induced by climate variation, whereas
C cycling processes appeared to be more strongly
influenced by temperature.

Key words: carbon dioxide; climate change;
mineralization; nitrification; nitrous oxide; meth-
ane.

INTRODUCTION

Understanding the long-term effects of climate
change on forest ecosystem processes is a great
challenge that requires multiple approaches
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(Carpenter 1998; Parson and others 2003). Short-
term manipulation experiments only provide
information on the immediate effects of often
dramatic changes (Shaver and others 2000), and
whereas modeling studies evaluate long-term ef-
fects, it is difficult to evaluate the validity of model
predictions (Gerten and others 2008; Luo and
others 2008; Canham and others 2003). Compar-
ative studies along natural climate gradients allow
for evaluation of the long-term effects of climate-
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driven variation in temperature and moisture on
ecosystem processes (Whittaker 1967; Smith and
others 2002; Hart 2006; Griffiths and others 2009).
Although gradient approaches suffer from spatial
variation in factors other than climate (McDonnell
and Pickett 1990), they provide opportunities to
evaluate the effects of long-term variation in both
winter and summer climate on intact ecosystems
(Koch and others 1995; Kelly and Goulden 2008).

The Hubbard Brook Experimental Forest (HBEF)
in the White Mountains of New Hampshire, USA is
an excellent location for climate gradient studies.
This long-term ecological research (LTER) site is
located in an approximately 3,000 ha valley that
encompasses significant variation in climate with
relatively little variation in vegetation (northern
hardwood forest, Schwarz and others 2003) and
soils (Spodosols) with elevation. Variation in bio-
geochemical processes within the valley has been
well studied (Johnson and others 2000; Bohlen and
others 2001; Venterea and others 2003; Likens and
Buso 2006), but little work has focused on climate
as a driver of this variation. The variation in tem-
perature within the Hubbard Brook valley (~2.0°C)
is similar to what is predicted to occur with climate
change over the next 50-100 years in northeastern
North America (Hayhoe and others 2006; Campbell
and others 2007).

Two important uncertainties about the long-term
impacts of climate change on temperate forest
processes are the effects of changes in summer soil
moisture and winter snow cover. Summer soil
moisture is a strong driver of plant and microbial
processes that underlie decomposition, nutrient
cycling, and ecosystem C dynamics, and is the
integrated product of variation in temperature,
precipitation, and plant water use (Hanson and
others 2005). Winter climate change has received
increased attention in recent years due to the
realization that significant amounts of nutrient
cycling activity take place during winter in many
ecosystems and that this activity is sensitive to
changes in snow cover, which regulates soil freez-
ing dynamics (Williams and others 1996; Brooks
and others 1999; Groffman and others 200la;
Campbell and others 2005; Henry 2008; Oquist and
Laudon 2008).

Variation in winter climate and summer soil
moisture affect multiple processes; litterfall, min-
eralization, nitrification, denitrification, leaching,
microbial respiration and root respiration, turnover
and exudation either directly by affecting soil
temperature and moisture, or indirectly by influ-
encing plant production and uptake of water and
nutrients (Rastetter and others 2005; Borken and

others 2006). Changes in these processes will reg-
ulate the effects of climate change on ecosystem
services related to primary production, water and
air quality issues related to reactive N (Galloway
and others 2003), C sequestration, and atmospheric
chemistry (Campbell and others 2009).

In the present study, we exploited the natural
climate gradient at the HBEF to evaluate the effects
of climate variation similar to what is predicted to
occur due to global warming over the next 50—
100 years in northeastern North America. Our
objectives were to, (1) characterize differences in
soil temperature, moisture, and frost associated
with elevation at the HBEF and (2) evaluate vari-
ation in soil C and N cycle processes (total soil and
microbial respiration, mineralization, nitrification,
denitrification, N,O flux, and CH, uptake) along
this gradient. The study was designed to comple-
ment ongoing long-term monitoring (Likens and
Bormann 1995), experimental manipulation
(Groffman and others 2001a), and modeling (Chen
and Driscoll 2005) efforts to address the complex
effects of climate change on the northern hard-
wood forest. The study was also designed to be
more detailed than previous landscape-scale bio-
geochemical studies at HBEF that have generally
been broad surveys with little repeated sampling or
analysis of in situ process rates. Here the objective
was to build on these previous surveys as a plat-
form for more detailed measurements of actual
process rates at a smaller number of sites.

METHODS
Study Sites

The HBEF is located in the White Mountain Na-
tional Forest, New Hampshire USA (43°56'N,
71°45’'W). The forest is dominated by northern
hardwoods, with increased importance of red
spruce (Picea rubens Sarg.) and balsam fir (Abies
balsamea L1.) at higher elevations (Schwarz and
others 2003). Soils at HBEF are dominated by
shallow (75-100 cm), acidic (pH 3.9) Spodosols
developed from unsorted basal tills.

Our experimental design consisted of four
10 m x 10 m plots (Table 1), two low elevation
south-facing sites approximately 350 m apart at the
HBEF valley bottom (380 and 480 m), and two
high elevation north-facing sites approximately
100 m apart on Mt. Kineo (755 and 790 m). The
valley bottom and Mt. Kineo plots were approxi-
mately 8 km apart. Each plot was split into three
distinct subplots for repeated sampling. The major
tree species in our plots were Acer saccharum
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Table 1.

Description of Two Low Elevation (Valley) and Two High Elevation (Kineo) Study Sites Located in
the Hubbard Brook Experimental Forest, NH USA

Site Elev Aspect Slope Forest floor Forest floor Forest Dominant tree species’

(m) (%) depth (cm) C:N floor pH
Lower valley 380 105 East 9 5-8 21.8 3.8 BEAL, ACPE, FAGR, PIRU
Upper valley 480 190 South 35 11-19 18.2 3.9 ACSA, FRAM, BEAL, FAGR
West Kineo 755 352 North 12 3-14 19.4 4.0 BEAL, ACSA, FAGR, ACPE, PIRU
East Kineo 790 350 North 20 3-10 18.4 3.9 BEAL, ACSA, PIRU

Beal Betula alleghaniensis Britt., ACPE Acer rubrum L., FAGR Fagus grandifolia Ehrh., PIRU Picea rubens Sarg., ACSA Acer saccharum Marsh., FRAM Fraxinus americana L.

Marsh., Betula alleghaniensis Britt., Picea rubens
Sarg., Fagus grandifolia Ehrh., Fraxinus americana L.,
and Acer rubrum L. (Cleavitt and others 2008,
Table 1).

Soil and air temperatures were measured using a
Campbell Scientific CR 10x data logger with
thermistor probes (one per plot per depth) inserted
horizontally at 10 cm intervals from 0 to 50 cm
depth plus an aboveground probe. The data logger
system recorded temperature readings every min-
ute and stored hourly averages. Unfrozen volu-
metric soil water content was measured with
duplicate Campbell CS615 time domain reflec-
tometry (TDR) probes installed horizontally at two
depths in the Oa and Bh horizons (approximately
0.05 and 0.15 m depth, respectively) that were the
focus of our sampling for C and N cycle process
measurements. These probes have been found to
provide accurate measurements of volumetric wa-
ter content in HBEF soils (Hardy and others 2001).
Snow depths were measured throughout the win-
ter using a metal meter stick at approximately 2-
week intervals at between 10 and 100 randomly
selected locations per plot. Frost depths were
measured approximately weekly in two frost tubes
(Ricard and others 1976; Hardy and others 2001) in
each plot.

