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Abstract Climate change is increasing global tem-
peratures, severe rainfall events, and the occurrence
and severity of drought. Changes in global climate
may have negative consequences for particular plant
species and for biodiversity overall. In the short term,
altered temperature and precipitation regimes may
have the most severe effects on plant species near their
range limits and in the earliest stages of plant
development. To address these issues, we assessed
seedling emergence, early survival, and growth of 18
boreal, temperate, and exotic woody species at the
boreal-temperate forest ecotone in central Minnesota.
We experimentally warmed forest plots to mimic
projected warming by the end of the twenty-first
century (+ 1.7 °C and + 3.4 °C). We also experi-
mentally removed summer rainfall (~ 42%
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reduction) to simulate drought conditions in this
region. We found that emergence and survival of
boreal and exotic species was lower in experimentally
warmed plots. This was exacerbated by drought.
Temperate species emergence and survival was
largely unaffected by climate manipulations (on
average). Conversely, temperate seedling growth
was greater in warmer conditions, but only when
paired with drought. We found that overall seedling
species richness was reduced by warming, mostly due
to lower boreal and exotic species emergence and
survival (conifers were also strongly negatively
affected across species-range groups). If temperate
seedling emergence and survival does not compensate
for loss of boreal species, these forests may experience
loss of biodiversity (and associated ecosystem func-
tions) in the future.
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Introduction

Current global climate models project that average
global temperatures will increase by 2—4 °C by the end
of this century (Stocker et al. 2013). This change in
temperature will likely be paired with changes in
precipitation: severe rainfall events interspersed with
periods of drought. Past work indicates that increasing
global temperatures and altered rainfall regimes will
have widespread implications for species distributions
(Williams et al. 2002; Pucko et al. 2011). In many
locations, some species will be pushed out of their
climate niche (into warmer and drier conditions) and
thus may be forced to migrate poleward or upward in
elevation (Walther 2010). In the absence of migra-
tional pathways (landscape corridors) or dispersal
capability (Parmesan and Yohe 2003), some species
may be locally extirpated, possibly resulting in
reduced biodiversity at local scales (Pereira et al.
2010; Isbell et al. 2015). Understanding how individ-
ual species (and species groups) will respond to a
changing climate will be essential to designing
effective climate adaptation strategies.

In the short term, the ecological consequences of
rapid changes in global climate conditions may be
most pronounced at the geographical boundaries
between ecosystems (ecotones), where many species
are at or near their range limits (Parmesan et al. 2005;
Fisichelli et al. 2013). For example, at the boreal—
temperate forest ecotone, boreal tree species will
likely be negatively affected by warmer/drier condi-
tions (Reich et al. 2015), and these species may be
replaced by warmer-adapted temperate species.
Indeed, past work has shown that broadleaf temperate
saplings at the dry end of the boreal-temperate
ecotone in central North America tend to establish at
higher densities and grow faster than boreal conifer
saplings (Beckage et al. 2008; Fisichelli et al.
2012, 2014b). Furthermore, rapidly changing climate
conditions could favor a small group of highly plastic,
fast-growing, invasive species (Bellard et al. 2013).
Past work has shown that woody invasive species in
temperate forests may already be capitalizing on
rapidly changing autumn conditions (Fridley 2016).

Due to unique species and functional group
responses to warming and drought, there may be a
change in species composition at the boreal-temperate
forest ecotone (and elsewhere though we focus on the
boreal-temperate ecotone here). Furthermore, if
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climate change is severe enough to drive local
extirpation of species, and new species arrival (due
to range modification) is dispersal limited, climate
change may also cause a loss of biodiversity—at least
in the short term (Thomas et al. 2004). In some cases,
exotic invasive species may be introduced and become
a substantial portion of local biodiversity, perhaps
compensating for loss of native diversity, although
such ideas are controversial (Buckley and Catford
2015; Miller and Bestelmeyer 2016).

For long-lived forest tree species, the early estab-
lishment stages (germination, emergence, survival,
and early growth) are the most vulnerable to temper-
ature and precipitation extremes (Walck et al. 2011).
Longer-lived adults are likely more tolerant of
changes in climate (Niinemets 2010), and migrating
populations (i.e., range shifts) will eventually be the
result of seed dispersal and subsequent establishment
in the seedling layer. Even if adult trees have the
capacity to persist in a changing climate, long-term
species composition and diversity will depend on seed
germination requirements (often specific and narrow,
Walck et al. 2011), and early survival rates.

