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Abstract. Climate change has increased global mean surface temperatures and altered hydrological pro-
cesses, and projections suggest that these changes will accelerate. As seasonal precipitation patterns
change, so will the soil resources available for plants. In the midwestern United States, winter temperatures
and precipitation are expected to increase, while snowfall is expected to be reduced. Reduced snowpack
could lead to greater frost damage and alter the timing and amount of plant available resources at the start
of the growing season. In the summer, precipitation is expected to decrease, and variability is expected to
increase, creating longer and more frequent dry periods. In temperate forests, herbaceous understory
plants and woody plants in early developmental stages are expected to be highly sensitive to changes in
abiotic conditions. Here, we study how seasonal changes in precipitation affect the timing and availability
of resources in a temperate deciduous forest. Further, we examine how changes in abiotic conditions influ-
ence understory composition and woody plant recruitment. We established a fully factorial experiment
that manipulated winter snowfall and summer precipitation to create wet, dry, and control (ambient) con-
ditions in a temperate deciduous forest near West Lafayette, Indiana, USA. We found that large changes in
winter and summer precipitation appeared to affect forest processes independently of one another, and
changes in seasonal precipitation altered understory composition minimally and had little to no effect on
mineralization rates. The recruitment of woody plant species may be more sensitive to altered precipita-
tion, as snow removal lowered germination rates and wet summer conditions lowered relative growth of a
woody plant species, Lindera benzoin. In general, though, ecological processes in this forest understory were
relatively resistant to change, at least in the short timeframe of this experiment.
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INTRODUCTION

Global mean surface temperatures are rising
and are directly and indirectly altering the global
chemical and physical environment. As a result
of this warming, changes to hydrological pro-
cesses are occurring, altering mean annual pre-
cipitation (MAP), increasing precipitation
variability, and altering the seasonality of precip-
itation in some regions (IPCC 2013, Kharin et al.

2013). Ecosystem structure and function can
respond to hydrologic changes, as these changes
will alter soil conditions, including water avail-
ability, soil temperatures, and soil nutrient con-
tent and availability (Groffman et al. 2001a,
Weltzin et al. 2003, Knapp et al. 2008). Alter-
ations to soil conditions can lead to changes in
plant community composition. Several studies
have examined how plant communities respond
to changes in MAP (Cz�obel et al. 2008, Collins
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et al. 2012, Gimbel et al. 2015) or variable precip-
itation (Knapp et al. 2002, Clair et al. 2009, Smith
et al. 2016), but few have explored how shifts in
precipitation across seasons could impact plant
communities (Chimner et al. 2010, Prev�ey and
Seastedt 2014).

Changes in seasonal precipitation patterns
affect the availability of resources in space and
time, translating into changes to plant commu-
nity structure through alterations in plant
recruitment, phenology, community composi-
tion, and nutrient cycling (Weltzin et al. 2003,
Prev�ey and Seastedt 2014, Zeppel et al. 2014).
Studies manipulating precipitation in at least
two seasons have occurred primarily in grass-
land or savannah plant communities, likely
because of logistical constraints in forest and
woodland systems (Zeppel et al. 2014). Studies
manipulating precipitation in forests are rela-
tively rare, limiting our understanding of the
impact of temporal changes in precipitation on
below-ground processes, community composi-
tion, and recruitment in these systems (Zeppel
et al. 2014). In forest ecosystems, early develop-
mental stages of plants are expected to be more
sensitive than adult stages to changes in abiotic
conditions created through climate change,
which could translate to strong effects on recruit-
ment (Walck et al. 2011). Differential growth and
survivorship of seedlings and saplings caused by
shifting precipitation regimes could ultimately
lead to changes in species composition (Weltzin
et al. 2003).

While some aspects of projections remain rela-
tively uncertain, particularly for summer and fall
precipitation, in the midwestern United States, it
is projected that precipitation in the spring and
winter will increase with a decline in winter
snowfall, and summer precipitation is expected
to decrease (IPCC 2013, Walsh et al. 2014, Byun
and Hamlet 2018). Changes in precipitation dur-
ing these seasons would alter soil conditions,
with consequences for vegetation and N cycling
(Knapp et al. 2008, Zeppel et al. 2014). Many
precipitation manipulations have been con-
ducted during the growing season, often during
summer months, across a variety of systems.
These studies have found that changes in precipi-
tation can alter aboveground net primary pro-
ductivity (Heisler-White et al. 2008, Knapp et al.
2015), community composition (Hoover et al.

2014, Smith et al. 2016), plant phenology (Jentsch
et al. 2011, Dietrich and Smith 2016), and micro-
bial activity (Bloor and Bardgett 2012, Dijkstra
et al. 2015). Studies conducted in herbaceous sys-
tems manipulating both winter and summer pre-
cipitation found that increases in snowfall can
also have considerable effects on species compo-
sition and invasion by exotic species (Blumenthal
et al. 2008, Chimner et al. 2010, Prev�ey and
Seastedt 2014).
These changes are likely the result of alter-

ations to the timing and variability of available
resources, particularly soil water and inorganic
nitrogen (NH4

+/NO3
�). Research suggests that

plants and microbes are commonly limited by
inorganic nitrogen, even on relatively fertile soils
(Zak et al. 1990, Kaye and Hart 1997, Liu et al.
2016). Microbial processes responsible for miner-
alization and nitrification of NH4