In Situ Net N Mineralization
and Nitrification

Net N mineralization and nitrification were mea-
sured using an in situ intact core method (Robert-
son and others 1999). At each sampling date, six,
2 cm diameter x 25 cm depth intact cores were
removed from each plot; two from each of the
sampling subplots. Three of the cores (one from
each subplot) were returned to the laboratory for
extraction (2 N KCI) of inorganic N (ammonium
(NH,") and nitrate (NO57)) and the other three
were returned to the plot for in situ incubation.
During the growing season, cores were incubated
for approximately 4 weeks before removal and

extraction. Cores overwintered from December to
March. Inorganic N was quantified colorimetrically
using a flow injection analyzer. Net N mineraliza-
tion rates were calculated as the accumulation of
total inorganic N over the course of the incubation.
Net nitrification rates were calculated as the accu-
mulation of NO5;~ over the course of the incuba-
tion. Values were converted to an areal basis
(g N m~?) using bulk density values from Bohlen
and others (2001). Plot mean values were used in
statistical analyses to avoid concerns about pseudo-
replication.

Soil:Atmosphere Trace Gas Fluxes

Trace gas fluxes were measured using the in situ
chamber design identical to that described by
Bowden and others (1990, 1991). Chambers (three
per plot) of 287-mm diameter (ID) by 40-mm high
polyvinyl chloride (PVC) were placed on perma-
nently installed PVC base rings immediately prior
to measurement. At 0, 10, 20, and 30 min follow-
ing placement of the chamber on the base, 9-ml gas
samples were collected from gas sampling ports in
the center of the chamber top by syringe. Samples
were transferred to evacuated glass vials and stored
at room temperature prior to analysis by gas chro-
matography (GC). N,O and CO, were analyzed on
a Shimadzu GC-14 GC with electron capture (N,O)
and thermal conductivity (carbon dioxide, CO,)
detectors. CHy was analyzed on a Shimadzu GC-8a
GC with a flame ionization detector. These GC’s
were capable of detecting ambient levels of these
gases. Fluxes were calculated from the linear rate of
change in gas concentration, the chamber internal
volume and soil surface area. Flux rate calculations
were not corrected for actual in situ temperature
and pressure. Single points were removed from
regressions if they were more than 6 times higher
or lower than the other three values or if they
contradicted a clear trend in the other three
points. This procedure prevents inclusion of high
flux rates based on non-significant regressions.



P. M. Groffman and others

Non-significant regressions were used in flux cal-
culations to avoid biasing the statistical distribution
of rates by setting all non-significant regressions to
Zero.

Measurements of Microbial Biomass and
Activity and Ancillary Variables

Three samples (separate forest floor and mineral
soil), distinct from the in situ N mineralization and
nitrification samples described above, were taken
from each plot in June 2002, April and June 2003,
and April and June 2004. Samples were stored at
4°C between sampling and analysis (less than
1 week). Soil samples were hand sorted and mixed
and held at field moisture for all analyses. Soil
moisture content was determined by drying at 60°C
for 48 h (McInnes and others 1994). Soil organic
matter content was determined by loss on ignition
at 450°C for 4 h (Nelson and Sommers 1996).
Amounts of inorganic N (NOs;~ and NH,") in soil
were determined by extraction with 2 M KCI fol-
lowed by colorimetric analysis with a Lachat Flow
Injection Analyzer.

Microbial biomass C and N content was mea-
sured using the chloroform fumigation—-incubation
method (Jenkinson and Powlson 1976). Soils were
fumigated to kill and lyse microbial cells in the
sample. The fumigated sample was inoculated with
fresh soil, and microorganisms from the fresh soil
grew vigorously using the Kkilled cells as substrate.
CO, and NH," released during the incubation were
assumed to be directly proportional to the amount
of C and N in the microbial biomass of the original
sample. CO, was measured by thermal conductiv-
ity gas chromatography and NH," was quantified
colorimetrically after KCl extraction as described
above. A proportionality constant (k. = 0.41) was
used to calculate biomass C from the CO, produced
during the incubation. No proportionality constant
was used for biomass N.

Inorganic N and CO, production were also
measured in unfumigated ‘“control’”” samples. These
incubations provided estimates of rates of microbial
respiration and potential net N mineralization and
nitrification. Production of inorganic N and CO, in
laboratory incubations can also be used as mea-
sures of pools of readily available or microbially
labile N and C. Microbial respiration was quantified
from the amount of CO, evolved over the 10-day
incubation. Potential net N mineralization and
nitrification were quantified from the accumula-
tion of NH,* plus NO;~ and NO;~ alone during the
10-day incubation. Ammonium and NO;~ were
measured as described above.

Potential denitrification (denitrification enzyme
activity, DEA) was measured using the short-term
anaerobic assay developed by Smith and Tiedje
(1979) as described by Groffman and others (1999).
Sieved soils were amended with KNO5~, dextrose,
chloramphenicol (to inhibit synthesis of new en-
zymes), and acetylene, and were incubated under
anaerobic conditions for 90 min. Samples were
made anaerobic by repeated evacuation and
flushing with N, gas. Gas samples were taken at 30
and 90 min, stored in evacuated glass tubes and
analyzed for N,O by electron capture gas chroma-
tography as described above.

Statistical Analysis

Differences between elevations and annual or sea-
sonal means of dependent variables were evaluated
using analysis of variance (ANOVA) with elevation
and/or year as main effects. Site means were used
in all analyses to avoid concerns about pseudo-
replication that could arise if within-plot replicates
were included. Because trace gas fluxes were
measured from the same permanent chamber bases
at each sample date, repeated measures ANOVA
was used to evaluate elevation effects on these
fluxes. Repeated measures ANOVA was also used
for the measurements of microbial biomass and
activity and ancillary variables. Data were tested for
normality using the Shapiro-Wilk statistic. When
non-normal distributions were detected, elevation
effects were evaluated using one-way nonpara-
metric analysis of variance with the Kruskal-Wallis
test. Relationships between variables were explored
with Pearson product moment correlations. The
Statistical Analysis System (SAS 1988) was used for
all analyses.

REsuLTS

The elevation gradient at HBEF produced a clear
climatic contrast with the low elevation sites con-
sistently warmer and drier than the high elevation
sites. Air temperature differences ranged from 1.5
to 2.5°C, with no marked seasonal pattern (Fig-
ure 1). Soil moisture was consistently higher
(P < 0.01) in the high elevation than low eleva-
tion plots in both continuous TDR (Figure 2) and
occasional gravimetric (Table 3) sampling.

We did not measure precipitation at our plots,
but this was measured at numerous other sites
within the HBEF (www.hubbardbrook.org). Pre-
cipitation at the gage nearest our low elevation sites
(raingage #1) was 1309, 1639, and 1329 mm in
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2002, 2003, and 2004, respectively. Precipitation at
the gage nearest our high elevation sites (raingage
#13) was 1326, 1704, and 1365 mm in 2002, 2003,
and 2004, respectively.

Despite higher temperatures, low elevation plots
had deeper (P < 0.001) soil frost for a longer per-
iod than high elevation plots (Figure 3). In winter

2002/2003, high elevation plots had almost no soil
frost (<4 cm) throughout most of the winter and
only one of the low elevation plots had persistent
frost (Figure 3A). Mean soil frost depth was 3.7 cm
at low elevation and 0.6 cm at high elevation in
winter 2002/2003. Frost was deeper (P < 0.001) on
all plots in winter 2003/2004 but was consistently
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Figure 2. Mean monthly
volumetric soil moisture
in the forest floor of two
low elevation and two
high elevation plots from
Fall 2002-Summer 2004.
Datalogger failure
resulted in loss of data at
the high elevation (east)
site from fall 2002
through summer 2003.
Values are monthly
means of hourly values
from four soil moisture
probes; two at 5 cm and
two at 15 cm depth in
each plot (n = ~1400 for
each point). Example
error bars are shown to
illustrate typical
variability.
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deeper (P < 0.001) on the low elevation plots
(Figure 3B). Mean soil frost depth was 9.2 cm at
low elevation and 4.5 cm at high elevation in
winter 2003/2004. Spatial and temporal patterns of
frost mirrored patterns of snow accumulation
which was deeper, earlier on the high elevation
plots and in 2002/2003. On 7 January 2003 (the
year with lower soil frost), there was 77.3 cm of
snow on the high elevation plots and 35.4 cm on
the low elevation plots (P < 0.0011). On 7 Janu-
ary 2004 (the year with more soil frost) there was
48.3 cm of snow at the high elevation plots and
19.8 cm of snow on the low elevation plots (P <
0.0398). Both winters had near average (—4.7°C)
temperatures; —5.8°C in 2002/2003 and —4.5°C in
2003/2004.