To assess how changing temperature and precipi-
tation will affect physiology, ecology, and biogeo-
chemistry at the boreal-temperate forest ecotone, we
established a warming experiment in northern Min-
nesota (Rich et al. 2015). Herein, we focus on work
addressing the question of whether these changes will
affect species regeneration from seed (and overall
forest diversity). In three successive years, we planted
seeds of 18 temperate, boreal, and exotic woody
species into ambient plots and plots warmed by
+ 1.7 °C and + 3.4 °C. We then used moveable
rainout shelters to experimentally remove ~ 42% of
the naturally occurring rainfall during the growing
season in half of these plots. We tracked four metrics
of seedling performance over 3 years (seedling emer-
gence, survival, height, and number of leaves, here-
after referred to as “performance”) and assessed the
following five hypotheses: (1) temperate species will
respond positively to higher temperatures (in all four
measures of performance); (2) boreal species will
respond negatively to higher temperatures (in all four
measures of performance); (3) any negative species
responses to warming, for temperate or boreal species,
will be exacerbated by drought conditions (positive
responses to warming will be negated by drought); (4)
invasive species will perform well (in all four metrics)
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and be unaffected by temperature or precipitation; and
(5) due to constraints on boreal species (in particular),
species diversity will be reduced in warmer plots at the
boreal-temperate forest ecotone. These biodiversity
losses will be exacerbated under drought conditions.

Methods
The field site

The experiment was conducted at the Boreal Forest
Warming at an Ecotone in Danger (B4WarmED)
experiment in northern Minnesota (USA) (Rich et al.
2015). The experiment consists of two sites within the
boreal-temperate forest ecotone in Minnesota: Ely
MN, 47°56'N, 91°45'W and Cloquet MN, 46°40'N,
92°31'W. Both sites are dominated by a 60- to
80-year-old aspen (Populus tremuloides) overstory.

The experiment was established by clearing
approximately 0.4 ha of overstory vegetation in
2006 (Cloquet) and 2007-2008 (Ely). This resulted
in approximately 40-60% full light conditions in all
plots. Removal of the overstory, via clearcutting, is the
most common silvicultural prescription used across
aspen-dominated forests in Minnesota. As aspen-
dominated forests are common in Minnesota, this
study examines one of the most common conditions
experienced by seedlings of the next generation of
forests in this region.

We established three blocks (with six plots within
each block) in the open canopy at both sites to account
for (1) a slight southwestern facing slope at the Ely site
and (2) the need for warming treatments to be closely
located to a large power supply. In order to reduce
confounding effects of slope and spatial proximity to
electrical supply, we blocked the entire experiment. In
2008, an aboveground and belowground warming
manipulation was established to warm plots to
+ 1.7 °C and + 3.4 °C (Rich et al. 2015). Above-
ground warming was conducted using infrared heaters
and an automated feedback system (proportional-
integral-derivative controller) to maintain consistent
levels of warming over dynamic ambient daily con-
ditions. Soil warming was conducted using buried heat
resistance cables in each of the plots. Both above-
ground warming and belowground warming were
maintained from mid-April to mid-November (see
(Rich et al. 2015) for a detailed description of

methodology). We established two replicates within
each block for each of the three warming levels (2
sites x 3 blocks x 3 warming treatments x 2 repli-
cates = 36 total plots).

Beginning in 2012, we established event-based
rainout shelters from June to September (a drought
treatment) within each of the blocks at each site. Thus,
within each block there is a replicate of each
combination of drought x warming to assess the
interactive effects of both warming and drought on
seedling performance. From 2012 to 2014, we
removed 40-45% of rainfall from the drought-treat-
ment plots over the course of the growing season
(June—September). Over the course of the experiment,
this reduced average soil volumetric water content
(cm® H20/cm® soil) in drought plots by 0.013 or 8% of
ambient conditions. Because soil moisture is averaged
over the growing season and only 40-45% of rain
events are excluded, seasonal average differences in
soil moisture are not particularly strong.

Over the course of the experiment, average weather
conditions were not statistically different from longer
term (20 year) averages for the growing season (May
1-September 30) at either site (Table 1). While
rainfall was slightly higher than average in 2012 at
the Cloquet site, this difference was not maintained
over the course of the experiment and thus probably
was not the primary driver of the results we present
here.