+ and NO3
� are

sensitive to soil moisture and temperature, with
temperature sensitivity depending on soil mois-
ture (Sierra 1997, Tian et al. 2010, Gunti~nas et al.
2012, Li et al. 2014, Wang and Loreau 2016).
Changes to seasonal precipitation in temperate
regions would alter the soil temperature and
moisture and result in a change in the timing of
inorganic N supply, potentially altering the inten-
sity of nitrogen limitation.
Currently, little is known about the impacts of

seasonal shifts of precipitation on mineralization
and nitrification rates, but research suggests that
climate warming could lead to increases in N
mineralization and, therefore, inorganic N sup-
ply (Rustad et al. 2001, Bai et al. 2013). Research
at the Hubbard Brook Experimental Forest
(HBEF; New Hampshire, USA) has consistently
found that cooler soil temperatures and higher
soil water availability increase mineralization
and nitrification rates at high elevation sites com-
pared with low elevation sites, indicating that
microclimate and elevation can greatly impact
microbial responses (Groffman et al. 2009, Dur�an
et al. 2014). These studies suggest that warmer
temperatures could lead to drier soils through
increases in evapotranspiration, which could
counteract the potential increases in activity
anticipated with higher temperatures (Dur�an
et al. 2014). Reductions in snowpack can result
in increases in soil temperature variability,
freeze/thaw events, and soil frost during the win-
ter, and all of these have been found to reduce
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extractable inorganic N, rates of N mineralization
and nitrification, and increase in N2O fluxes to
the atmosphere, all of which could decrease in N
retention in temperate hardwood forests (Dur�an
et al. 2013, 2014).

In the winter, soil temperatures can fluctuate
depending on the amount of snow cover, ambi-
ent air conditions, and the number of freeze–
thaw events (DeLuca et al. 1992, Groffman et al.
2009, Dur�an et al. 2014). Winter ecology is an
understudied discipline as it is often misclassi-
fied as the dormant season, but research suggests
that this can be an important time for ecological
processes, particularly microbial activity (Camp-
bell et al. 2005, Dur�an et al. 2014). The mineral-
ization that occurs over winter can impact
mineralization rates in subsequent seasons, such
as summer, when plants grow fastest in many
temperate regions (Dur�an et al. 2014, Sch€utt
et al. 2014). Early spring in hardwood forests is
often when N loss is at a maximum, but spring
ephemeral plants can exploit the light, moisture,
and nutrients before canopy closure and act as a
vernal dam, reducing N losses (Zak et al. 1990).
Summer precipitation also affects N mineraliza-
tion rates and has a more direct effect on plant
productivity and composition (Burke et al. 1997,
Giese et al. 2011).

We were interested in understanding how
changes in winter and summer precipitation
will alter plant available nitrogen, and the
impact that changes to the timing and amount
of soil water and nutrients will have on forest
understory composition and the recruitment of
woody plant species. Here, we explore four
main questions: (1) Will precipitation impact
inorganic N availability, which could be impor-
tant for plant recruitment? (2) Will winter snow-
fall affect mineralization in other seasons? (3)
Will forest plant recruitment and understory
community composition be affected by changes
in precipitation and any accompanying changes
in nutrient availability? (4) Will forest plant
communities be more prone to invasion as a
result of these shifts in water and nutrient avail-
ability? To address these questions, we estab-
lished a field experiment that manipulated
winter snowfall and summer precipitation in a
temperate deciduous forest.

We hypothesized that snow cover plays an
important role in the insulation of soils, reducing

freeze–thaw cycles, and allowing soils to main-
tain more constant temperatures. We predicted
that more constant soil conditions over the win-
ter would have positive effects on mineralization
and nitrification rates, understory diversity, and
woody plant recruitment. We expected that
stress from either a lack of or excess of water in
the summer would suppress microbial and plant
activity. We anticipated that the combined effect
of stressful conditions in both winter and sum-
mer (declines in snowpack and unusually wet or
dry summers) would exacerbate any negative
effects on plants and microbes.

MATERIALS AND METHODS

Experimental site
The study site was located at the Purdue Wild-

life Area (PWA) in West Lafayette, Indiana, USA
(40°26050.1″ N, 87°03013.9″ W). The experiment
took place in a temperate, deciduous forest stand
that was one of the only wooded sections of
PWA when Purdue obtained the property in
1958. Prior to Purdue’s acquisition, it was primar-
ily used for grazing livestock. The oldest trees in
the stand were Carya spp. and Quercus spp.
Abundant trees in the younger age classes
included Prunus serotina and Acer saccharum. The
understory vegetation consisted primarily of
native species Actaea racemose, Parthenocissus
quinquefolia, Toxicodendron radicans, Persicaria vir-
giniana, Circaea lutetiana, and Phryma leptostachya,
and invasive species Lonicera maackii and Alliaria
petiolata.
The region has a humid continental climate

with cold winters and warm, wet summers. Pre-
cipitation data were obtained from weather sta-
tions in West Lafayette, Indiana, at the Purdue
Agronomy Center for Research and Education
(ACRE), located approximately 8 km from
PWA, and air temperature data were collected
from the Purdue University Airport, located
approximately 11 km from PWA (iclimate.org).
Mean annual precipitation over the past 100 yr
at this site is approximately 960 mm with an
average of 295 mm of precipitation during the
summer months (June–August) and 58 mm of
precipitation during the winter months (Jan-
uary–March), including an average of 337 mm
of snow. The mean annual temperature (MAT)
from 2003 to 2016 is 11.5°C with mean summer
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(June–August) temperatures of 22.7°C and
mean winter temperatures (January–March) of
�0.1°C. A climate diagram created using precip-
itation from the period of 2003–2016 appears to
indicate an increase in MAP to 1051 mm com-
pared with climate patterns from the last 100 yr
but had similar MAT of 11°C (Appendix S1:
Fig. S1). The soil type is a silt loam with 27.5%
clay, 20.8% sand, and 51.7% silt (USDAWeb Soil
Survey).

