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Abstract
Aims
Climate warming raises the probability of range expansions of warmadapted temperate species into areas currently dominated by coldadapted boreal species. Warming-induced plant range expansions
could partly depend on how warming modifies relationships with
soil biota that promote plant growth, such as by mineralizing nutrients. Here, we grew two pairs of congeneric herbaceous plants species together in soil with a 5-year warming history (ambient, +1.7°C,
+3.4°C) and related their performances to plant-beneficial soil biota.
Methods
Each plant pair belonged to either the mid-latitude temperate climate
or the higher latitude southern boreal climate. Warmed soils were
extracted from a chamberless heating experiment at two field sites
in the temperate-boreal ecotone of North America. To isolate potential effects of different soil warming histories, air temperature for the
greenhouse experiment was identical across soils. We hypothesized
that soil with a 5-year warming history in the field would enhance
the performance of temperate plant species more than boreal plant
species and expected improved plant performances to have positive

associations with plant growth-promoting soil biota (microbialfeeding nematodes and arbuscular mycorrhizal fungi).
Important Findings
Our main hypothesis was partly confirmed as only one temperate species performed better in soil with warming history than in soil with history of ambient temperature. Further, this effect was restricted to the site
with higher soil water content in the growing season of the sampling
year (prior to soil collection). One of the boreal species performed consistently worse in previously warmed soil, whereas the other species
showed neutral responses to soil warming history. We found a positive
correlation between the density of microbial-feeding nematodes and
the performance of one of the temperate species in previously wetter
soils, but this correlation was negative at the site with previously drier
soil. We found no significant correlations between the performance
of the other temperate species as well as the two boreal species and
any of the studied soil biota. Our results indicate that soil warming
can modify the relation between certain plant species and microbialfeeding nematodes in given soil edaphic conditions, which might be
important for plant performance in the temperate-boreal ecotone.
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INTRODUCTION

2014; Wall and Moore 1999). For example, microbial-feeding nematodes promote plant growth by contributing to
nutrient mineralization (Bonkowski et al. 2000). Symbiotic
soil microorganisms, such as mycorrhizal fungi, benefit
plants by acquiring nutrients in forms that are largely inaccessible to plants (van der Heijden et al. 2006). These beneficial interactions between soil biota and plants may change
as a result of climate warming (Kiers et al. 2010). Climate
warming may accelerate feeding rates of microbial-feeding
soil biota (Carrera et al. 2009) and thus increase nutrient
availability (Natali et al. 2012), with a possibility of surpassing the pre-existing nutrient demand of the resident
plant species. These effects of soil biota can generate relative advantages for range-expanding plants over resident
plant species (van Grunsven et al. 2010). Surplus nutrients
in soil would provide selective advantages for those rangeexpanding plant species with a greater soil nutrient demand
as reported for invasive plant species (Davis et al. 2001).
The effect of climate warming on soil biota is partly
mediated by the extent to which warming reduces the
availability of soil water (Kardol et al. 2011; Ruess et al.
1999). Soil drying induced by warming could diminish
microbial growth and biomass (Liu et al. 2009), which may
have detrimental effects on higher trophic groups of soil
biota, such as microbial-feeding nematodes (Bakonyi and
Nagy 2000). Similarly, the effect of warming on microbemediated nutrient mineralization in soil may be weakened
as water in the soil becomes scarce (Suseela et al. 2012).
In contrast, warming-induced increases in nutrient mineralization are commonly observed in soils with high water
content (Davidson and Janssens 2006; Rustad et al. 2001).
Warming was also shown to enhance mycorrhizal colonization of roots as warming boosted nutrient turnover in soil
with sufficient moisture (Rillig et al. 2002). Taken together,
these observations suggest that the influence of climate
warming on the relationship between plants and soil biota
is likely to be mediated by the water content of the soil
(Compant et al. 2010).
Here, we report the effects of soil warming history,
defined by soil preconditioned with warming for several
years (see Meisner et al. 2013; Thakur et al. 2014b) on the
performance of four herbaceous plant species representing
an ecotonal climatic zone (northern temperate and southern
boreal). We relate plant performances in soils with different
warming histories to two important groups of soil biota that
promote plant growth: free-living microbial-feeding nematodes and arbuscular mycorrhizal fungi (AMF) to elucidate
the potential role of the enhanced mutualism hypothesis.
We hypothesized that soils with a history of experimentally

