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Abstract

Understanding the responses of terrestrial ecosystems to global change remains a major challenge of ecological

research. We exploited a natural elevation gradient in a northern hardwood forest to determine how reductions in

snow accumulation, expected with climate change, directly affect dynamics of soil winter frost, and indirectly soil

microbial biomass and activity during the growing season. Soils from lower elevation plots, which accumulated less

snow and experienced more soil temperature variability during the winter (and likely more freeze/thaw events), had

less extractable inorganic nitrogen (N), lower rates of microbial N production via potential net N mineralization and

nitrification, and higher potential microbial respiration during the growing season. Potential nitrate production rates

during the growing season were particularly sensitive to changes in winter snow pack accumulation and winter soil

temperature variability, especially in spring. Effects of elevation and winter conditions on N transformation rates dif-

fered from those on potential microbial respiration, suggesting that N-related processes might respond differently to

winter climate change in northern hardwood forests than C-related processes.
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Introduction

Global climate is anticipated to become significantly

warmer over the next decades (Intergovernmental

Panel on Climate Change, 2013). In northeastern North

America air temperatures are projected to increase by

2.1–5.3 °C by 2100, depending on the model used and

its formulations (Hayhoe et al., 2008). Many studies in

diverse ecosystems throughout the world have demon-

strated that changing climate can substantially alter C

and N cycles and budgets (Beier et al., 2008; Pendall

et al., 2008; Luo et al., 2011). Understanding the

responses of terrestrial ecosystems to global change

remains a major challenge of current ecological

research (Sternberg et al., 2011). Temperate forest

biomes contain approximately 10% of global soil carbon

(C) stocks, and most terrestrial C sequestration at mid-

latitudes in the Northern Hemisphere occurs in sea-

sonal montane forest ecosystems (Monson et al., 2006;

Rasmussen et al., 2006). There is, therefore, a need to

assess how climate change will influence ecosystem

processes in these systems to improve projections of

ecological responses to different climate change scenar-

ios (Tilman & Downing, 1994; Dur�an et al., 2013).

Most climate change studies have focused on effects

during the growing season. However, in many north-

ern temperate and boreal ecosystems, changes in tem-

perature and precipitation have been and will continue

to be more pronounced during winter than during

summer (Hayhoe et al., 2007; Intergovernmental Panel

on Climate Change, 2013). This understanding has

increased interest in winter climate change and its
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effects (Campbell et al., 2005; Groffman et al., 2011;

Dur�an et al., 2013). Warmer winter temperatures can

reduce the depth and duration of snow pack and

increase soil freezing which, in turn, can affect micro-

bial, soil, plant, and other ecosystem processes (Brooks

et al., 2011; Blankinship & Hart, 2012), not only during

the winter, but also for the following growing season

(Dur�an et al., 2013). However, the complex nature of

snow pack/soil freezing, the dynamics of soils, and the

varied responses of ecosystem processes and organisms

to climatic changes and stresses have challenged our

ability to project how winter climate change will influ-

ence nutrient cycles (Walther et al., 2002; Henry, 2008).

Insight into the effects of winter climate change on for-

est ecosystem processes has been gained by using multi-

ple experimental approaches. Our study exploited a

natural elevation gradient in a northern hardwood forest

at the Hubbard Brook Experimental Forest (HBEF) in

New Hampshire, United States, which encompasses rel-

atively uniform soil and forest vegetation and produces

a difference in mean annual temperature (~2 °C) that is
very similar to what is projected to occur with global