Experimental treatments
We established the experiment in November

2014. We applied nine precipitation treatments
(three summer by three winter) to the forest
understory using rainout shelters and snow
shovels. Summer treatments (dry, control [ambi-
ent], wet) were applied to whole plots
(6.5 9 5.5 m), and each of the three winter treat-
ments (dry, control [ambient], wet) was applied
to subplots (3 9 2 m) within each whole plot
(Fig. 1). We used a blocked design with three
replicates, for a total of 27 subplots nested within
nine plots. Because this study focused on herba-
ceous understory plants, plots were selected to
exclude trees and shrubs. Deer fencing was

installed around each block to exclude large
mammals.
Summer treatments were applied from June 1

through August 31 of 2015 and 2016. Summer-
dry plots were covered with partial rainout shel-
ters designed to remove 50% of throughfall. Shel-
ters consisted of clear, corrugated polycarbonate
slats spaced evenly on a sloping support struc-
ture approximately 1.8 m above the soil surface.
The slats covered 50% of the plot area. Through-
fall intercepted by the slats was diverted from
the site using a gutter and pipe system. Similar
structures without the polycarbonate sheets were
built over control and wet plots to simulate shad-
ing from the rainout shelters. Summer-wet plots
were manually watered approximately every
2 weeks, beginning June 1st of each year. We
applied a volume of water equivalent to the 50%
of the ambient rainfall that fell between water
additions or the start of the applied treatment
(i.e., June 1st). Summer-control plots received
ambient throughfall. Precipitation and through-
fall were monitored on-site using eight tipping-
bucket rain gauges beginning in October 2015
(Rain Collector with Flat Base for Vantage Pro2;
Davis Instruments, Hayward, California, USA):

Fig. 1. (A) Experimental treatments for winter (W) and summer (S) for each subplot in a block. (Top) Treat-
ment manipulations for winter and summer. (Bottom) Nine treatments applied. (B) Diagram illustrating a layout
for one block. The colors indicate dry (orange), control (gray), and wet (blue) treatments applied during summer
(whole plot) and winter (subplot). Plot sizes and arrangement are not drawn to scale.
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Four gauges were placed within the forest to
measure throughfall, and four gauges were
placed in an open field near the experimental
plots to measure ambient precipitation. Precipita-
tion data from ACRE were used in the summer
of 2016.

Both summers had precipitation above the
50th percentile for this region (Appendix S1:
Fig. S2). The summer of 2015 received 469 mm of
rain, which is around the 95th percentile, and the
summer of 2016 received 386 mm of rain, which
is above the 50th percentile. This resulted in sum-
mer-wet treatments well above the 95th per-
centile, and summer-dry below the 25th
percentile for this region in both years.

Winter treatments were maintained from Jan-
uary 1 through March 31 of 2015 and 2016
(Fig. 1). Snow was removed from winter-dry
plots using a shovel and added to winter-wet
plots within 1 or 2 d of each snowfall event. Win-
ter-control plots received ambient snow. In the
winter of 2015, as much snow as possible was
removed from winter-dry plots to maximize
snow removal while minimizing disturbance and
movement of litter. All subplots were covered
with window screening during the winter of
2016 to further decrease any disturbance caused
by shoveling. This allowed for nearly 100% snow
removal from the winter-dry plots with no move-
ment of litter.

The amount of snowfall was measured by hap-
hazardly sampling the height of snow from the
forest floor in a 500 9 500 mm sampling area
near each block. The snow from each sampling
area was shoveled, allowed to melt, and the vol-
ume of the melted snow was measured. Equiva-
lent precipitation was calculated by dividing the
average volume of liquid water (mm3) from the
three blocks by the area sampled.

The winter of 2015 had a mean minimum tem-
perature (MMT) of �8.8°C, a mean daily temper-
ature (MDT) of �2.8°C, and 535 mm of snow,
equivalent to 73 mm of precipitation. This
amount of snowfall was above the 90th per-
centile for snowfall in this region (Appendix S1:
Fig. S2). The winter of 2016 was warmer and had
less snowfall than 2015, with a MMT of �3.37°C,
a MDT of 1.75°C, and 322 mm of snow, equiva-
lent to 22 mm of precipitation. This amount of
snowfall was greater than the 50th percentile for
this region. In both years, snow removal created

snow accumulation similar to the 5th percentile
for this region, and snow addition resulted in
snow accumulation greater than the 95th per-
centile (Appendix S1: Fig. S2).
Each subplot consisted of a 1 9 2 m sampling

area surrounded by a 0.5-m buffer area. Half of
the sampling area (1 9 1 m) was reserved for
measuring N mineralization and nitrification,
soil temperature, soil moisture, and understory
plant community composition. Seeds of four
woody plant species, L. maackii, Lindera benzoin,
Acer ginnala, and A. saccharum, were planted in
the other half of the subplot (1 9 1 m) in
November 2014.
In December 2015, in order to contain the exo-

tic species that were planted, plastic boxes
(35.6 9 20.3 9 12.4 cm) with multiple drainage
holes were partially buried in the buffer area of
each subplot. Each box was refilled with the soil
that was removed during installation, and care
was taken during re-filling to minimize the mix-
ing of soil horizons and to keep the soil structure
relatively intact. The area of soil at the top of the
box was divided into equal halves, and each half
was planted with seeds one of the local invasive
plants, L. maackii and A. petiolata.

Soil temperature and moisture
Soil temperature and moisture were monitored

in all subplots in one block, and measurements
were taken every 6 h (CR1000; Campbell Scien-
tific, Logan, Utah, USA). Soil temperature was
monitored using thermistors that were buried
horizontally at 10 cm depth. Soil moisture (as
volumetric water content; VWC) was monitored
at 0–10 cm depth (10HS; Decagon Devices, Pull-
man, Washington, USA). Defective sensors
resulted in substantial losses of soil moisture
data and equipment failure led to a loss of soil
temperature data between 1 March and 5 May
2016.
Daily soil temperatures were calculated by

averaging soil temperature over each day. Daily
soil temperature variability was calculated using
the absolute value of the difference of daily tem-
perature between each pair of consecutive days
from January 1 to March 31. Yearly soil tempera-
ture variability for each subplot was determined
by averaging these values, where a higher value
indicates greater variability in soil temperature.
The number of freeze–thaw events was
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calculated using 6-h measurements based on the
frequency with which soil temperatures changed
from below to above 0°C. We only included an
event when the difference in temperature varied
by at least 0.1°C. This created a conservative
number of freeze–thaw events, masked the slight
fluctuations in soil temperatures that may have
occurred, and minimized any effects of thermis-
tor measurement error.