Rates of in situ net N mineralization and nitrifi-
cation were faster in summer than in winter (Fig-
ure 4) and in high elevation plots than in low
elevation plots (Table 2, P < 0.0701 for minerali-
zation and P < 0.0246 for nitrification). Net nitri-
fication was particularly slow on the lower valley
low elevation plot. Winter mineralization activity
ranged from 14 to 57% of annual activity in 2002/
2003 and 7 to 23% of annual activity in 2003/2004
and was faster (P < 0.0249) in high elevation
plots. Winter nitrification ranged from 6 to 25% of
annual activity in 2002/2003 and from 0 to 29% of
annual activity in 2003/2004 and was faster
(P < 0.0187) in high elevation plots. Summer
activity was strongly correlated with soil moisture
(Figure 5A, r =0.75, P < 0.0500 for mineraliza-

tion, r=0.96, P < 0.0007 for nitrification). In
winter, sites with more soil freezing had slower
rates of nitrification, but the correlation between
maximum soil frost and winter nitrification was not
significant (Figure 5B, r = —0.48, P < 0.5241 in
2002/2003, r = —0.81, P < 0.1854 in 2003/2004).
Because there were markedly different amounts of
soil frost in the two winters of the study, correla-
tions between soil frost and N cycling activity were
done separately for each year, reducing the power
of the analysis.

In addition to in situ net N mineralization and
nitrification, other indices of N cycling were faster
in the high elevation plots relative to the low ele-
vation plots (Table 3). Potential net N mineraliza-
tion and nitrification, pools of soil NO5~, microbial
biomass N, and potential denitrification rates were
faster (see Table 3 for P values associated with dif-
ferent variables and soil horizons) in high elevation
plots than low elevation plots. Rates of microbial
respiration/pools of labile C were also faster at high
elevation (Table 3).

In contrast to rates of microbial respiration
measured in the laboratory, in situ TSR was faster
(P < 0.0507) in low elevation than high elevation
plots, but the difference was more marked in
summer (May-November, P < 0.0342) than in
winter (December—April, P < 0.1395) when rates
were much lower (Figure 6). Methane uptake was
also faster (P < 0.0441) at low elevation, and
again, the differences were stronger in summer
(P < 0.0347) than in winter (P < 0.1950). There
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Figure 3. Soil frost in
two low elevation and
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summer (0.080 vs. 0.053 g C m 2 h™') and 300%
higher in winter (0.021 vs. 0.007 C m~ > d™'). The
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winter difference was driven by faster rates of total
soil respiration at the beginning (December) and
end (March) of the season when low elevation soils
were snow free and markedly warmer than the
high elevation plots.
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Figure 4. In situ net N
mineralization (A) and
nitrification (B) rates in
two low elevation and
two high elevation plots
from Fall 2002-Fall 2004.
Values are plot means
over forest floor and
mineral soil (# =1 for
each point). Example
error bars (October 2003)
are shown to illustrate
typical within-plot
variability.
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Results from our analysis suggest that climate
change in the northeastern US will produce drier
soils that freeze more frequently and provide less N
to support plant productivity. Soils in these eco-
systems will export more CO,, and consume more
CH,, with implications for their effect on atmo-
spheric chemistry.

The Hubbard Brook Climate Gradient

The elevation gradient at HBEF produces consistent
air temperature differences ranging from 1.5 to
2.5°C, similar to what is projected to occur with
climate change over the next 50-100 years in the
northeastern US (Hayhoe and others 2006). Cli-
mate change is also expected to increase precipi-
tation in the region, but higher temperatures and a
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Table 2. Winter and Annual In Situ Net N Mineralization and Nitrification Rates in Two Low and Two High

Elevation Plots in 2002/2003 and 2003/2004

Site Net N mineralization Net nitrification
Winter Annual % Winter Winter Annual % Winter
(g N m 2 season) (g N m 2 yfl) (g N m 2 season) (g N m 2 yfl)
2002/2003
Low elevation
Lower 2.1 3.7 57 0.01 0.17 6
Upper 1.5 11.1 14 0.79 3.0 26
*% * *% *%
High elevation
East 3.4 10.4 33 1.3 5.2 25
West 2.0 11.3 18 0.89 5.4 16
2003/2004
Low elevation
Lower 0.46 7.1 7 —-0.04 0.51
Upper 1.9 13.0 15 1.1 5.2 21
*% * *% *%
High elevation
East 3.8 19.1 20 2.5 9.8 26
West 4.3 18.7 23 2.8 9.6 29

** *Indicates significant difference between elevations at P < 0.05 and 0.10, respectively, in a two-way analysis of variance with elevation and year as main effects. See text for
specific significance values. There was no interaction between year and elevation. Annual N mineralization was higher (P < 0.0292) in 2003/2004 than in 2002/2003. Winter
(P < 0.0839) and annual (P < 0.0594) nitrification were higher in 2003/2004 than in 2002/2003.

longer growing season are expected to lead to in-
creases in drought (Huntington and others 2009).

Although elevation gradient studies provide
opportunities to study climate change, their use-
fulness depends on a lack of variation in other
factors that influence ecosystem processes. Within
the HBEF, soil and geologic parent material is rel-
atively uniform, with bedrock under our low and
high elevation plots dominated by Devonian and
Silurian schists and granulites (Bailey and Horn-
beck 1992; Barton and others 1997; Likens and
Buso 2006). The most important substrate variation
within the HBEF landscape is depth to bedrock
which is controlled by variation in accumulation of
glacial till or the presence of other glacial features,
for example, our lower valley site may be located
on a kame terrace with a sandier substrate and
deeper depth to bedrock than our other sites (see
discussion below). Our other three sites have sim-
ilar bedrock and soil depth.

Vegetation in the White Mountains between 300
and 800 m elevation (where our plots are located)
is dominated by northern hardwoods of sugar
maple-beech—yellow birch, whereas conifers be-
come more common at higher elevations (Schwarz
and others 2003). Given that rates of N cycle pro-
cesses have been shown to vary strongly with
vegetation at HBEF (Venterea and others 2003) and

in many other locations (Lovett and others 2002),
it was important for us to restrict our climate gra-
dient studies to this elevation band dominated by
northern hardwood vegetation.

We consistently observed higher soil moisture at
the cooler, high elevation sites, suggesting that
climate change will lead to drier soils in these
northern hardwood forest ecosystems. However,
linking the higher soil moisture levels that we ob-
served to climate variation depends on a lack of
variation in precipitation along the elevation gra-
dient. Long-term monitoring shows that there is on
average 40-70 mm more precipitation at high ele-
vation than low elevation rain gages at HBEF
(Bailey and others 2003). Differences between the
high and low elevation rain gages closest to our
sites averaged 38 mm over the 3 years of our study,
or 2.6% of average total precipitation of 1445 mm
during this period, suggesting that differences in
precipitation were not responsible for variation in
soil moisture among our sites.