warming over the next 50–100 years at the HBEF (Hay-

hoe et al., 2007). This gradient enabled us to evaluate,

under natural conditions, how variable amounts of snow

accumulation directly affect soil winter frost dynamics

and indirectly affect soil microbial biomass and activity

during the growing season in northern hardwood for-

ests. Climate change has been marked at the HBEF, with

annual average annual air temperature increasing by

0.17–0.29 °C per decade over the past 50 years. Warm-

ing has been more noticeable in winter than in summer

(Campbell et al., 2007; Hamburg et al., 2013) which has

led to significant reductions in maximum annual snow

pack depth and the number of days with snow cover

(Campbell et al., 2010). Our study builds on previous

analyses of relationships between snowdepth, soil freez-

ing, and N and C cycling at the HBEF based on experi-

mental snow pack manipulations. These studies have

found microbial biomass and activity to be surprisingly

unresponsive to winter climate change (Groffman et al.,

2001, 2010), with the observed changes in forest ecosys-

tem N and C cycling apparently driven by overwinter

root damage associated with soil freezing (Fitzhugh

et al., 2001; Tierney et al., 2001; Cleavitt et al., 2008; Com-

erford et al., 2013; Campbell et al., 2014). Our current

study explored relationships among snow, frost, and

microbial biomass and activity in more detail, using a

more natural experimental design (natural climate gra-

dient rather than snow manipulation), more intensive

temporal and spatial sampling, and new analytical

approaches. We hypothesized that a shallower snow

pack would be associated with greater soil freezing, and

that these changes would affect C and N processing

during the following growing season. Since soil micro-

bial populations and roots affected by soil freezing are

likely to recover after this disturbance during the grow-

ing season, we also hypothesized that the influence of

winter climate change would be most apparent at the

beginning of the growing season and diminish later in

the growing season.

Materials and methods

This study was conducted at the HBEF [43°560N, 71°450W; New

Hampshire (United States)]. The climate is cool, humid, and

continental with average monthly air temperatures ranging

from �9 to 18 °C. Average annual precipitation is 1400 mm.

The snow pack usually persists from late December until mid-

April, with maximum depths in March. Soils are largely Spod-

osols developed from unsorted basal tills (75–100 cm deep,

pH~4.0; Soil Survey Staff, 2006) with a 6.5 cm thick organic sur-

face layer, overlying mineral soil (Bohlen et al., 2001).

In October 2010, we selected 20 independent (separated by

>300 m) 10 m diameter plots along an elevation gradient that

spanned 375–775 m asl. This gradient encompasses a range in

mean annual air temperature of ~2.5 °C that is similar to the

change projected to occur with climate change over the next

50–100 years in northeastern North America (Hayhoe et al.,

2007). There was relatively little variation in soil types with

all plots being located on well to moderately well-drained

soils dominated by Typic Haplorthods). The vegetation in the

plots was characteristic of northern hardwood forests and

was dominated by sugar maple (Acer saccharum) along the

gradient (Schwarz et al., 2003). In each plot, we continuously

measured soil temperature and volumetric water content

(WC) at 5 cm depth with Decagon 5TM� combination probes

coupled to Decagon EM50� dataloggers. When examining

relationships between soil moisture and temperature with

microbial variables, we used average values for the 30 days

prior to the soil sampling dates. At three sampling points per

plot we used a Federal snow sampling tube (Rickly Hydro-

logical Company, Columbus, OH, United States) to measure

snow depth and snow water content (water equivalent)

biweekly, and installed one frost tube per plot to measure soil

frost depth biweekly throughout the winters of 2010/2011

and 2011/2012 (Hardy et al., 2001). We integrated continuous

measurements of snow depth, soil frost depth, and snow

water content by plotting those variables (y axis) vs. time (x

axis) and then using a trapezoidal approach to calculate the

area beneath the curves. Integration of time series observa-

tions is a useful approach to examine the cumulative effects

of environmental drivers on ecosystem processes or phenom-

ena (Fekedulegn et al., 2007; Morse et al., 2012). This calcula-

tion produced seasonally integrated, unitless indices of

winter climate conditions, hereafter referred as to ‘snow’,

‘frost’, and ‘snow water’. As a measure of winter soil temper-

ature variability, and as an indicator of the likely occurrence

of freeze/thaw events, we calculated the SDL coefficient of

variation [standard deviation of log-transformed observa-

tions; (McArdle & Gaston, 1995)] of daily soil winter tempera-

tures (hereafter referred as to ‘wstv’).