Daily soil moisture was obtained by averaging
VWC over each day. Our Decagon soil moisture
sensors were defective, so only soil moisture data
from 20 July 2016 until the end of the experiment
were usable. When the equipment failure was
recognized (20 June 2016), soil moisture data
were supplemented with manual measurements
twice weekly and before and after watering
events using a Theta Probe ML3 (Delta-T
Devices, Cambridge, UK).

Mineralization and nitrification rates
Intact soil cores were used to estimate plant

available N in the form of NH4
+ and NO3

� dur-
ing the winter, spring, and summer seasons of
2015 and 2016. At the beginning of each season,
one initial soil core (5 cm diameter 9 10 cm
depth) was collected in each subplot and imme-
diately extracted for NH4

+ and NO3
�. A smaller

soil core (2.54 cm diameter 9 10 cm depth) from
each subplot was placed in a PVC tube that was
capped with one ion-exchange resin bag on the
top and two ion-exchange resin bags on the bot-
tom (DiStefano and Gholz 1986, Noe 2011). This
core was incubated in a vertical PVC sleeve bur-
ied in the subplot, with the top of the sleeve even
with the soil surface. Resin bags were con-
structed from sheer fabric and filled with 3 g of
resin. The top and bottommost ion-exchange
resin bags were used to prevent contamination of
the sample with external NH4

+ and NO3
�. The

ion-exchange resin bag on the bottom next to the
incubated sample was used to trap any NH4

+

and NO3
� that may have leached out of the sam-

ple. The incubated samples were removed and
extracted approximately every 3 months.

After each incubation period, the initial and
incubated samples were homogenized (sepa-
rately) and rocks and roots were removed from
each by hand. Soils (10 g) and resin bags were
extracted with 50 mL of 2 mol/L KCl, and
extracts were analyzed for NH4

+ or NO3
� using

an AQ2 discrete analyzer (SEAL Analytical,
Mequon, Wisconsin, USA).
Net N mineralization rates were estimated by

taking the sum of the extracted NH4
+ and NO3

�

from the incubated soil sample and the top resin
bag on the bottom of the soil core and subtract-
ing the amount of NH4

+ and NO3
� in the initial

soil core sample taken before the incubation per-
iod. Net nitrification rates were estimated the
same way but only extracted NO3

� values were
used. Since incubation periods were not exactly
the same amount of days, net N mineralization
and nitrification were divided by the number of
days per incubation period to determine the net
daily N mineralization and nitrification rates.
Leaching of nitrate was examined by looking at
NO3

� concentrations in the top resin bag on the
bottom of the soil core.

Plant recruitment
The woody plant species selected for this

experiment were chosen to represent common
native and exotic tree and shrub species in the
area. L. benzoin, a shrub, and A. saccharum, a tree,
are common native woody plant species found
in the forests of northern Indiana. L. maackii, a
shrub, and A. ginnala, a tree, were selected to
represent common exotic species found in North-
ern Indiana and are both currently a concern at
the experimental site. With the exception of
L. maackii, seeds were obtained from F.W. Schu-
macher Tree & Shrub Seeds (Sandwich, Mas-
sachusetts, USA). Berries for L. maackii were
collected from PWA in October of 2014 and 2015
and de-pulped in the laboratory. All seeds were
stratified and/or scarified according to planting
instructions in the USDA’s Woody Plant Seed
Manual (Bonner and Karrfalt 2008).
In the 1 9 1 m subplot designed for the

woody seedling experiment, we identified 80
locations to receive seeds, and each of the four
species was randomly planted in 20 of them.
Three seeds of A. saccharum, A. maackii, or
A. ginnala were planted in each of the species’
assigned locations, for a total of 60 seeds per spe-
cies. We only had enough seed of L. benzoin to
plant two seeds per location for a total of 40
seeds per subplot. Each seed planting location
was spaced 10 cm apart and marked with color-
coded plastic markers. From March through
September 2015, each location was checked
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weekly for seedling emergence. If multiple seed-
lings emerged at a given marker, additional seed-
lings were randomly pulled to leave one seedling
at a marker.

All seedlings that emerged were considered
when calculating germination rates, and only
seedlings that died naturally were considered for
mortality rates. Seedling height (H) was mea-
sured weekly in 2015 and monthly in 2016, and
relative growth was calculated using the follow-
ing equation: RGR = ln(H2 � H1)/(T2 � T1).
RGR was calculated using heights (H) from the
time period between September 2015 and 2016 to
ensure that RGR was calculated to include all
surviving seedlings at the end of the experiment.

As a result of poor germination in 2015, we
planted additional seeds in December 2015 in
the buffer area outside of the 1 9 1 m subplot,
where woody seeds were originally planted. Soil
in the installed plastic boxes was demarcated
into two equal halves, and each half was hap-
hazardly planted with either seeds of L. maackii
(200) or A. petiolata (500). Seeds of A. petiolata
were collected from a location 25 miles from the
experimental site in September 2015. Seedlings
were counted weekly beginning in March 2016.
Seedlings of A. petiolata grew very close
together, making it difficult to clearly identify
counted, new, or dead seedlings. As a result of
this, the weekly count that resulted in the maxi-
mum number of seedlings in each subplot was
identified and used to estimate germination rate.
In June 2016, A. petiolata plants were weeded
down to five individuals of similar size, with a
leaf length (from stem to leaf edge) of at least
2 cm and a minimum of three leaves. The plants
that were removed were dried at 70°C for 72 h
and weighed to determine aboveground pro-
ductivity.