Other than precipitation, the dominant control-
ler of variation in moisture in HBEF soils is
evapotranspiration (Hornbeck and others 1997).
We suggest that the higher soil moisture that we
observed at high elevation is due to slower rates of
evapotranspiration at the lower temperatures at the
high elevation sites. This conclusion is consistent
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with modeling results produced by Aber and others
(1995) evaluating the effects of increases in tem-
perature on evapotranspiration at HBEF. The cli-
mate change relevance of our results is reduced,
however, by the fact that we cannot account for
predicted increases in atmospheric CO, levels that
have a strong effect on plant water use efficiency.

The Aber and others (1995) modeling study sug-
gested that a doubling of CO, yields a doubling in
water use efficiency and compensates for the effects
of up to a 6°C increase in temperature. Longer term
monitoring will be necessary to determine if cli-
mate change will result in ““drier soils in a warmer
world.”
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Table 3.

Soil Nitrate, Ammonium, Microbial Biomass C and N Content, Denitrification Potential, Microbial

Respiration, Soil Moisture, and Potential Net N Mineralization and Nitrification Rates in Two Low Elevation
and Two High Elevation Plots Sampled in Summer 2002, Spring and Summer 2003, and Spring and Summer

2004

Low elevation High elevation

Lower Upper P value East West
Forest floor
Soil nitrate (mg N kg™") 0.3 (0.3) 0 (2.7) 0.3178 8 (2.1) 7.5 (4.0)
Soil ammonium (mg N kg™ ') 58 (43) 9 (22) 0.6602 0 (14) 65 (40)
Microbial biomass C (mg C kg™") 2,455 (1 3, 008 (1,560) 0.1036 3, 585 (1, 288) 3,485 (1,765)
Microbial biomass N (mg N kg™") 462 (2 311 (169) 0.3503 487 (89 470 (39)
Denitrification potential (ug N kg™' h™1) 608 (8 751 (756) 0.2620 975 (352) 2,028 (2,696)
Microbial respiration (mg C kg™' d™}) 240 (1 130 (68) 0.2782 284 (168) 304 (194)
Soil moisture (%, w/w) 56 (14 9 (8) 0.0198 6 (4) 67 (3)
Potential net N mineralization (mg N kg~* d™') 6.4 (4. 9 (2.9) 0.1556 0 (4.2) 11 (5.7)
Potential net nitrification (mg N kg™' d™%) 0.03 (0. 4 (0.9) 0.1825 4 (1.1) 4.4 (0.8)
Mineral soil
Soil nitrate (mg N kg™ }) 0.1 (0. 1.0 (0.8) 0.0848 2.9 (1.5) 4.7 (2.6)
Soil ammonium (mg N kg™') 4.7 (2. 6.4 (3.2) 0.4109 7.8 (3.6) 5.9 (5.4)
Microbial biomass C (mg C kg™") 730 (439) 912 (213) 03174 1,399 (358) 920 (205)
Microbial biomass N (mg N kg™ ') 108 (3 155 (111) 0.3673 145 (33) 217 (168)
Denitrification potential (ug N kg™' h™") 167 (1 148 (83) 0.0064 403 (185) 371 (268)
Microbial respiration (mg C kg™' d™') 34 (1 33 (13) 0.0004 77 (75) 77 (93)
Soil moisture (%, w/w) 29 (8 35 (10) 0.1259 51 (6) 42 (1)
Potential net N mineralization (mg N kg™' d™") 0.6 (0. 1.3 (0.4) 0.0527 2.2 (1.0) 2.5 (2.9)
Potential net nitrification (mg N kg™' d™') 0.03 (0. 0.6 (0.3) 0.0389 2.0 (0.6) 2.5 (2.5)

Values are mean (standard deviation).

The elevation gradient at HBEF provided marked
variation in snow depth and soil frost. Snowpack at
low elevation developed later, and to less depth
than at high elevation, facilitating the development
and maintenance of soil frost. In 2002/2003, one of
the high elevation plots had no soil frost and the
other had minor and non-persistent frost. In 2003/
2004 there was less snow and frost was observed on
all plots, but it came earlier and was deeper on the
low elevation plots. These results support the idea
that there will be ‘““colder soils in a warmer world”’
(or at least more soil freezing) in winter due to the
loss of insulation provided by a snowpack (Groff-
man and others 2001a). These results are in con-
trast to recent modeling analyses (Henry 2008),
including some at Hubbard Brook (Hong and others
2005), that have suggested that warmer tempera-
tures will result in less soil freezing in many areas.
Ultimately, soil freezing depends on soil tempera-
ture at critical periods when the snowpack is
developing, for example, one outbreak of cold air
before snowpack develops can cause soils to be
frozen for the entire winter. Both winters in our
study had near average temperatures so, although
our results suggest that the likelihood of soil

freezing is increased by later development of a
snowpack under current ‘‘normal” temperature
regimes, longer term monitoring that includes
winters with above average temperatures will be
necessary to determine if soil freezing will be
increasingly common in a warmer world with less
SNOw.

Soil N Cycling in a Warmer World

We consistently observed slower rates of net N
mineralization and nitrification (both in situ and
potential) in warmer, low elevation plots, in both
summer and winter. In summer, this pattern ap-
peared to be strongly driven by differences in soil
moisture (lower soil moisture in warmer soils) and
in winter the pattern was linked to differences in
soil freezing (more soil freezing in warmer soils).
Consistent with these results, levels of soil NO; ™~
and microbial biomass N were also lower in the
warmer, low elevation plots. Denitrification po-
tential, which is often limited by water and NO;~
availability in forest soils (Robertson and Tiedje
1984; Groffman and Tiedje 1989) was higher in the
cooler, wetter, more N rich high elevation soils.
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These data suggest that N cycling and supply to
plants in these northern hardwood ecosystems will
be reduced in a warmer climate due to changes in
both winter (soil freezing) and summer (soil
moisture) conditions. Winter changes in soil
freezing have also been shown to accelerate
hydrologic and (occasionally) gaseous N losses from
these ecosystems (Fitzhugh and others 2001;
Groffman and others 2006; Joseph and Henry
2008; Matzner and Borken 2008), which could
exacerbate decreases in N supply to these ecosys-
tems that are assumed to be N limited (Vitousek
and Howarth 1991; LeBauer and Treseder 2008).

Many studies have shown growing season N
mineralization and nitrification to be highly sensi-
tive to soil moisture and temperature (Gilliam and
others 2001; Knoepp and Swank 2002; Paul and
others 2003). Results from a meta-analysis of
experimental warming experiments at 32 sites
showed that experimental warming in the range
0.3-6.0°C increased net N mineralization rates by
46% (Rustad and others 2001). However, consis-
tent with our results, several recent studies in cool
temperate climates suggest that moisture may be a
more important driver of soil N cycling than tem-
perature during the growing season (Morecroft and
others 1992; Fernandez and others 2000; Bohlen
and others 2001; Christ and others 2002; Bonito
and others 2003; Venterea and others 2003;
Johnson and others 2008; Griffiths and others
2009).

Over time, higher soil moisture conditions could
lead to lowered soil N status due to increases in
gaseous and hydrologic N losses. This does not ap-
pear to be the case at HBEF, where litterfall N also
increases with elevation (Bohlen and others 2001)
suggesting that plants are responding more to en-
hanced N availability than loss processes.