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 3568–3577

WINTER CLIMATE CHANGE EFFECT ON GROWING-SEASON 3569



Ten cylindrical (5 cm diameter) soil samples were taken

from each plot in May in 2011 and 2012 (‘Spring 2011’ and

‘Spring 2012’, respectively), and in August of 2011 and 2012

(‘Summer 2011’ and ‘Summer 2012’, respectively). Only the

OiOe horizon was collected. Samples were hand-sorted to

remove roots and rocks, homogenized, and held at field mois-

ture for all analyses. All soil samples were stored at 4 °C after

sampling until analysis (less than 1 week). Gravimetric water

content was determined by drying at 60 °C for 48 h (McInnes

& Weaver, 1994). Soil organic matter content (OM) was deter-

mined by loss on ignition at 450 °C for 4 h (Nelson & Sum-

mers, 1996). We measured soil total inorganic N content (TIN),

potential microbial respiration (PMR), N mineralization (PM),

and nitrification (PN) rates, and soil microbial biomass N (as a

proxy of microbial biomass; MB) using the chloroform fumiga-

tion-incubation method (Jenkinson & Powlson, 1976) as

described by (Dur�an et al., 2013). Soils were fumigated to lyse

microbial cells and then inoculated with fresh soil. The soils

were then incubated for 10 days and the NH4
+ released dur-

ing this incubation is assumed to be directly proportional to

the amount of N in the microbial biomass of the original sam-

ple. NH4
+ was quantified colorimetrically after KCl extraction

using a flow injection analyzer (Lachat Quikchem 8100). No

proportionality constant was used to calculate biomass N from

the NH4
+ produced during the incubation. Inorganic N and

CO2 production were also measured in parallel incubations of

unfumigated soil to provide estimates of microbial respiration,

potential net N mineralization rates, potential net nitrification

rates, and pools of readily available (labile) N and C. Micro-

bial respiration was quantified from the amount of CO2

evolved over the 10-day incubation for non-fumigated sam-

ples. Potential N mineralization (PM) was calculated as the

accumulation of total inorganic N (NO3
� + NH4

+; TIN) over

the period of the incubation. Potential net nitrification (PN)

was calculated as the accumulation of NO3
� over the course

of the incubation. Inorganic N was quantified by extracting

soil samples with 2 M KCl and analyzing them colorimetrically

as described above.

Relationships between individual variables were explored

with Pearson product moment correlations and univariate lin-

ear regression (OLS) analyses. To evaluate the effect of the

variation in winter climate on spring (May) and summer

(August) PM, PN, and PMR rates, we used a multimodel

inference approach based on information theory and OLS

regression to evaluate the relative importance of these vari-

ables in different seasons (Burnham & Anderson, 2002). To

reduce the complexity of the analysis, we extracted the only

meaningful component (i.e. with eigenvalue >1) from a princi-

pal-components analysis of three highly correlated variables:

‘snow’, ‘snow water’, and ‘swtv’. This new variable (‘winter’)

was used as an integrative indicator of winter conditions. We

conducted three different analyses for each sampling (‘Spring

2011’, ‘Spring 2012’, ‘Summer 2011’, and ‘Summer 2012’) using

PM, PN and PMR as response variables, and ‘winter’ along

with other potential predictor variables as independent fac-

tors.

To better understand the effect of winter conditions on

growing-season soil transformation rates, we used structural

equation modeling (SEM; Grace, 2006) to evaluate the relation-

ships between our three dependent variables (PM, PN or

PMR), and the expected predictors in each season elevation

was also included to account for possible spatial autocorrela-

tion in our data, and to reduce the complexity of the analysis

and gain explanatory power, data from ‘Spring 2011’ and

‘Spring 2012’ were jointly analyzed, as well as data from ‘Sum-

mer 2011’, and ‘Summer 2012’ (Delgado-Baquerizo et al.,

2013). Data were tested for normality using the Shapiro–Wilk

statistic and transformed when necessary. Statistical analyses

were carried out using SPSS 20.0, AMOS 19.0, and SAM 4.0

statistical packages.