Tree seeds/seedlings

In May 2012, May 2013, and May 2014, we planted
seeds of 18 boreal tree, temperate tree, and exotic
shrub species into each of the plots at the two sites
(Table 2). All seeds were collected locally and cold
moist stratified or otherwise prepped prior to planting
according to published standards (Bonner and Karrfalt
2008) as well as preliminary results from a growth
chamber study that we conducted with the same seed
set (Fisichelli et al. 2014b, Table 2). Most of the study
species are found growing naturally (native and exotic
species) within the boreal-temperate ecotone in Min-
nesota, with temperate and exotic species at or near
northern range limits and boreal species at or near
southern range limits. For example, boreal Picea
glauca and Abies balsamea reach their southern range
limits near the study sites but extend north > 1000 km
to the arctic treeline. Conversely, range limits for the
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Table 1 Temperature (°C) during the growing season (May 1-September 30) for each of the 3 years of the study

Cloquet Ely

Temperature 2012 15.6 £ 8.3 16.6 £ 9.0
Temperature 2013 15.1 £ 84 15.8 £ 8.2
Temperature 2014 14.8 £+ 8.1 154+ 79
Long-term average temperature 16.2 £ 5.0 142 +53
Rainfall 2012 980.2 661.7

Rainfall 2013 852.4 717.3

Rainfall 2014 900.9 674.4
Long-term average rainfall 805.8 £ 124.2 663.6 = 156.9

We compare this to the long-term average between 1992 and 2012. Total precipitation during the growing season is also displayed as
cumulative rainfall (mm) and compared to the long-term average for the same period (1992-2012)

temperate species in the study typically extend from
the boreal-temperate ecotone south for > 1000 km. It
is only within the relatively narrow ecotone that these
temperate and boreal tree ranges overlap or approach
one another. Exotic species are defined as non-native
to North America [Berberis spp. (primarily B. thun-
bergii, includes B. communis), Lonicera spp. (includes
L. morrowii, L. tatarica, and hybrids between these
two species), and Rhamnus cathartical. Fagus gran-
difolia is the only species not found in Minnesota,
reaching its western limit ~ 100 km to the east of the
Cloquet site in Wisconsin. Tsuga canadensis has a
similar western range margin, though disjunct popu-
lations exist in Minnesota. Robinia pseudoacacia is a
temperate tree species, native to the southcentral U.S.
It has rapidly expanded its range throughout the
eastern U.S. through intentional and unintentional
human introductions. Temperate Quercus alba and
Carya cordiformis reach their northern range limits at
the southern edge of the boreal-temperate ecotone in
Minnesota.

Seeds were planted into randomly selected species-
specific grid cells within larger seedling subplots to
allow us to map and track seedlings over time. Larger
seeds (Quercus sp. and C. cordiformis) were buried
to ~ 3-cm depth while all smaller seeds were sprin-
kled on the surface. Seedling subplots were cleared of
aboveground vegetation at the time of plot establish-
ment in May 2012. During each subsequent seedling
census, these beds were cleared of loose brush but
otherwise left unweeded. As mentioned above, at the
time of planting, seedling plots were in approximately
40-60% full sunlight conditions. Research sites were
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fenced to exclude large herbivores [moose (Alces
alces) and white-tailed deer (Odocoileus virgini-
anus)], but not small seed predators (e.g., rodents
and birds). We used seed size, germination rates from
a previous experiment (Fisichelli et al. 2014b), and
seed availability to determine how many seeds to plant
per species. To account for differences in the amount
of seed planted, all emergence rates were recorded as a
percentage of the number of seeds planted and survival
rates were recorded as percentage of emerged
seedlings (Table 1). Seeds were primarily collected
from central Minnesota and neighboring Great Lakes
states, with Prunus serotina and F. grandifolia
collected in Iowa and R. pseudoacacia in Kentucky.

We recorded the number of newly emerged
seedlings and surviving seedlings during 14 separate
censuses: in June 2012, July 2012, August 2012,
September 2012, May 2013, June 2013, July 2013,
August 2013, September 2013, May 2014, June 2014,
July 2014, August 2014, and September 2014. We
tagged emergent seedlings at each survey to avoid
confusing one, for example, observed in June 2012
that died before the July 2012 survey, with one that
was first observed in July 2012.