Our conclusion that winter soil N cycling and
availability will be decreased in a warmer world
relies on an increase in soil freezing in a warmer
world with less snow. Winter microbial processes
appear to be controlled by temperature, moisture,
the availability of organic substrates, and the
physiological potential of the microbial community
(Monson and others 2006; Lipson 2007), all of
which are affected by snow depth and soil freezing.
Warmer winter temperatures allow for microbial
production and consumption of N to go on simul-
taneously, and soil freezing reduces this activity
(Grogan and Jonasson 2003; Schimel and Mikan
2005; Miller and others 2007; Kaste and others
2008; Matzner and Borken 2008; Stuanes and
others 2008). In the present study, winter soil
temperature was not a strong predictor of over-

winter activity (data not shown). For example,
overwinter temperatures were higher but over-
winter mineralization was slower in the low ele-
vation upper valley site than in the high elevation
west site in both 2002/2003 and 2003/2004 (Ta-
ble 2). Soil frost was consistently deeper, and
overwinter mineralization and nitrification were
consistently lower on the low elevation sites, sug-
gesting that soil freezing is a stronger controller of
overwinter activity than temperature. The ultimate
effects of winter climate change on soil N cycling
and availability at different sites will depend on the
complex balance between temperature, snow cover
and soil freezing discussed above.

One of our low elevation plots (lower valley) had
slow net N mineralization and particularly slow net
nitrification rates. Although we originally assumed
that soils on this plot were the typical shallow (75—
100 cm to a dense confining layer) Spodosols that
dominate the landscape at HBEF, this plot appears
to be located on a kame terrace with deeper, more
freely draining sandier soils. In addition to having
slow mineralization and nitrification, this plot had
the lowest soil moisture levels. Interestingly,
however, many variables (soil NH4*, microbial
biomass, microbial, and total soil respiration) were
not reduced on this plot relative to the other plots.
If nitrification, which is a critical controller of
hydrologic and gaseous N losses (Vitousek and
others 1982), is particularly susceptible to drier soil
conditions, then any reduction in internal N supply
with climate change may be partially mitigated by
increased competition for N that reduces nitrifica-
tion and N losses. Results from this plot do not
undermine the basic patterns of soil moisture and N
cycling that we observed with elevation and cli-
mate. These patterns are supported by the much
broader sampling (100 plots) done by Venterea and
others (2003) and Bohlen and others (2001) at
HBEF.

Annual rates of N mineralization (3.7-
11.3¢gNm 2y ") and nitrification (from 0.2 to
54 ¢Nm *y ') that we measured in 2002/2003
were similar to those reported for other, similar
forest ecosystems, but the mineralization rates
measured in 2003/2004 (7.1-19.1 gNm ?y ')
are high compared to other studies (Melillo 1977;
Scott and Binkley 1997; Reich and others 1997;
DeVito and others 1999; Ohrui and others 1999;
Campbell and others 2000; Goodale and Aber 2001;
Fisk and others 2002; Ollinger and others 2002;
Joshi and others 2003; Jefts and others 2004; Latty
and others 2004; Ste-Marie and Houle 2006; Zak
and others 2006). It is important to note that our
estimates include both the forest floor and the top
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10 cm of the mineral soil, whereas many studies
include little or no mineral soil activity. The rates
and significant interannual variation reported here
are similar to results for HBEF reported by Groff-
man and others (2001b) using the same methods.

Soil:Atmosphere Interactions
in a Warmer World

Total soil respiration (TSR) was consistently faster
in the warmer, low elevation plots. These results
are consistent with a meta-analysis of experimental
warming experiments that showed that experi-
mental warming in the range 0.3-6.0°C increased
soil respiration rates by 20% (Rustad and others
2001). However, the large increase that we ob-
served (50% during the growing season) is some-
what surprising given recent analyses suggesting
that humid temperate ecosystems like HBEF should
not exhibit marked changes in TSR in response to
changes in soil temperature and moisture of the
magnitude observed in our field plots (Gerten and
others 2008; Luo and others 2008).

The fact that microbial respiration was faster in
the cooler high elevation plots might suggest that
the increase in TSR that we observed was driven by
increases in root respiration. The microbial respi-
ration data were obtained in the laboratory, how-
ever, and therefore immediate temperature
differences were not reflected in these measure-
ments. Rather than suggesting that in situ microbial
respiration was faster in the cooler, high elevation
plots, our laboratory measurements likely reflected
the long-term effects of altered site conditions on
pools of labile C, which have been shown to be
reduced by warmer soil temperatures (Rustad and
others 2001; Melillo and others 2002; Bradford and
others 2008; Garten 2008). Thus, it is likely that
both root and microbial respiration were faster in
the warmer, low elevation plots.

Our results are consistent with modeling analy-
ses for the HBEF (Aber and others 1995) that pre-
dict significant increases in TSR with an increase in
temperature. They are also consistent with labora-
tory studies (Koch and others 2007) showing that C
mineralization is more temperature sensitive than
N mineralization, making it reasonable for us to
observe increases in C mineralization and decreases
in N mineralization in warmer, drier soils. Fahey
and others (2005) observed that TSR was only re-
duced at HBEF under extreme drought conditions
and recovered quickly upon rewetting. It remains
to be seen, however, how much of the increase in
TSR that we observed was due to plant versus
microbial processes. There may be important

interactions between C and N cycle processes
underlying this increase, for example, plants may
be investing more resources belowground to obtain
N in the face of reduced rates of net N minerali-
zation (Finzi and others 2006). Overall increases in
primary production associated with climate change
may also underlie the increase in TSR (Shaver and
others 2000; Piao and others 2008). The Rustad and
others (2001) meta-analysis of warming experi-
ments showed that experimental warming in the
range of 0.3-6.0°C increased plant productivity by
19%. Any effects of warming on productivity will
be complicated by the moisture and winter controls
of N availability discussed above.

Similar to CO,, CH,; uptake was consistently
faster in the warmer, low elevation plots. This up-
take was likely stimulated by the low soil moisture
on the warmer, drier low elevation plots as high
soil moisture inhibits CH, diffusion to the microbes
responsible for this process (Castro and others
1995; Borken and others 2006). Uptake may also
have been inhibited by the relatively high soil N
availability on the cooler, wetter high elevation
plots (Steudler and others 1989; Mosier and others
1991).

It is somewhat surprising that we did not observe
faster N,O fluxes on the cooler, wetter more N rich
high elevation plots as these conditions have been
shown to increase these fluxes (Brumme and oth-
ers 1999). However, these fluxes are notoriously
variable (Parkin 1993) and it is thus difficult to
establish differences with monthly sampling of a
small number of sites.

ACKNOWLEDGMENTS

We thank Lisa Martel for excellent field, laboratory,
and data analysis work. This research was sup-
ported by US National Science Foundation Grants
DEB 98-10221 (Hubbard Brook Long Term Eco-
logical Research) and DEB 00-75387 (Ecosystem
Studies). This research was conducted at the Hub-
bard Brook Experimental Forest, which is operated
by the Northeastern Research Station, USDA Forest
Service, Newtown Square, PA. This paper is a
contribution to the Hubbard Brook Ecosystem
Study.

REFERENCES

Aber JD, Ollinger SV, Federer CA, Reich PB, Goulden ML, Kick-
lighter DW, Melillo JM, Lathrop RG Jr. 1995. Predicting the
effects of climate change on water yield and forest production
in the northeastern United States. Climate Res 5:207-22.

Bailey SW, Hornbeck JW. 1992. Lithologic composition and rock
weathering potential of forested, glacial-till soils. NE Station



Climate and Forest Processes

Research Paper NE-662. Radnor, PA: US Department of
Agriculture, Forest Service, Northeastern Forest Experiment
Station. 7 p.

Bailey AS, Hornbeck JW, Campbell JL, Eagar C. 2003. Hydro-
meteorological database for Hubbard Brook Experimental
Forest: 1955-2000, General Technical Report NE-305. Newton
Square, PA: US Department of Agriculture, Forest Service,
Northeastern Research Station. 36 p.