Results

There was a marked difference in the winter conditions

during the 2 years of our study (Fig. 1). The first winter

had more snow and snow water (P < 0.001), but less

soil winter temperature variability (P = 0.09) than the

second winter. No significant differences between win-

ters were evident for soil frost. The PCA-derived ‘win-

ter’ variable was always negatively related to ‘snow’,

and ‘snow water’ and positively related to the ‘swtv’

index, and encompassed ~80% and ~78% of the

explained variance of those three variables in the first

and second winter of the study respectively (see Mate-

rials and methods section). There was a statistically sig-

nificant positive relationship between elevation and all

winter climate-related variables, except for soil ‘frost’

(Table 1; Fig. 2). High elevation plots experienced sig-

nificantly higher values of ‘snow’ and ‘snow water’

than low elevation plots, whereas the variability of soil

winter temperature (‘swtv’) decreased significantly

with increasing elevation. Soil temperature significantly

Fig. 1 Average ‘snow’, ‘frost’, ‘snow water’ (SW), and variabil-

ity of winter soil temperatures (‘Swtv’) for the 2010–2011 (black

bars) and 2011–2012 (gray bars) winters. Values are mean with

standard error. ***P < 0.001, **P < 0.01, *P < 0.05, aP < 0.1 (dis-

tance-based permutational repeated measures ANOVA) refer to

significant differences between years.
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decreased with increasing elevation in Spring 2011,

Summer 2011, and Summer 2012 (Table 1; Figures S1

and S2). No statistically significant relationships were

found between elevation and OM or WC. Soil TIN in

Summer 2012, PM in Spring 2012, and PN in all sam-

plings, increased significantly with elevation (Table 1;

Figures S1 and S2).

Univariate linear regression relationships between

PM, PN, PMR, and the explored potential drivers var-

ied temporally (Table S1). Winter conditions (‘winter’)

alone significantly explained PN in all samplings (mar-

ginally significant in Summer 2012 with P = 0.07; Table

S1). TIN was significantly related to PM and PN in all

samplings (and with PMR in Spring 2011), and MB was

significantly related to PM and PMR during all sam-

plings (except for Summer 2012 in PMR). Soil tempera-

ture, WC, or OM were not significant direct drivers of

PM, PN, or PMR rates.

The multimodel inference approach showed that the

relative importance of winter conditions (i.e. ‘winter’)

was high explaining PN rates in all samplings, and PM

rates in Spring 2012 (Fig. 3). The relative importance of

winter conditions explaining PNM and PN rates was

stronger in spring than in summer in both years. There

was no clear influence (nor seasonal or temporal pat-

tern) of winter conditions in explaining PMR. TIN had

a strong influence on PM (except for Spring 2012) and

PMR rates, and MB had a strong influence on PMR

rates, particularly in the spring samplings.

SEM analyses that combined data from the two

spring and two summer samplings show that soil tem-

perature and elevation consistently had significant

positive relationships with N transformation rates

(except for PN in spring, when the influence of eleva-

tion was not significant; Fig. 4a–d). PN was also signifi-

cantly and negatively affected by winter conditions in

spring (Fig. 4c). PM was also positively and signifi-

cantly affected by the size of the microbial biomass in

both seasons, whereas the direct influence of the ‘win-

ter’ on PM was only marginally significant (Fig. 4a and

b). Standardized total effects (which include direct and

indirect effects) show that PM was mainly positively

influenced by microbial biomass, both in spring and

summer (Fig. 5a and b respectively). In spring, PN was

strongly and negatively influenced by winter condi-

tions, and positively influenced by elevation and tem-

perature (Fig. 5c), whereas in summer it was driven by

the positive influence of elevation, temperature, and

TIN (Fig. 5d). PMR was mainly driven by the negative

effect of soil temperature and the positive effect of the

size of the microbial biomass, although winter condi-

tions also exerted some negative influence in spring

(Fig. 5e and f).