Cover estimation
Using a 1 9 1 m quadrat, the percent cover of

each species was estimated in June and Septem-
ber of each year in each subplot. Cover values
could be greater than 100% as multiple layers of
vegetation were included. Community composi-
tion was examined using species and plant
functional type (PFT) composition, richness,
diversity, and evenness. Species composition was
analyzed using informative species, which were
determined to be species that appeared at least

three times throughout the entire data set. Rich-
ness (R) was calculated by adding the total num-
ber of all species in each subplot. Diversity was
calculated using the inverse Simpson’s diversity
index,

invD ¼ 1
PR

i¼1 p
2
i

where pi is the percentage cover of the ith species
in the plot (Oksanen et al. 2016).
Evenness was calculated using Pielou’s even-

ness equation, J = H0/log(R) (Oksanen et al.
2016), where S is the number of species and H0 is
the Shannon–Weaver index and is calculated
using the following equation:

H0 ¼
XR

i¼1

pilnðpiÞ

Data analysis
Data were analyzed using mixed-model analy-

sis of variance with the lmer function in the lme4
package (Bates et al. 2015) R version 3.3.0 (R
Core Team 2016), and degrees of freedom were
calculated using the Kenward-Roger method.
Models were created using all relevant explana-
tory variables (daily soil temperature, mineral-
ization and nitrification rates, germination,
mortality, relative growth, richness, diversity,
and evenness), and model quality was verified
using the Akaike information criterion (AIC).
Block and plot were used as random variables in
all models except those analyzing continuous
measurements of soil moisture and soil tempera-
ture. Data for soil temperature and soil moisture
were only collected in one block, so in these anal-
yses plot was used as a random variable. Contin-
uous variables were transformed when necessary
to meet model assumptions, and when multiple
transformations met assumptions for an analysis,
the one that led to model output with the lowest
AIC value was used. Freeze–thaw events were
analyzed with a generalized linear mixed model
(GLMM) using a binomial distribution, and the
type II Wald chi-squared test was used to test the
null hypothesis (Bolker et al. 2009). The GLMM
was generated using the glmer function in the
lme4 package. Tukey honestly significant differ-
ence (HSD) post-hoc analyses were performed on
all models using the lsmeans package (Lenth
2016).
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RESULTS

Soil temperature and moisture
Daily soil temperatures varied temporally

throughout the experiment depending on the
month, year, and the interaction between the two
(Month:Year, F2, 1219 = 61.60, P < 0.001; Fig. 2;
Appendix S1: Table S1). Daily soil temperature
variability from January to March was
significantly affected by the interactive effect
of winter treatment, month, and year (Winter
treatment:Month:Year, F = 2.504, 119, P = 0.04;
Appendix S1: Table S1). In 2015, the yearly soil
temperature variability values for each treatment
were as follows: control 0.43°C/d, dry 0.55°C/d,
and wet 0.32°C/d. In 2016, soil temperature vari-
ability values for control, dry, and wet treatments
averaged 0.33°C/d, 0.18°C/d, and 0.36°C/d,
respectively. In the snowier winter of 2015, soil
temperatures were more variable in 2015 in win-
ter-dry plots compared to winter-wet and control
plots when averaged over month, and in 2016,
winter-dry plots were only different from winter-
wet plots (Winter treatment:Year, P < 0.05,
Tukey HSD). There were no treatment differ-
ences in the number of freeze–thaw events in
either year (Fig. 2; Appendix S1: Table S1).

From both the manual and continuous soil
moisture measurements (June–September 2016),
we found that summer treatments affected soil
moisture during some periods (Summer treat-
ment:Date, P < 0.001; Appendix S1: Table S2).
Manual measurements demonstrate that soil
moisture increased following watering events in
summer-wet treatments compared with summer-
dry treatments (Summer treatment:Date, P < 0.05,
Tukey HSD; Appendix S1: Fig. S3).

Mineralization and nitrification rates
We were interested in understanding the

effects that precipitation had on inorganic N
availability and were particularly interested in
understanding if winter snowfall would affect
mineralization in other seasons. We found that
mineralization and nitrification rates were
primarily affected by the timing of the incu-
bation period (Fig. 3A). Over the course of
the experiment, daily mineralization rates var-
ied from �4.06 9 10�4 to 1.49 9 10�2 g N/d
(Appendix S1: Table S3). Net mineralization var-
ied by incubation period (IP, F = 6.282, 122.01,

P = 0.003), and the incubation period and
year had an interactive effect (IP:Year,
F = 13.172, 122.13, P < 0.0001; Appendix S1:
Table S4). Net mineralization rates were greater
in the spring incubation period in 2015 compared
with the other incubation treatments, and in
2016, the summer incubation period had greater
mineralization rates than the other incubation
periods (IP:Year, P < 0.05, Tukey HSD; Fig. 3A).
Daily mineralization rates were similar during
the winter incubation period in both years (IP:
Year, P < 0.05, Tukey HSD; Fig. 3A). Winter
treatments had marginally significant effects
on daily mineralization rates (Winter treatment,
F = 2.732, 122.01, P = 0.07, Appendix S1: Table
S4), and summer treatments had no significant
effect. Daily mineralization rates were higher
during the spring 2015 incubation period in win-
ter-wet treatments compared with winter-dry
and winter-ambient treatments (Winter treat-
ment:IP:Year, P < 0.05, Tukey HSD), but winter
treatments did not have an effect on mineraliza-
tion in other incubation periods (Fig. 3B).
Daily mineralization rates were found to be

quadratically related to average soil temperature
(ST) over the incubation period (ST + ST2,
F = 9.942, 163.7, P < 0.0001, r2 = 0.14; Fig. 4A;
Appendix S1: Table S5), and total precipitation
over the incubation period (P + P2, F = 4.322,
149.52, P = 0.02, r2 = 0.10; Fig. 4B). There was an
interactive effect between the total precipitation
and average soil temperature (P + P2 9 ST + ST2,
F = 2.634, 155.9, P = 0.04, r2 = 0.19; Appendix S1:
Table S5).
Daily nitrification rates varied from �2.40 9