Barton CC, Camerlo RH, Bailey SW. 1997. Bedrock geologic map
of Hubbard Brook Experimental Forest and maps of fractures
and geology in roadcuts along Interstate-93, Grafton County,
New Hampshire, US Geological Survey, Sheet 1, Scale
1:12,000; Sheet 2, Scale 1:200. Miscellaneous Investigations
Series, Map I-2562.

Bohlen PJ, Groffman PM, Fahey TJ, Driscoll CT, Siccama TG.
2001. Plant-soil-microbial interactions in a northern hard-
wood forest. Ecology 82:965-78.

Bonito GM, Coleman DC, Haines BL, Cabrera ML. 2003. Can
nitrogen budgets explain differences in soil nitrogen miner-
alization rates of forest stands along an elevation gradient? For
Ecol Manage 176:563-74.

Borken W, Davidson EA, Savage K, Sundquist ET, Steudler P.
2006. Effect of summer throughfall exclusion, summer
drought, and winter snow cover on methane fluxes in a
temperate forest soil. Soil Biol Biochem 38:1388-95.

Bowden R, Steudler P, Melillo J, Aber J. 1990. Annual
nitrous oxide fluxes from temperate forest soils in the
northeastern United States. J Geophys Res-Atmos 95(D6):
13997-4005.

Bowden R, Melillo J, Steudler P, Aber J. 1991. Effects of nitrogen
additions on annual nitrous oxide fluxes from temperate
forest soils in the northeastern United States. J Geophys Res-
Atmos 96(D5):9321-8.

Bradford MA, Davies CA, Frey SD, Maddox TR, Melillo JM,
Mohan JE, Reynolds JF, Treseder KK, Wallenstein MD. 2008.
Thermal adaptation of soil microbial respiration to elevated
temperature. Ecol Lett 11:1316-27.

Brooks PD, Campbell DH, Tonnessen KA, Heuer K. 1999. Nat-
ural variability in N export from headwater catchments: Snow
cover controls on ecosystem N retention. Hydrol Process 14—
15:2191-201.

Brumme R, Borken W, Finke S. 1999. Hierarchical control on
nitrous oxide emission in forest ecosystems. Global Biogeo-
chem Cy 13:1137-48.

Campbell JL, Eagar C, McDowell WH, Hornbeck JW. 2000.
Analysis of nitrogen dynamics in the Lye Brook wilderness
area, Vermont, USA. Water Air Soil Pollut 122:63-75.

Campbell JL, Mitchell MJ, Groffman PM, Christenson LM. 2005.
Winter in northeastern North America: an often overlooked
but critical period for ecological processes. Front Ecol Environ
3:314-22.

Campbell JL, Driscoll CT, Eagar C, Likens GE, Siccama TG,
Johnson CE, Fahey TJ, Hamburg SP, Holmes RT, Bailey AS,
Buso DC. 2007. Long-term trends from ecosystem research at
the Hubbard Brook Experimental Forest, General Technical
Report NRS-17. Newtown Square, PA: US Department of
Agriculture, Forest Service, Northern Research Station.

Campbell JL, Rustad LE, Boyer EW, Christopher SF, Driscoll CT,
Fernandez 1J, Groffman PM, Houle D, Kiekbusch J, Magill AH,
Mitchell MJ, Ollinger SE. 2009. Consequences of climate
change for biogeochemical cycling in forests of northeastern
North America. Can J Forest Res 39:264-84.

Canham CD, Cole JJ, Lauenroth WK, Eds. 2003. Models in
ecosystem science. Princeton, NJ: Princeton University Press.

Carpenter SR. 1998. The need for large-scale experiments to
assess and predict the response of ecosystems to perturbation.
In: Pace ML, Groffman PM, Eds. Successes, limitations and
frontiers in ecosystem science. New York, NY: Springer-Ver-
lag. pp 287-312.

Castro MS, Steudler PA, Melillo JM, Aber JD, Bowden RD. 1995.
Factors controlling atmospheric methane consumption by
temperate forest soils. Global Biogeochem Cy 9:1-10.

Chen L, Driscoll CT. 2005. Regional application of an integrated
biogeochemical model to northern New England and Maine.
Ecol Appl 15:1783-97.

Christ MJ, Peterjohn WT, Cumming JR, Adams MB. 2002.
Nitrification potentials and landscape, soil and vegetation
characteristics in two Central Appalachian watersheds differ-
ing in NO5;~ export. For Ecol Manage 159:145-58.

Cleavitt NL, Fahey TJ, Groffman PM, Hardy JP, Henry KS,
Driscoll CT. 2008. Effects of soil freezing on fine roots in a
northern hardwood forest. Can J For Res 38:82-91.

DeVito KJ, Westbrook CJ, Schiff SL. 1999. Nitrogen minerali-
zation and nitrification in upland and peatland forest soils in
two Canadian Shield catchments. Can J For Res 29:1793-804.

Fahey TJ, Tierney GL, Fitzhugh RD, Wilson GF, Siccama TG.
2005. Soil respiration and soil carbon balance in a northern
hardwood forest ecosystem. Can J For Res 35:244-53.

Fernandez 1J, Simmons JA, Briggs RD. 2000. Indices of forest
floor nitrogen status along a climate gradient in Maine, USA.
For Ecol Manage 134:177-87.

Finzi AC, Moore DJP, DeLucia EH, Lichter J, Hofmockel K,
Jackson RB, Kim HS, Matamala R, McCarthy HR, Oren R,
Pippen JS, Schlesinger WH. 2006. Progressive nitrogen limi-
tation of ecosystem processes under elevated CO, in a warm-
temperate forest. Ecology 87:15-25.

Fisk MC, Zak DR, Crow TR. 2002. Nitrogen storage and cycling
in old- and second-growth northern hardwood forests. Ecol-
ogy 83:73-87.

Fitzhugh RD, Driscoll CT, Groffman PM, Tierney GL, Fahey TJ,
Hardy JP. 2001. Effects of soil freezing disturbance on soil
solution nitrogen, phosphorus, and carbon chemistry in a
northern hardwood ecosystem. Biogeochemistry 56:215-38.

Galloway JN, Aber JD, Erisman JW, Seitzinger SP, Howarth RW,
Cowling EB, Cosby BJ. 2003. The nitrogen cascade. Bioscience
53:341-56.

Garten CT. 2008. Changes in carbon following forest soil trans-
plants along an altitudinal gradient. Commun Soil Sci Plant
Anal 39:2883-93.

Gerten D, Luo Y, Le Maire G, Parton WJ, Keough C, Weng E, Beier
C, Ciais P, Cramer W, Dukes JS, Hanson PJ, Knapp AAK, Linder
S, Nepstad D, Rustad L, Sowerby A. 2008. Modelled effects of
precipitation on ecosystem carbon and water dynamics in dif-
ferent climatic zones. Glob Change Biol 14:2365-79.

Gilliam FS, Yurish BM, Adams MB. 2001. Temporal and spatial
variation of nitrogen transformations in nitrogen-saturated
soils of a central Appalachian hardwood forest. Can J For Res
31:1768-75.

Goodale CL, Aber JD. 2001. The long-term effects of land-use
history on nitrogen cycling in northern hardwood forests. Ecol
Appl 11:253-67.

Griffiths RP, Madritch MD, Swanson AK. 2009. The effects of
topography on forest soil characteristics in the Oregon Cas-



P. M. Groffman and others

cade Mountains (USA): implications for the effects of climate
change on soil properties. For Ecol Manage 257:1-7.

Groffman PM, Tiedje JM. 1989. Denitrification in north tem-
perate forest soils: relationships between denitrification and
environmental factors at the landscape scale. Soil Biol Bio-
chem 21:621-6.

Groffman PM, Holland E, Myrold DD, Robertson GP, Zou X.
1999. Denitrification. In: Robertson GP, Bledsoe CS, Coleman
DC, Sollins P, Eds. Standard soil methods for long term eco-
logical research. New York, NY: Oxford University Press. pp
272-88.