Discussion

Winter climate is changing in northeastern North

America. At our long-term study site, air temperature

has increased by approximately 1 °C over the last

50 years and this increase has led to significant declines

in snow depth, snow water equivalent, and snow cover

duration (Campbell et al., 2007). Air temperatures are

projected to continue to increase in this region, by 2.1–
5.3 °C by 2100, depending on the model being used

(Hayhoe et al., 2008). Precipitation is also projected to

increase in the region, with a greater proportion as rain

Table 1 Univariate linear regressions [ordinary least-squares

(OLS)] between elevation (as the only predictor) and ‘snow’,

‘snow water’, ‘soil frost’, the variability of soil winter tempera-

ture (‘wtsdl’), winter conditions (‘winter’; see Materials and

methods section), soil temperature (Soil temp), volumetric

water content (WC), soil organic matter (OM), microbial bio-

mass (MB), total inorganic N (TIN), potential mineralization

rates (PM), potential nitrification rates (PN) and microbial res-

piration (PMR), in Spring and Summer (only in winter for

‘snow’, ‘snow water’, ‘frost’, ‘frzthaw and ‘winter’) of 2011

and 2012

Elevation

2011 2012

Spring Summer Spring Summer

‘Snow’ R 0.82 0.83

P <0.001 <0.001
‘Snow water’ R 0.68 0.77

P <0.005 <0.001
‘Soil frost’ R 0.19 0.31

P 0.43 0.18

‘Wtsdl’ R �0.73 �0.64

P <0.001 <0.005
‘Winter’ R �0.84 �0.82

P <0.001 <0.001
Soil temp R �0.64 �0.87 �0.21 �0.91

P <0.005 <0.001 0.37 <0.001
WC R 0.28 0.39 0.11 0.26

P 0.239 0.084 0.633 0.27

OM R 0.027 0.02 0.027 0.02

P 0.91 0.94 0.91 0.94

MB R �0.2 0.03 �0.15 �0.17

P 0.39 0.91 0.54 0.47

TIN R 0.16 0.43 0.39 0.7

P 0.497 0.059 0.088 <0.005
PM R 0.35 0.28 0.48 0.43

P 0.133 0.241 <0.05 0.06

PN R 0.71 0.563 0.66 0.56

P <0.001 <0.05 <0.005 <0.01
PMR R 0.4 0.03 0.09 0.155

P 0.08 0.91 0.715 0.514

df = 19
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rather than as snow, which will further decrease snow

pack depth and snow cover duration. While the effects

of changes in snow cover on patterns of runoff and

streamflow are relatively well-studied in the region

(Campbell et al., 2011; Zion et al., 2011), there is uncer-

tainty about the response of soil frost and temperature

variability during the next century (Campbell et al.,

2010).

Our measurements during two contrasting winters

showed that the elevation gradient at the HBEF was

effective in providing a wide range of snow- and frost-

related winter conditions. High elevation plots experi-

enced more snow precipitation and snow water during

both winters. Whereas the observed negative relation-

ships between snow depth and soil frost across the ele-

vation gradient were not statistically significant, the

Fig. 2 Significant univariate linear regressions [ordinary least-squares (OLS)] between elevation (as the only predictor) and ‘snow’,

‘snow water’, ‘frost’, ‘swtv’, and winter conditions (‘winter’; see Materials and methods section) in 2011 (left) and 2012 (right). Variable

abbreviations are as in Table 1.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 3568–3577
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relationships between snow depth and winter soil tem-

perature variation (Figure S3) were significant, which

demonstrates that smaller snow accumulation due to cli-

mate change is likely to produce a significant increase in

the daily soil temperature oscillation in winter. This con-

dition could increase the number of soil freeze/thaw

cycles, which are thought to affect a wide range of soil

biogeochemical properties via stress or death of micro-

bial biomass, changes in soil structure, fine root mortal-

ity, or enhanced mineralization (Schimel & Clein, 1996;