Due to herbivory and high rates of mortality, it was
impossible to track and measure the same seedlings for
growth measurements over time. Instead, we mea-
sured seedling height and number of leaves for a
random subset of three seedlings per species per plot
for seven separate censuses: in August 2012, Septem-
ber 2012, July 2013, September 2013, June 2014, July
2014, and August 2014. These measurements are a
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Table 2 This study included planted seeds from 18 species of boreal trees, exotic shrubs, and temperate trees

Latin name Common  Range Seeds Seeds Seeds Ave emergence Seed prep Germination from
name per plot per plot per plot (2012-2014) (Fisichelli et al.
2012 2013 2014 (%) 2014b)
Abies Balsam fir Boreal 39 57 114 6.1 Moist 4.2%
balsamea™ strat. + scar.
Betula Paper Boreal 45 63 126 0.2 Moist strat. 5.0%
papyrifera birch
Picea glauca White Boreal 45 63 126 0.6 Moist strat. 27.5%
spruce
Pinus Jack pine  Boreal 42 60 120 1.6 Not needed 67.5%
banksiana*
Berberis* Barberry Exotic 42 54 0 54 Moist strat. NA
Lonicera Honey- Exotic 15 0 0 0.0 Moist strat. NA
suckle
Rhamnus Buckthorn  Exotic 42 54 60 7.1 Moist 45%
cathartica* strat. + scar.
Acer saccharum  Sugar Temperate 40 60 90 0.9 Moist strat. 27.5%
maple
Carya Bitternut ~ Temperate 25 25 75 0.7 Moist strat. 20.8%
cordiformis Hickory
Fagus American Temperate 30 45 0 0.0 Not needed 53.1%
grandifolia beech
Pinus resinosa®* Red pine  Temperate 42 60 120 1.7 Not needed 65%
Pinus strobus*  White Temperate 42 60 120 1.9 Moist strat. 27.5%
pine
Prunus serotina  Black Temperate 45 63 126 0.2 Moist 2.5%
cherry strat. + scar.
Quercus Bur oak Temperate 25 15 30 1.3 Moist strat. 68.8%
macrocarpa*
Quercus rubra  Red oak Temperate 25 15 30 0.9 Moist strat. 62.5%
Querus alba White oak Temperate 25 15 0 0.2 Not needed 45.8%
Robinia Black Temperate 39 54 108 1.5 Moist 7.5%
pseudoacacia*  locust strat. + scar.
Tsuga Eastern Temperate 45 54 108 0.5 Moist strat. 22.5%
canadensis hemlock

We selected species based on native range proximity to the boreal-temperate ecotone in Minnesota, USA and planted seeds
according to expected germination rates and seed availability for each species. We prepped seeds prior to planting by either cold
moist stratification (Moist strat.) and/or scarification (scar.). We also show germination rates using the same seed set from a
preliminary growth chamber study (Fisichelli et al. 2014a, b). Those species with higher germination rates included in the

supplementary analyses are indicated with an asterisk

snapshot of seedling size per species per plot, but are
not used to track growth of individuals over time.

Statistical analyses
We analyzed the effects of three temperature treat-

ments (categorical), drought (categorical), species
range (categorical: boreal, temperate, exotic), and all

first- and second-order interactions on seedling per-
cent emergence, post-emergence percent survival,
seedling height, and number of leaves using mixed-
effects models. Each model was designed to account
for autocorrelation of variables in space (due to the
blocked design) and autocorrelation of variables in
time (we re-measured these plots up to 14 times) using
random effects in the mixed-effects model framework.
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Additional species-specific explanatory variables,
e.g., distance to range edge, were not possible due to
small sample sizes of emerged stems. For most
analyses, species were grouped by range to test for
interactive treatment effects (e.g., three-way warm-
ing x drought x range interaction).

To assess species-specific total seedling percent
emergence at the end of the study, we summed
emergence for each species in each grid cell in each
plot for each cohort (2012, 2013, 2014) separately. We
therefore included a nested random effect for site (Ely
and Cloquet), block (three blocks per site), and plot
(three plot measurements per species per cohort based
on the grid cell layout). Based on the physical spatial
hierarchy of these factors, plot was nested in block,
which was nested in site. We also included a separate
time-based random effect for cohort, as we planted
three separate cohorts of most of the 18 species for
each of the 3 years of this study. Thus, we ran a mixed-
effects model using seedling percent emergence as the
response factor. We included fixed effects for tem-
perature, drought, and species identity (ID) and
random effects for plot nested in block nested in site
and time-based cohort.