Groffman PM, Driscoll CT, Fahey TJ, Hardy JP, Fitzhugh RD,
Tierney GL. 2001a. Colder soils in a warmer world: a snow
manipulation study in a northern hardwood forest ecosystem.
Biogeochemistry 56:135-50.

Groffman PM, Driscoll CT, Fahey TJ, Hardy JP, Fitzhugh RD,
Tierney GL. 2001b. Effects of mild winter freezing on soil
nitrogen and carbon dynamics in a northern hardwood forest.
Biogeochemistry 56:191-213.

Groffman PM, Hardy JP, Driscoll CT, Fahey TJ. 2006. Snow
depth, soil freezing, and fluxes of carbon dioxide, nitrous
oxide and methane in a northern hardwood forest. Glob
Change Biol 12:1748-60.

Grogan P, Jonasson S. 2003. Controls on annual nitrogen cycling
in the understory of a subarctic birch forest. Ecology 84:202—
18.

Hanson PJ, Wullschleger SD, Norby RJ, Tschaplinski TJ, Gun-
derson CA. 2005. Importance of changing CO,, temperature,
precipitation, and ozone on carbon and water cycles of an
upland-oak forest: incorporating experimental results into
model simulations. Glob Change Biol 11:1402-23.

Hardy JP, Groffman PM, Fitzhugh RD, Henry KS, Welman TA,
Demers JD, Fahey TJ, Driscoll CT, Tierney GL, Nolan S. 2001.
Snow depth, soil frost and water dynamics in a northern
hardwood forest. Biogeochemistry 56:151-74.

Hart SC. 2006. Potential impacts of climate change on nitrogen
transformations and greenhouse gas fluxes in forests: a soil
transfer study. Glob Change Biol 12:1032-46.

Hayhoe K, Wake CP, Huntington TG, Luo LF, Schwartz MD,
Sheffield J, Wood E, Anderson B, Bradbury J, DeGaetano A,
Troy TJ, Wolfe D. 2006. Past and future changes in climate
and hydrological indicators in the US Northeast. Clim Dynam
28:381-407. doi:10.1007/s00382-006-0187-8.

Henry HAL. 2008. Climate change and soil freezing dynamics:
Historical trends and projected changes. Climatic Change
87:421-34.

Hong B, Swaney DP, Woodbury PB, Weinstein DA. 2005. Long-
term nitrate export pattern from Hubbard Brook Watershed 6
driven by climatic variation. Water Air Soil Pollut 160:293-326.

Hornbeck JW, Martin CW, Eagar C. 1997. Summary of water
yield experiments at Hubbard Brook Experimental Forest,
New Hampshire. Can J For Res 27:2043-52.

Huntington TG, Richardson AD, McGuire KJ, Hayhoe K. 2009.
Climate and hydrological changes in the northeastern United
States: recent trends and implications for forested and aquatic
ecosystems. Can J For Res 39:199-212.

Jefts S, Fernandez IJ, Rustad LE, Dail DB. 2004. Decadal re-
sponses in soil N dynamics at the Bear Brook Watershed in
Maine, USA. For Ecol Manage 189:189-205.

Jenkinson DS, Powlson DS. 1976. The effects of biocidal treat-
ments on metabolism in soil V. A method for measuring soil
biomass. Soil Biol Biochem 8:209-13.

Johnson CE, Driscoll CT, Siccama TG, Likens GE. 2000. Element
fluxes and landscape position in a northern hardwood forest
watershed-ecosystem. Ecosystems 3:159-84.

Johnson DW, Todd DE, Hanson PJ. 2008. Effects of throughfall
manipulation on soil nutrient status: results of 12 years of
sustained wet and dry treatments. Glob Change Biol 7:1661-75.

Joseph G, Henry HL. 2008. Soil nitrogen leaching losses in re-
sponse to freeze—thaw cycles and pulsed warming in a tem-
perate old field. Soil Biol Biochem 40:1947-53.

Joshi AB, Vann DR, Johnson AH, Miller EK. 2003. Nitrogen
availability and forest productivity along a climosequence on
Whiteface Mountain, New York. Can J For Res 33:1880-91.

Kaste O, Austnes K, Semb Vestgarden L, Wright RF. 2008.
Manipulation of snow in small headwater catchments at
Storgama, Norway: effects on leaching of inorganic nitrogen.
Ambio 37:29-37.

Kelly AE, Goulden ML. 2008. Rapid shifts in plant distribution
with recent climate change. Proc Natl Acad Sci USA
105:11823-6.

Knoepp JD, Swank WT. 2002. Using soil temperature and
moisture to predict forest soil nitrogen mineralization. Biol
Fertil Soils 36:177-82.

Koch GW, Vitousek PM, Steffen WL, Walker BH. 1995. Terres-
trial transects for global change research. Plant Ecol 121:53-75.

Koch O, Tscherko D, Kandeler E. 2007. Temperature sensitivity
of microbial respiration, nitrogen mineralization, and poten-
tial soil enzyme activities in organic alpine soils. Global Bio-
geochem Cy 21:GB4017. doi:10.1029/2007GB002983.

Latty EF, Canham CD, Marks PL. 2004. The effects of land-use
history on soil properties and nutrient dynamics in northern
hardwood forests of the Adirondack Mountains. Ecosystems
7:193-207.

LeBauer DS, Treseder KK. 2008. Nitrogen limitation of net pri-
mary productivity in terrestrial ecosystems is globally distrib-
uted. Ecology 89:371-9.

Likens GE, Bormann FH. 1995. Biogeochemistry of a forested
ecosystem, 2nd edn. New York, NY: Springer-Verlag Inc.

Likens GE, Buso DC. 2006. Variation in streamwater chemistry
throughout the Hubbard Brook Valley. Biogeochemistry 78:1-30.

Lipson DA. 2007. Relationships between temperature responses
and bacterial community structure along seasonal and altitu-
dinal gradients. FEMS Microbiol Ecol 59:418-27.

Lovett G, Weathers K, Arthur M. 2002. Control of N loss from
forested watersheds by soil C:N ratio and tree species com-
position. Ecosystems 5:712-18.

Luo Y, Gerten D, Le Maire G, Parton WJ, Weng E, Zhou XH,
Keough C, Beier C, Ciais P, Cramer W, Dukes JS, Emmett B,
Hanson PJ, Knapp A, Linder S, Nepstad D, Rustad L. 2008.
Modeled interactive effects of precipitation, temperature, and
CO, on ecosystem carbon and water dynamics in different
climatic zones. Glob Change Biol 14:1986-99.

Matzner E, Borken W. 2008. Do freeze-thaw events enhance C
and N losses from soils of different ecosystems? A review. Eur
J Soil Sci 59:274-84.

McDonnell MJ, Pickett STA. 1990. Ecosystem structure and
function along urban-rural gradients: an unexploited oppor-
tunity for ecology. Ecology 71:1232-7.

McInnes KJ, Weaver RW, Savage MJ. 1994. Soil water potential.
In: Weaver RW, Ed. Methods of soil analysis, part 2—micro-
biological and biochemical properties. Madison, WI: Soil Sci-
ence Society of America. pp 53-8.


http://dx.doi.org/10.1007/s00382-006-0187-8
http://dx.doi.org/10.1029/2007GB002983

Climate and Forest Processes

Melillo JM. 1977. Mineralization of nitrogen in northern hard-
wood forest ecosystems, PhD dissertation. Yale University,
New Haven, CT.

Melillo JM, Steudler PA, Aber JD, Newkirk K, Lux H, Bowles FP,
Catricala C, Magill A, Ahrens T, Morrisseau S. 2002. Soil
warming and carbon-cycle feedbacks to the climate system.
Science 298:2173-6.