10�4 to 1.44 9 10�4 g N/d (Appendix S1:
Table S3). Winter and summer treatments did
not affect daily nitrification rates but rates varied
temporally (Appendix S1: Table S4). Incubation
period (IP, F = 5.862, 133.67, P = 0.004) and year
(Year, F = 4.211, 133.66, P = 0.04) were found to
significantly affect nitrification rates (Appendix
S1: Table S4). Nitrification rates were higher dur-
ing summer incubation periods compared with
other incubation periods (IP, P < 0.05, Tukey
HSD), and in 2016 vs. 2015 (Year, P < 0.05, Tukey
HSD; Fig. 3A). Nitrification rates were quadrati-
cally related to average soil temperatures during
the incubation period (ST + ST2, F = 4.591, 163.32,
P = 0.01, r2 = 0.11; Fig. 4C; Appendix S1: Table
S5). There was no interactive effect between
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winter and summer treatments on mineralization
or nitrification rates.

Plant recruitment and community composition
We explored the impacts that changes in win-

ter and summer precipitation had on woody
plant recruitment from seed and understory
community composition. Although we followed
the stratification and scarification methods out-
lined in the Woody Plant Seed Manual (Bonner
and Karrfalt 2008), the only species that germi-
nated in significant numbers were L. benzoin and
A. petiolata. Germination of L. benzoin took place
between the end of May and September of 2015,
and no new plants germinated in 2016. Germina-
tion rates of L. benzoin were reduced in subplots
that received winter-dry treatments (Winter
treatment, F = 7.682,16, P = 0.005) but were

unaffected by summer treatments (Appendix S1:
Table S6). Germination rates were approximately
24% lower in winter-dry plots compared with
the other winter treatments (Winter treatment,
P < 0.05, Tukey HSD; Fig. 5A). Emergence time
of L. benzoin was unaffected by both winter and
summer treatments. Mortality rates of L. benzoin
were not affected by the applied treatments but
changed over the course of time (Date,
F = 6.882,52, P = 0.0022; Appendix S1: Table S6).
Mortality rates were similar across treatments in
the first growing season of the L. benzoin plants
and declined by the end of the second growing
season (Date, P < 0.05, Tukey HSD; Fig. 5B). The
RGR of L. benzoin was affected by the summer
treatment (Summer treatment, F = 6.242,4.0,
P = 0.06; Fig. 5C; Appendix S1: Table S6) but not
by the winter treatment. Summer-dry plots

Fig. 2. Daily soil temperature for the winters of 2015 (top) and 2016 (bottom) according to the three winter
treatments used in this study. Orange indicates winter-dry conditions, gray indicates winter-control conditions,
and blue indicates winter-wet conditions. Snow removal events are indicated by black lines and are labeled SR
Event number. The inset panels show the number of freeze–thaw (FT) events by winter treatment for the respec-
tive years. Error bars indicate the standard error from the mean.
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had approximately 21% higher RGRs than the
other summer treatments (Summer treatment,
P < 0.05, Tukey HSD; Fig. 5C).

Germination rates and aboveground produc-
tivity of A. petiolata were unaffected by alter-
ations to winter and summer precipitation.
After plants were thinned, the remaining plants
did not survive long enough to take addi-
tional measurements. An interaction between
summer and winter precipitation was not found
for any variables measured for L. benzoin or
A. petiolata.

Understory plant community richness (Winter
treatment, F = 8.242,87.04, P < 0.001) and diver-
sity (Winter treatment, F = 4.612,93.03, P = 0.01)
were affected by winter snow manipulations,
and there was a difference in richness between

years (Winter treatment:Year, F = 3.262,87.04,
P = 0.04; Appendix S1: Table S7). Winter-dry
treatments had 27% greater richness and 22%
greater diversity than winter-wet treatments
(Winter treatment, P < 0.05, Tukey HSD; Fig. 6A,
B). The same trend for richness was found for the
winter of 2015, but in 2016, richness was not dif-
ferent among treatments (Winter treatment:Year,
P < 0.05, Tukey HSD; Appendix S1: Fig. S4,
Table S7). Evenness changed depending on the
month (F = 8.271,97.05, P = 0.005) but was unaf-
fected by summer or winter treatments.
Richness and diversity (invD) were driven

by the timing of the sampling period in
both years (Month, P < 0.0001), F = 63.332,87.04,
F = 42.002,93.03, respectively, and were found to
be lower in September than June in both

Fig. 3. Daily mineralization and nitrification rates over each of the six incubation periods, winter, spring, and
summer of 2015 and 2016, with standard error bars. Each dot represents an individual sample taken during each
incubation period. (A) Average daily mineralization or nitrification rates (g N/d). Mineralization values are
denoted by the color purple, and nitrification values are denoted by the color green. (B) Average daily mineral-
ization rates (g N/d) of winter treatments: Winter-dry is orange, winter-control is gray, and winter-wet is blue.
The asterisk represents statistically significant differences between winter treatments (Tukey honestly significant
difference, a = 0.05).
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sampling years (Month, P < 0.05, Tukey HSD).
When species were grouped into PFT, neither the
winter nor the summer treatments had an effect
on PFT composition. PFT composition changed
temporally throughout the experiment (PFT:
Month, F = 8.153, 1046.0, P < 0.0001). There was
no interactive effect between winter and sum-
mer treatments on any plant recruitment or
community measurement taken.