Due to low overall rates of emergence, none of the
other response variables (survival or growth) could be
assessed in terms of species-specific responses. We
instead assessed emergence, post-emergence survival,
and growth (seedling height and leaf number) in terms
of larger range group responses (temperate, boreal,
and exotic), and included a random effect for cohort
nested in species ID. In this framework, each individ-
ual species accounts for random variation in average
responses of each range-based group. Further, because
there were three cohorts of each species planted, this
time-based information also accounts for random
variation in species responses between years. By
including random factors for this nested variation, we
can focus on the average responses of groups. Since
survival (13 measures), height (7 measures), and leaf
number (7 measures) were measured multiple times,
we further include a random effect for sampling date in
these models.

All statistical models followed the following gen-
eral form: Y = Temp x Drought x SpRange, ran-
dom = site/block/plot, random = SpID/cohort.
Where sample sizes were large enough (emergence)
to assess individual species effects, SpRange was
replaced as a fixed effect in the model with SpID, and
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SpID was removed from the second random effect
term in the model.

Due to unequal representation of conifer and
broadleaf species per species-range group (temperate
vs. boreal), we also ran an identical model assessing
the separate effects of temperate conifer, temperate
broadleaf, boreal conifer, boreal broadleaf, and exotic
species on seedling emergence and survival. We did
not have large enough sample sizes to analyze this
model in terms of seedling height or number of leaves.

Due to low emergence and early survival rates
overall, we also ran identical analyses for a subset of
those eight species that emerged at > 10% across the
entire experiment (Figs. S1-S2). These results were
not substantively different from the full dataset we
present here. Further, because lower emergence and
early survival of many species in these temperate
forests will likely affect longer term trends in species
composition, we focus on the main results of the
complete dataset.

In order to assess changes in biodiversity (i.e.,
species richness) of each plot over time, we counted
the number of species surviving in each plot at the end
of each year. We then used a mixed-effects model to
assess how the fixed effects of temperature, drought,
and seedling age affected species richness of plots. We
included random effects for plot nested in block nested
in site (as above) and cohort (to account for random
interannual variation at the site).

Results
Emergence

Seedling emergence was generally low, with most
species showing < 1.5% overall emergence averaged
over 3 years (Fig. 1). Species with higher average
emergence included boreal A. balsamea (6%) and
Pinus banksiana (1.5%), non-native Berberis spp.
(5.5%) and R. cathartica (7%), and temperate Pinus
resinosa (1.5%) and Pinus strobus (2%). Warming had
a generally negative effect on emergence
(Fp32 = 8.15, P < 0.0001), but a particularly negative
effect on the high emergence species mentioned above
(warming x species interaction, F34s350 = 3.76,
P < 0.0001, Table 3). Drought only reduced emer-
gence for some species (drought x species interac-
tion, Fy75350 = 1.9, P =0.02). For example, A.
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balsamea was further reduced by ~ 40% in drought
plots (Fig. S1). Other species showed low emergence
overall and thus responses to treatments were not
detected at the species level.

At the species-range level (boreal, exotic, and
temperate), we found that warming reduced boreal
seedling emergence, especially when paired with
drought conditions (warming x drought x range
interaction, Fig. 2). Boreal seedling emergence was
more than 60% lower in warmed plots that also
experienced drought conditions than in ambient tem-
perature and precipitation plots. This was mostly
driven by strong reductions in boreal conifer seedling
emergence (Fig. S2). Exotic species emerged almost
50% less in the warmer plots (+ 1.7 °C), and this was
further reduced by 50% in the warmest plots
(+ 3.4 °C) that also experienced drought conditions
(Fig. 2). Temperate broadleaf seedling emergence was

variable and unaffected by temperature or drought,
whereas temperate conifers emerged less in warmer
plots (Fig. S2, Table S3). Temperate seedling emer-
gence overall was unaffected by drought or temper-
ature when lumped into a single range group (Fig. 2).