Miller AE, Schimel JP, Sickman JO, Meixner T, Doyle AP,
Melack JM. 2007. Mineralization responses at near-zero
temperatures in three alpine soils. Biogeochemistry 84:
233-45.

Monson RK, Lipson DA, Burns SP, Turnipseed AA, Delany AC,
Williams MW, Schmidt SK. 2006. Winter forest soil respira-
tion controlled by winter climate variation and microbial
community composition. Nature 439:711-14.

Morecroft MD, Marrs RH, Woodward FI. 1992. Altitudinal and
seasonal trends in soil nitrogen mineralization rate in the
Scottish Highlands. J Ecol 80:49-56.

Mosier A, Schimel D, Valentine D, Bronson K, Parton W. 1991.
Methane and nitrous-oxide fluxes in native, fertilized and
cultivated grasslands. Nature 350:330-2.

Nelson DW, Sommers LE. 1996. Total carbon, organic carbon,
and organic matter. In: Sparks DL, Ed. Methods of soil anal-
ysis, part 3—chemical methods. Madison, WI: Soil Science
Society of America. pp 961-1010.

Ohrui K, Mitchell MJ, Bischoff JM. 1999. Effect of landscape
position on N mineralization and nitrification in a forested
watershed in the Adirondack mountains of New York. Can J
For Res 29:497-508.

Ollinger SV, Smith ML, Martin ME, Hallett RA, Goodale CL,
Aber JD. 2002. Regional variation in foliar chemistry and N
cycling among forests of diverse history and composition.
Ecology 83:339-55.

Oquist MG, Laudon H. 2008. Winter soil frost conditions in
boreal forests control growing season soil CO, concentration
and its atmospheric exchange. Glob Change Biol 14:
2839-47.

Parkin TB. 1993. Spatial variability of microbial process in soil—a
review. J Environ Qual 22:409-17.

Parson EA, Corell RW, Barron EJ, Burkett V, Janetos A, Joyce L,
Karl TR, MacCracken MC, Melillo J, Morgan MG, Schimel DS,
Wilbanks T. 2003. Understanding climatic impacts, vulnera-
bilities, and adaptation in the United States: building a
capacity for assessment. Clim Change 57:9-42.

Paul KI, Polglase PJ, O’Connell AM, Carlyle JC, Smethurst PJ,
Khanna PK. 2003. Defining the relation between soil water
content and net nitrogen mineralization. Eur J Soil Sci 54:39—
47.

Piao SL, Ciais P, Friedlingstein P, Peylin P, Reichstein M, Lu-
yssaert S, Margolis H, Fang JY, Barr A, Chen AP, Grelle A,
Hollinger DY, Laurila T, Lindroth A, Richardson AD, Vesala T.
2008. Net carbon dioxide losses of northern ecosystems in
response to autumn warming. Nature 451:49-53.

Rastetter EB, Perakis SS, Shaver GR, Agren GI. 2005. Terrestrial
C sequestration at elevated-CO, and temperature: the role of
dissolved organic N loss. Ecol Appl 15:71-86.

Reich PB, Grigal DF, Aber JD, Gower ST. 1997. Nitrogen min-
eralization and productivity in 50 hardwood and conifer
stands on diverse soils. Ecology 78:335-47.

Ricard JA, Tobiasson W, Greatorex A. 1976. The field-assem-
bled frost gage, technical note. Hanover, NH: USA CRREL,
7 pp.

Robertson GP, Tiedje JM. 1984. Denitrification and nitrous oxide
production in old growth and successional Michigan forests.
Soil Sci Soc Am J 48:383-9.

Robertson GP, Wedin D, Groffman PM, Blair JM, Holland EA,
Nadelhoffer KJ, Harris D. 1999. Soil carbon and nitrogen
availability: nitrogen mineralization, nitrification and carbon
turnover. In: Robertson GP, Bledsoe CS, Coleman DC, Sollins
P, Eds. Standard soil methods for long term ecological re-
search. New York, NY: Oxford University Press. pp 258-71.

Rustad L, Campbell J, Marion G, Norby R, Mitchell M, Hartley A,
Cornelissen J, Gurevitch J, GCTE-NEWS. 2001. A meta-
analysis of the response of soil respiration, net nitrogen min-
eralization, and aboveground plant growth to experimental
ecosystem warming. Oecologia 126:543-62.

SAS. 1988. SAS/STAT user’s guide, Release 6.03. Cary, NC: SAS
Institute.

Schimel JP, Mikan C. 2005. Changing microbial substrate use in
Arctic tundra soils though a freeze-thaw cycle. Soil Biol Bio-
chem 37:1411-18.

Schwarz PA, Fahey TJ, McCulloch CE. 2003. Factors controlling
spatial variation of tree species abundance in a forested
landscape. Ecology 84:1862-78.

Scott NA, Binkley D. 1997. Foliage litter quality and annual net
N mineralization: comparison across North American forest
sites. Oecologia 11:151-9.

Shaver GR, Canadell J, Chapin FSIII, Gurevitch J, Harte J, Henry
G, Ineson P, Jonasson S, Melillo J, Pitelka L, Rustad L. 2000.
Global warming and terrestrial ecosystems: a conceptual
framework for analysis. BioScience 50:871-82.

Smith MS, Tiedje JM. 1979. Phases of denitrification following
oxygen depletion in soil. Soil Biol Biochem 11:262-7.

Smith JL, Halvorson JJ, Bolton H. 2002. Soil properties and
microbial activity across a 500 m elevation gradient in a semi-
arid environment. Soil Biol Biochem 34:1749-57.

Ste-Marie C, Houle D. 2006. Forest floor gross and net nitrogen
mineralization in three forest types in Quebec, Canada. Soil
Biol Biochem 38:2135-43.

Steudler PA, Bowden RD, Melillo JM, Aber JD. 1989. Influence
of nitrogen-fertilization on methane uptake in temperate
forest soils. Nature 341:314-16.

Stuanes AO, de Wit HA, Hole LR, Kaste @, Mulder J, Riise G,
Wright RF. 2008. Effect of climate change on flux of N and C:
air-land-freshwater-marine links: synthesis. Ambio 37:2-8.

Venterea RT, Lovett GM, Groffman PM, Schwarz PA. 2003.
Landscape patterns of net nitrification in a northern hard-
wood-conifer forest. Soil Sci Soc Am J 67:527-39.

Vitousek PM, Howarth RW. 1991. Nitrogen limitation on land
and in the sea: how can it occur? Biogeochemistry 13:87-115.

Vitousek PM, Gosz JR, Grier CC, Melillo JM, Reiners WA, Todd
RL. 1982. A comparative analysis of potential nitrification and
nitrate mobility in forest ecosystems. Ecol Monogr 52:155-77.

Whittaker RH. 1967. Gradient analysis of vegetation. Bot Rev
49:207-64.

Williams MW, Brooks PD, Mosier A, Tonnessen KA. 1996.
Mineral nitrogen transformations in and under seasonal snow
in a high-elevation catchment in the Rocky Mountains, Uni-
ted States. Water Resour Res 32:3161-71.

Zak DR, Holmes WE, Tomlinson MJ, Pregitzer KS, Burton AlJ.
2006. Microbial cycling of C and N in northern hardwood
forests receiving chronic atmospheric NO5;~ deposition. Eco-
systems 9:242-53.



	Outline placeholder
	Abstract
	Introduction
	Methods
	Study Sites
	Soil:Atmosphere Trace Gas Fluxes


	Tab1
	Results
	The Hubbard Brook Climate Gradient


	Tab2
	Outline placeholder
	Soil N Cycling in a Warmer World


	Tab3
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