DISCUSSION

In the face of large increases and decreases in
summer and winter precipitation over two years,
forest understory composition, recruitment, and
inorganic N supplies were generally resistant to
change. During the experimental period, the
region experienced above-average summer pre-
cipitation rates (Appendix S1: Figs. S1, S2), which

Fig. 4. Relationships between environmental variables and mineralization or nitrification rates. Each point rep-
resents an individual sample. (A) Daily mineralization rates (DMR) as a function of average soil temperature dur-
ing the incubation period of a sample. The blue line represents a quadratic relationship, DMR = ST + ST2

(r2 = 0.14). (B) Daily mineralization rates as a function of average precipitation during the incubation period of a
sample. The blue line represents a quadratic relationship, DMR = P + P2 (r2 = 0.09). (C) Daily nitrification rates
(DNR) as a function of average soil temperature during the incubation period of a sample. The blue line repre-
sents a quadratic relationship, DNR = ST + ST2 (r2 = 0.10).
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suggests that even during the periods for which
we have no VWC data, the summer-dry treat-
ments likely did not result in water stress for
plants or microbes. Above-average precipitation
in both years likely created extremely wet soils in
the summer-wet treatments that could have led
to hypoxic conditions during the growing sea-
son, particularly after a watering event. Even
with these extreme wet conditions created by the

summer-wet treatments, most differences in
plant or microbial activity appeared to arise as a
result of the applied winter treatments and/or
varied temporally. We did not detect synergistic
or additive impacts of the manipulations of win-
ter and summer precipitation.

Mineralization and nitrification rates
Based on our original research questions, it

does not appear that precipitation in general had
a large impact on mineralization and nitrification
rates, and winter precipitation did not affect these
rates in the summer. These results suggest that
plant recruitment was not impacted by the
applied treatments. Daily mineralization rates
were not affected by changes to summer precipi-
tation and were moderately altered by changes to
winter snowpack. During the spring 2015 incuba-
tion period, plots receiving additional snow had
higher mineralization rates. This is potentially the
result of the lower variability in winter soil tem-
peratures during the previous months, as the
snow acted as an insulator. Though we did not
measure N loss via leaching, it is possible that the
increased winter snow treatment could have
accelerated this process by increasing both N
availability and water percolation rates at a time
when plant uptake was slow. The winter of 2016
was warmer and received less snowfall, and win-
ter treatments did not result in differences in daily

Fig. 5. Germination, mortality, and relative growth rate of Lindera benzoin seedlings. Error bars indicate stan-
dard errors of the mean, and letters represent statistically similar groups (Tukey honestly significant difference,
a = 0.05). Dots are individual data points. (A) Germination rates averaged over winter treatments, where orange
is winter-dry, gray is winter-control, and blue is winter-wet. (B) Mortality rates by sampling period. (C) Relative
growth rates (RGR) averaged over summer treatments, where bar lines indicate the following treatments:
Dashed is summer-dry; solid, thin is summer-control; and solid, thick is summer-wet.

Fig. 6. Mean species richness (A) and diversity (B;
Inverse Simpson diversity [invD]) of the understory
community. Error bars indicate standard errors of the
mean, and letters represent statistically similar groups
(Tukey honestly significant difference, a = 0.05).
Results are averaged over winter treatments and years;
winter-dry is orange, winter-control is gray, and win-
ter-wet is blue.
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or yearly soil temperature variability. We suspect
that the warmer and drier conditions prevented
positive effects that snow additions may have had
on plant or microbial activity, for instance through
nutrient flush from snow melt early in the grow-
ing season and insulation from extreme cold.

Our results are consistent with those of previ-
ous precipitation manipulation studies in the
Hubbard Brook Experimental Forest that found
that snow removal treatments had no significant
effect on rates of N mineralization and nitrifica-
tion (Fitzhugh et al. 2001, Groffman et al. 2001a,
b, Hardy et al. 2001, Tierney et al. 2001). In our
study, we found that additional snow in the
colder winter of 2015 increased mineralization
rates, which is consistent with the findings of
Dur�an et al. (2014), who found that more snow-
pack resulted in higher mineralization rates in
the spring. While other studies have found that
snow removal reduced mineralization rates
(Dur�an et al. 2014), we did not find that pattern.
We also did not detect an effect of the previous
year’s precipitation on mineralization and nitrifi-
cation rates, as the values for inorganic nitrogen
transformations remained relatively consistent
over the course of our experiment.

Mineralization and nitrification were likely
impacted by the differences in precipitation
between the two years, as air temperatures did
not vary between the two years. We speculate
that the wet summer incubation period of 2015
(469 mm of precipitation) may have created
longer periods where microbial activity was sup-
pressed by hypoxic conditions than the drier
(323 mm) summer incubation period of 2015.
Wetter conditions could explain the higher min-
eralization rates found during 2016. This is con-
sistent with the concept that nitrification tends to
be higher in more aerobic conditions, whereas
denitrification takes place in very wet conditions
(Li et al. 2014, Pajares and Bohannan 2016).

Despite increased mineralization rates in the
spring of 2015 in winter-wet treatments, overall,
we found that the winter treatment had minimal
effects on mineralization rates, whereas summer
treatments did not affect mineralization. We did
not find evidence that winter snowfall impacted
mineralization in other seasons. In this system,
it appears that mineralization and nitrification
rates are primarily affected by environmen-
tal conditions, particularly precipitation and soil

temperature, experienced during the incubation
period. This result is consistent with other studies
that confirm the importance of water availability,
temperature, and the interactive effects between
the two, on mineralization rates (Sierra 1997).