Survival

Seedling survival varied by the main effects of
species-range group and warming treatment, but not
through drought or interactions (Table 4, Fig. 2).
Warming significantly reduced survival of all groups
by an average of 15% per census period (F, 6 = 5.51,
P =0.01). This was driven mostly by increased
conifer mortality (both boreal and temperate) in
response to warming (Fig. S2). Survival of exotic
seedlings was highest (47%), followed by temperate

Fig. 1 Species-specific 013 7 Abies Betula Picea Pinus | Berberis spp. | Lonicera spp.
seedling emergence 0.11 | balsamea | papyrifera glauca banksiana
(proportion of seeds ’ .
planted), based on three 0.09 - * *
cohorts (2012, 2013, and 0.07 -
2014). There was a
significant effect of 0.05 1
warming on individual 0.03 1 I i
species emergence rates | m
(Table 2). Error bars 0.01 ; % % i ; % i i I{I I}I I{I
represent the standard error T, X, X5 A, X, Xy A, X, Xy A, X, X5 A, X, X5 A, X X
of the mean (averaged = % 7s Yy % 7> Y 476) SN % 759 % 7> Yy % 759
across years gnd plots f‘s (@) Rhamnus Acer Carya Fagus Pinus Pinus
calculated using our mixed- B_ 0.13 7 cathartica | saccharum | cordiformis | grandifolia resinosa strobus
effects model). Significant ~ 011 A _];
difference between groups (] * * *
s : = 0.09 -
(within a single panel), ©
based on post hoc Student’s X o007
t tests, are shown with an [} 0.05 -
. . . O .
asterisk. Species are in c
alphabetical order by range o 0.03 1
groups (boreal, exotic, 9 0.01 - i 1 T i L I I ; I i i I l
temperate) e T, %, % g, % kg, % % g %, % g % e g, % %
L KRR L e N R W R
0.13 4 Prunus Quercus Quercus Quercus Robinia Tsuga
011 - serotina alba macrocarpa rubra pseudoacacia | canadensis
0.09 -+
0.07 -+
0.05 -
0.03 1
0-01A111111iiiiiiiﬁi;ll
T S S ¥ I
-, X x X X x x X x -, X x X x
% 7> Vg ﬁ% = "?7‘?% = "?74% 7> Yy 47@ = L%74@@ L
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Table 3 Seedling emergence response to warming treatment, drought treatment, species identity, and all first- and second-order

interactions (#* = 0.17)

Fixed effect df. F ratio P value
Warming 2,32 8.15 < 0.0001*
Drought 1,32 3.14 0.09
Species ID 17, 5350 36.6 < 0.0001*
Warming x drought 2,32 0.66 0.52
Warming x species 34, 5350 3.76 < 0.0001*
Drought x species 17, 5350 1.9 0.02%*
Warming x drought x species 34, 5350 1.34 0.09

Analyses use three cohorts (2012, 2013, and 2014) and ANOVA tables of fixed effects are from linear mixed-effects models. This
model also included a random effect for block and plot ID nested within site (Ely vs. Cloquet), as well as a random effect for cohort

(2012, 2013, 2014)

Significant differences are indicated in bold and with an asterisk

Boreal
0.11
= (a) = Ambient
0.09 = = Drought
] g
Q.
= 0.07
8
c 0.05
(0]
g 0.03
W o.o1
1.1
T
o
£ 09 a
S os I\
N
S o7 0 b
n i
0.6 =i
0.5
AMB +1.7 +3.4 AMB
Warming

Fig. 2 Species-range group emergence and survival. Emer-
gence rates for three cohorts (2012, 2013, and 2014) were
measured for a boreal species, b exotic species, and ¢ temperate
species. Seedling emergence in ambient precipitation conditions
is shown with a solid line, while emergence in drought
conditions is shown with a dashed line. Seedling survival was
not affected by drought and thus only one line, averaged across

seedlings (35%), and boreal seedling survival was
lowest (20%, Fig. 2).

Growth

Warming significantly increased average temperate
seedling height and average leaf production in drought
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Warming

Exotic Temperate
(c)
a
a a

+3.4

+1.7 AMB +1.7 +3.4

Warming

precipitation treatments, is shown for seedling survival panels
(d—f). Error bars represent standard error of the mean (averaged
over time and plot according to our statistical model). Post hoc
Student’s ¢ tests were also performed. Significant differences
between groups (within a single panel) are shown with lower
case letters

conditions (Fig. 3), but had no effect on boreal and
exotic species height or leaf production under any
conditions (warming x drought x range interac-
tions, Table 4).
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enhanced temperate species growth, potentially due to
increased pathogenic infection in higher rainfall
environments (Ibafiez et al. 2007) and thus providing
mixed support for hypothesis (3). Further, temperate
species growth responses to warm and dry conditions
happened after the initial negative effects of warming
on temperate seedling emergence. Thus, even if
warming encourages increased growth of warm-
adapted temperate species (Reich et al. 2015) or
allows for rapid acclimatization of larger individuals
(Reich et al. 2016), this may be outweighed by the
negative effects of warming (and drought) on the
sensitive germination, emergence, and early survival
stages of seeds and seedlings in their first 3 years of
establishment.