Socci, 2011; Kreyling et al., 2012). Our biweekly soil frost

monitoring was not sufficiently frequent to determine

whether the increases in soil temperature oscillation

increased freeze/thaw events. However, the significant

increase in soil temperature fluctuations, that regularly

ranged from above to below 0 °C in the same day in low

elevation plots, Figure S4 provide support for the idea

that there was a genuine increase in freeze/thaw events

in these plots (Henry, 2008).

Soils from low elevation plots consistently had smal-

ler N concentrations and potential N mineralization

and nitrification rates, during both spring and summer.

These results are consistent with the hypothesis that cli-

mate warming may lead to decreases in inorganic N

supplies in a warmer world (Groffman et al., 2009; but

see Melillo et al., 2011). Furthermore, they may help to

explain the remarkable and yet unexplained declines in

stream NO3
� concentrations and export from northeast-

ern forests that have been observed in recent decades

(Goodale et al., 2003; Bernhardt et al., 2005; Bernal et al.,

2012; Yanai et al., 2013). Although regression analyses

did not reveal consistent significant relationships

between N transformation rates and soil temperature

and moisture, they did show a strong and consistent

relationship between nitrification rates and winter con-

ditions, mainly in spring (Table S1). Furthermore, ‘win-

ter’ was of great importance explaining nitrification

rates in spring, as shown by the multimodel inference

results. Both regression analyses and structural equa-

tion modeling showed that the effect of ‘winter’ on N

nitrification rates and soil inorganic N in spring was

always negative, indicating that lower elevation sites,

with smaller depth and duration of snow pack accumu-

lation and higher variability in winter soil temperature

were associated with lower nitrate production rates.

These results provide strong evidence that winter con-

ditions influenced variation in N cycling during the

subsequent growing season. SEM analyses also

revealed that higher soil temperatures in low elevation

plots during the growing season consistently had a

positive influence on N transformation rates. However,

our data suggest that projected decrease in snow pack

accumulation leading to increased winter soil tempera-

ture variability (and therefore likely more freeze/thaw

events) may overcome this influence and lead to a net

decrease in inorganic N production in northern forests,

which, in turn, could exacerbate N limitation (LeBauer

& Treseder, 2008; Gilliam et al., 2010). In the lower ele-

vation plots, a reduced snow pack and enhanced soil

temperature variability may have stressed and/or

killed microbial populations, decreasing organic matter

decomposition and N transformation rates, compared

with higher elevation plots, where belowground

biological processes continued uninterrupted under the

snow pack with temperatures continuously above

Fig. 3 Relative importance of different predictors explaining

potential nitrogen mineralization (PM), nitrification (PN), and

microbial respiration (PMR) rates in Spring 2011, Summer 2011,

Spring 2012, and Summer 2012. The height of each bar is the

sum of the Akaike weights of all models that included the pre-

dictor of interest, taking into account the number of models in

which each predictor appears. Variable abbreviations are same

as in Table 1.
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freezing (Stuanes et al., 2008; Brooks et al., 2011). The

higher inorganic N content with increasing elevation at

three of the four sampling dates supports this idea, but

the lack of relationships between elevation and

microbial biomass suggests that slower nitrification

rates are more likely due to stresses or changes in

(a) (b)

(c) (d)

(e) (f)

Fig. 4 Final structural equation models based on the different variables evaluated in this study: potential mineralization rate in spring