Plant recruitment and community composition
Plant recruitment from seed varied widely

depending on the species, and most species did
not germinate in significant numbers in this
experiment. This could have been a result of seed
predation, inability to break dormancy, or loss of
viability. Interestingly, although the shrub
L. maackii is regarded as highly invasive, its seeds
did not germinate in significant numbers in
either year. While some have suggested that
L. maackii requires cold stratification (0–10°C) for
60–90 d to break dormancy, non-stratified seeds
have been found to germinate in light or dark
conditions (Luken and Goessling 1995, Hidayati
et al. 2000). Luken and Goessling (1995) found
that most seeds of L. maackii do not have a well-
developed dormancy mechanism. These studies
suggest that conditions provided in this study
should have enabled the germination of
L. maackii seeds. Most studies that explore germi-
nation of L. maackii are conducted in laboratory
or greenhouse setting, so we do not know why
our seeds failed to germinate in the field, but our
results provide a cautionary example to others
planning fieldwork with this invasive species.
The two species that did germinate in relevant

numbers were L. benzoin, a common native shrub,
and A. petiolata, a common invasive herb. L. ben-
zoin seeds were stratified over the winter of 2015
and were less likely to germinate in plots with
more variable soil temperatures and cooler daily
temperatures. L. benzoin seeds have a dormant
embryo that responds to a warm incubation for
30 d at 25°C, which was done in the laboratory
before planting the seeds in the field, followed by
90 d of moist stratification at 1–5°C (Bonner and
Karrfalt 2008). In 2015, the winter-dry treatments
created more variable soil temperatures that often
fell below 0°C, which may have caused some
seeds to remain in a dormant state. Seeds of
L. benzoin did not germinate in 2016, which was
to be expected because these seeds lose viability
shortly after maturity (Bonner and Karrfalt 2008).
Current projections for the midwestern United

States suggest that winters will become wetter
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and summers will become drier (Walsh et al.
2014, Hamlet et al. 2018). While these projec-
tions, particularly those for summer, are less cer-
tain than projections of rising global mean
temperatures, projected reductions in snowfall in
a warmer world could create colder soils leading
to increases in soil freezing and increased stress
for fine roots (Groffman et al. 2001a). Differential
resistance to freezing stress among species may
alter woody plant recruitment in forests (Groff-
man et al. 2001a, Weltzin et al. 2003). In this
experiment, the winter-dry treatments imposed
in 2015 created greater soil temperature variabil-
ity and lowered the germination rates of the
woody plant species L. benzoin. If germination of
other woody plant species is compromised by
greater freezing stress in the winter, this could
result in changes in forest succession and species
composition (Weltzin et al. 2003).

In this community, understory richness and
diversity were reduced in winter-wet plots. Rich-
ness was affected by winter treatments and var-
ied temporally depending on the month and
year, while diversity only varied by month. Gen-
erally speaking, richness was lower in winter-
wet treatments in the winter of 2015. We specu-
late that this may be the result of snow remain-
ing on the ground for a longer period of time,
suppressing germination of certain species. Even-
ness and PFT composition were not affected by
the treatments.

While we found statistically significant
responses of some aspects of the community’s
composition to the precipitation treatments, we
find it difficult to discern ecologically significant
patterns. Understory richness was only reduced
by 1–2 species in winter treatments, but there was
no consistency in the species that were lost or
PFTs. Similarly, while diversity was reduced in
winter treatments, there was not a large differ-
ence between treatments. Overall, we did not find
evidence that winter snow and summer rain had
an effect on recruitment, understory composition,
or plant invasion, and there were no synergistic
or additive effects found by manipulating precip-
itation in two seasons.

CONCLUSIONS

In the forest community in this study, changes
in precipitation affected recruitment of a woody

plant species, L. benzoin, more than they affected
understory composition. We found that L. ben-
zoin could be compromised by cold, relatively
dry winters, and by wet summers. Cold winters
with limited snowfall reduced germination rates,
and wet summers reduced RGRs. We had diffi-
culty getting other species to germinate, so we
cannot offer more general insights into the effect
of precipitation on forest succession. In the short
term, changes to germination and RGRs of
woody plant species such as those found in this
study may have little impact on long-term suc-
cession, but over longer periods of time persis-
tent changes would have the potential to alter
the direction of succession (Prieto et al. 2009).
Conversely, understory plants and some

microbial processes in this forest appear to be
resistant to large changes in winter and summer
precipitation. The treatments in this study had
little effect on diversity and community composi-
tion, and mineralization rates were only margin-
ally impacted by winter snowpack. Understory
richness was affected by reduced winter snow-
fall, but this may have resulted from the rela-
tively cold winter conditions of 2015.
While previous studies have found that alter-

ations to winter and summer precipitation can
affect exotic species and their interactions with
native species (Blumenthal et al. 2008, Prev�ey
and Seastedt 2014), our study found inconclusive
results for whether the major understory inva-
ders in this forest would benefit from altered pre-
cipitation regimes. A. petiolata germinates and
grows well within this forest community, and
precipitation changes did not alter its success.
The other major invasive species in this forest
community, L. maackii, surprisingly did not ger-
minate under any of our experimental condi-
tions.
In this study, large changes in winter and sum-

mer precipitation seemed to affect the system
independently of one another. Forest understory
composition resisted change in the short time
frame of this experiment, but responses of L. ben-
zoin suggested woody plant recruitment may be
sensitive to changes in seasonal precipitation. We
expect that larger and/or longer-term changes in
precipitation patterns would be required to cause
ecologically significant effects on inorganic N
supply, understory compositional changes, and
forest succession in temperate deciduous forests.
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Forests tend to have a general inertia to species
turnover and recover quickly after a disturbance
(Lloret et al. 2012), which is consistent with our
findings. However, as communities experience
more variable precipitation patterns over the
longer term, this resistance and resilience to
extreme climatic events will likely be reduced
and may lead to increases in background tree
mortality rates or the frequency of rapid die-off
events (Allen et al. 2010, Lloret et al. 2012).
Recently, MAP has been found to be positively
related to resistance and negatively related to
resilience in forest systems (Stuart-Ha€entjens
et al. 2018). This finding will be important for
management practices in different climatic condi-
tions.

Further, forest communities interact in com-
plex ways, and species vary dramatically in their
interactions with one another and their environ-
ment (Butterfield 2009, Lloret et al. 2012). More
experimental studies as well as long-term moni-
toring of forests can provide useful information
about how climate change will affect mortality,
vegetative shifts, and stabilizing factors (Lloret
et al. 2012). Determining the plant functional
traits and systems that are sensitive to climate
change will help inform and support policy deci-
sions and forest management practices.
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