Emergence and survival

Warming had negative or neutral effects on seedling
emergence and survival for all species and groups
growing in our experiment. This was particularly true
for boreal and exotic species and for conifers from all
groups. Past observational field studies and designed
experiments have shown that boreal saplings tend to
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Fig. 3 Species group seedling height (a—¢) and number of
leaves per seedling (d—f). Measurements are from a random
subset of seedlings growing in each plot in 2012, 2013, and
2014. Temperature had a positive effect on temperate seedling
height and leaf number, but only when paired with drought
(Table 3). Error bars represent standard error of the mean
(averaged across time and plot according to our statistical
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grow poorly in warmer plots at the temperate—boreal
ecotone due to reduced photosynthetic rates (Fisichelli
et al. 2012; Reich et al. 2015). Warmer temperatures
increased photosynthetic rates of temperate species in
this past work (Reich et al. 2015) and warmer
temperatures slightly increased temperate species
growth in our study. These relative increases in
temperate species may mean that boreal species were
reduced due to increased competitive pressures from
temperate species (not just physiological range limits).
Either way, our work supports the idea that the boreal
regeneration bottleneck may start as early as seed
germination and seedling emergence.

Importantly, we also show that warming has
negative effects on exotic species emergence and
survival at these sites. While past work has theorized
that increased disturbance or rapidly changing envi-
ronmental conditions may favor the establishment and
growth of exotic species (Dukes and Mooney 1999;
Bellard et al. 2013), experimental evidence for this has
been varied (Hulme 2016). In areas where climate
change factors create less favorable habitats, exotic
species may be affected in similarly negative ways to
native species (Sorte et al. 2012). Here, warming had

Exotic Temperate

1 (€)

+1.7 +3.4 AMB +1.7 +3.4

Warming

model). Post hoc Student’s ¢ tests were also performed.
Significant differences between groups (within a single panel)
are shown with lower case letters (e.g., for panel ¢, temperate
seedlings were taller in the warmed drought plots than in any of
the other treatment groups but they were not compared with any
of the other panels for this display)
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Fig. 4 Plot-level species richness, based on species identity of
surviving seedlings in each plot at each census. Species richness
was lower in warmed plots and lowest at the final census. Error
bars represent standard error of the mean. Post-hoc Student’s

an overall negative effect on exotic species emergence
and survival, and for seedling emergence this was
strongly exacerbated by drought. Importantly, both
species that drive these trends (R. cathartica and
Berberis spp.) are invasive within, and south of, the
study region (Knight et al. 2007), and thus were
expected to respond positively to warming. However,
ability to invade may be more closely related to
phenological responses (Fridley 2016) that were not
measured here. It is currently unknown what limits R.
cathartica at the northern edge of its range (Kurylo
et al. 2007).

Post hoc comparisons demonstrate that temperate
seedlings were largely unaffected by warming, but this
was mostly due to variable results for temperate
broadleaf species (Fig. S2) and significantly negative
results for temperate conifers. Notably, some species-
specific emergence responses to warmer temperatures
do not follow the same pattern as in a similar
experiment using growth chambers (Fisichelli et al.
2014b). In the growth chamber experiment, several
species showed positive emergence responses to
warming (e.g., A. balsamea, R. cathartica, P. resinosa,
and P. strobus). These differences may be due to the
differences in microhabitat conditions in the field
versus the lab, and/or the much lower rates of
emergence that occurred under field conditions overall
(average of < 5% in the field vs. up to ~ 90% in the
growth chamber experiment). For those species
(mostly broadleaf) that emerged at higher rates in
the growth chamber, some of the lower emergence (or
early seedling survival) trends under field conditions

+1.7 +3.4 AMB +1.7 +3.4
Warming

t tests were also performed. Significant differences between
groups are shown with lower case letters. Biodiversity trends for
individual cohorts match these trends and are shown in Fig. S3

may have been related to seed predation (Bell and
Clark 2016). Importantly, our census regime allowed
us to capture new germination in the field, but if a
species germinated and then died before our monthly
census, this would be captured as merely failure to
germinate. Thus, we suspect that lower emergence
rates were also a reflection of low seedling survival
rates due to herbivory from small mammals and
pathogen infection. This may help explain the strong
conifer (smaller seed) results, in comparison with
highly variable broadleaf (larger seed) trends.