(a) and summer (b), nitrification rate in spring (c), and summer (d), and microbial respiration rate in spring (e) and summer (f). Num-

bers adjacent to arrows are path coefficients and are indicative of the effect size of the relationship. Blue and red arrows indicate signifi-

cant positive and negative relationships respectively. Dashed arrows indicate non-significant relationships. Width of arrows is

proportional to the strength of path coefficients. R2 appears above the response variable in the model and denotes the proportion of var-

iance explained. Models satisfactorily fitted to our data, as suggested by the v2 and RMSEA values [v2 = 0.4 (P = 0.534), RMSEA = 0

P = 0.554), df = 1 in spring; and v2 = 3.6 (P = 0.164), RMSEA = 0.144 (P = 0.192), df = 2 in summer). ***P < 0.001, **P < 0.01, *P < 0.05,
aP < 0.1. Variable abbreviations are as in Table 1.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 3568–3577
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microbial populations rather than to a net reduction in

biomass. Moreover, the importance of winter condi-

tions in explaining potential nitrate production rates

was more evident in spring than in summer, which

confirms our hypothesis that winter climate effects are

likely to be more important at the beginning rather than

at the end of the growing season. It is likely that micro-

bial populations stressed and/or killed due to winter

freezing recover as the growing season progresses

(Groffman et al., 1993; Brooks et al., 1998).

Microbial respiration rates tended to be slightly but

not significantly higher in low elevation plots, which

could be a product of moderate increases in C supply

from plants, which [by potentially increasing the uptake

of inorganic N; but see Campbell et al. (2014)] could be

contributing to the decreases in N availability discussed

above (Hart et al., 1994). However, the absence of statis-

tically significant results suggests that N transformation

rates were clearly more sensitive to changes in winter

conditions than microbial respiration rates, which in our

study were more strongly controlled by the amount of

microbial biomass. This asymmetrical response of C and

N cycles to changes in climate has been observed previ-

ously, and indicates that some components of the micro-

bial biomass may be more susceptible to global change

drivers than others (Dur�an et al., 2013). We only

addressed a limited number of microbial processes, and

therefore generalization from our results should be done

with caution. Although we have only 2 years of data,

these findings suggest that specific changes within the

microbial community may be a key regulator of how

interactions between C and N cycles will respond to cli-

mate change, and highlights the need for more compre-

hensive analysis of how changes in soil microbial

communities involved in C and N cycling drive mecha-

nistic responses of ecosystem processes to climate

change (Gubry-Rangin et al., 2011).

In some ways, our results contradict past manipula-

tive studies carried out at the HBEF that found that snow

removal treatments that increased soil freezing lead to

(a) (b)

(c) (d)

(e) (f)

Fig. 5 Standardized total effects (direct plus indirect effects) derived from structural equation modeling of elevation, winter conditions,

temperature, microbial biomass, and total inorganic nitrogen (TIN) on potential mineralization rates in spring (a) and summer (b), nitri-

fication rates in spring (c) and summer (d), and microbial respiration rates in spring (e) and summer (f). Variable abbreviations are as

in Table 1.
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increases in inorganic N content and fluxes following

winter (e.g., Fitzhugh et al., 2001, 2003; Tierney et al.,

2001; Cleavitt et al., 2008). However, themost responsive

variables in those studies were soil solution chemistry

and root mortality, which we did not specifically

address here. Rather, we conducted detailed analysis of

microbial biomass and potential activity, which were

surprisingly unresponsive to snow pack removal in the

previous manipulative studies. Here we show, for the

first time, strong and consistent links between winter cli-

mate conditions and potential microbial nitrifying activ-

ity during the growing season, particularly in the

spring, a critical period for N losses in forested ecosys-

tems. These links were clear even when the 2 years of

sampling had very different winter conditions. Thus,

our results suggest that changes in winter soil tempera-

ture variability may be as or more important than

changes in soil freezing, which was the focus of previous

manipulation studies. Results here also show that winter

climate effects on N-related processes could be different

than those on C-related processes. Overall, the results

presented here suggest that winter climate change is

likely to be a key driver of forest ecosystem N dynamics

over the next 50–100 years with important implications

for ecosystem productivity andwater quality.
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