For species like R. pseudoacacia, responses to
warming were somewhat neutral and nearly identical
in field versus growth chamber comparisons. But for
those species that emerged at similar rates in the field
and in the growth chamber (e.g., A. balsamea and R.
cathartica), but reversed their response to warming,
this result is unexpected. In reality, and similar to our
field experiment, the interactions between warming
and moisture are correlated and will be dynamic in
both space and time. For a germinating seed, the
combined effects of temperature, and consequences
for soil moisture and vapor pressure deficit will
strongly affect survival (Wright et al. 2015; Cowles
et al. 2016). While future projections of seasonal
precipitation in the region show anywhere from a 17%
decrease to an 18% increase in long-term average
precipitation and uncertainty in spring precipitation
predictions (Kunkel et al. 2013), recent regional
ensemble climate models predict that overall soil
moisture will be decreased even if seasonal rainfall
increases (Seager et al. 2014). These models
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demonstrate that increased temperatures will increase
water losses due to evapotranspiration faster than
spring precipitation will increase, even in the more
severe model predictions. In our experiment, we
intentionally manipulate both the direct (temperature)
and indirect (soil moisture) effects of climate warm-
ing. Past work at this site has shown that soil moisture
is indeed slightly lower (0.2-0.5 cm® H,0/cm? soil) in
warmed versus ambient plots (Rich et al. 2015) and
thus simulates a more realistic warming scenario.
Furthermore, climate extremes may be more important
than climate averages for determining young seedling
responses to climate change (Wright et al. 2014, 2015;
Fisichelli et al. 2014a; Jentsch et al. 2016). Thus,
manipulating the climate average (day/night temper-
atures in a growth chamber), and associated changes in
moisture and humidity, may not have been as influ-
ential as the changes that occur during a particularly
hot or dry period during the growing season: a 1.7 °C
increase over ambient conditions during a period of
unseasonably high temperatures or low soil moisture
in the field (Rich et al. 2015) could be enough to result
in immediate seedling mortality.

Growth

Temperate seedlings in our study grew more (taller
and more leaves) when growing in warmer conditions.
Reich et al. (2015) showed similar results for 3- to
5-year-old saplings growing in the same experiment:
saplings near the southern edge of their range (boreal
species) were negatively affected by warming, while
saplings near the northern edge of their range (tem-
perate species) were positively affected by warming.
This was driven by increased photosynthetic rates in
warmer plots for those species growing near the
northern edge of their range. This may also be related
to increased plasticity in hydraulic functioning, which
may be more common in temperate species (McCulloh
et al. 2016). However, our results demonstrate that at
this earlier seedling stage, the positive effects of
warming on growth are highly variable and lost under
ambient rainfall conditions: the positive effects of
+ 3.4 °C warming on growth were only significant
when seedlings were grown in drought plots (~ 42%
of ambient water removed). This is somewhat coun-
terintuitive as warmer conditions are often considered
favorable, as long as they are not paired with increased
evapotranspiration and drought. Fisichelli et al. (2013)
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demonstrated similar results in terms of emergence
and leaf out: seedlings growing in the warmer, wetter
plots emerged less and leafed out later. We predict that
the negative effects of warming + moisture on early
seedling growth and emergence may be due to
increased pathogen abundance or infection in warmer,
wetter conditions (Ibafiez et al. 2007).

Biodiversity loss and concluding remarks

Warming temperatures and drought can have strong
influences on seedling emergence, survival, and
growth. At the boreal-temperate ecotone, climate
change and more extreme conditions may cause a
seedling-driven biodiversity bottleneck. Specifically,
the inability of temperate species to fill the voided
niches of boreal species would have long-term impli-
cations for forest composition, structure, and function.
This research only focuses on a small portion of the
plant life cycle and climate change impacts on other
life history stages may enhance or counteract the
trends found here. For example, changes in overstory
longevity, seed production, seed dispersal, and distur-
bance regimes will also play roles in forest biodiver-
sity. Further field-based studies are needed to examine
these dynamics at ecotonal boundaries. However, if
the observed patterns reflect broader trends, loss of
forest diversity at ecotonal boundaries will likely
cascade to further negative effects for these ecosys-
tems (Lavorel 1999). Comprehensively assessing
these changes in response to warming and drought,
at every life history stage, is a priority for future
research.
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