The geographic ranges of many plant species are changing as a consequence of climate warming (Chen et al.
2011; le Roux and McGeoch 2008). For example, temperate plant species appear to be expanding northward into
boreal regions (Fisichelli et al. 2013a; Leithead et al. 2010).
Understanding the complex suite of local ecological conditions that underpin successful plant performance is a key
challenge in predicting future range shifts (Fisichelli et al.
2013b; Sexton et al. 2009). Climate change affects the ecological success of a plant species not only by influencing the
plant carbon balance (Reich et al. 2015), but also by altering
the plants’ belowground interactions with enemies, such as
soil-borne pathogens (van der Putten 2012), and with soil
biota that promote plant growth, such as microbial-feeding nematodes (Morriën et al. 2012; Thakur et al. 2014a)
and mycorrhizal fungi (Pringle et al. 2009). Although previous studies have confirmed the important roles of plant
enemies in soil in determining the warming-induced range
expansion of plants (Engelkes et al. 2008; Morriën and van
der Putten 2013), the relevance of plant growth-promoting soil biota remains largely unexplored in this context
(Kivlin et al. 2013).
Successful invasion by non-native plant species is often
attributed to the ‘enemy release hypothesis’, whereby
aboveground and belowground herbivory or pathogen
attacks are reduced at new locations (Keane and Crawley
2002). Reduced enemy pressure is also proposed as an
explanation for successful range expansion of plant species
at new locations (Engelkes et al. 2008). Additionally, recent
studies have indicated that the acquisition of novel soil
biota that promote plant growth could enhance the success of plant invasion and range expansions (Callaway et al.
2011; Sun and He 2010; Traveset and Richardson 2014;
van der Putten 2012). Enhanced beneficial plant–soil biota
interactions at new locations is proposed as an additional
mechanism (‘enhanced mutualism hypothesis’) to the
enemy release hypothesis (Reinhart and Callaway 2006).
The key premise of the enhanced mutualism hypothesis
is that soil biota beneficial to plants associate with the
plant species expanding into the new range and, in turn,
enhance their competitive advantage over resident plant
species (Kulmatiski and Kardol 2008). Warming might also
promote the enhanced mutualism mechanism if warming
increases the population of beneficial soil biota in the new
range of expanding plant species.
There is a large diversity of belowground soil organisms
that promote plant growth (Eisenhauer 2012; Wagg et al.
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increased temperature should favor plant species that occur
in temperate regions (modestly warm-adapted) over plant
species of boreal regions (modestly cold-adapted) because
warm-adapted plant species might be superior at acquiring greater amounts of nutrients in warmed soils (Fisichelli
et al. 2015). Secondly, we hypothesized that warmed soils
support higher densities of microbial-feeding nematodes
and promote AMF colonization (as long as soils maintain
sufficiently high water content) due to increased nutrient
turnover rates caused by warming. Finally, we hypothesized
that such changes in soil biota (density of microbial-feeding nematodes and AMF colonization) would be associated
with plant responses to soil warming. We expected that the
above-hypothesized relations would partially depend on
soil water content.

METHODS
Field experiment
The soil used in the experiment came from the open-heating/chamberless experiment called ‘Boreal Forest Warming
at an Ecotone in Danger’ (B4WarmED; Rich et al. 2015). The
B4WarmED experiment started in 2008 with a simultaneous heating above (infrared canopy heating) and below the
ground (resistance heating cables) in the temperate-boreal
forest ecotone, i.e. a boundary region between temperate and boreal forests in Northern Minnesota, USA. This

Page 3 of 11

experiment consists of three warming treatments (ambient, ambient +1.7°C and ambient +3.4°C) replicated six
times and grouped into three blocks in open (clear-cut) and
forested habitats at two sites, Cloquet and Ely in Northern
Minnesota, USA (Fig. 1). Technical details of the B4WarmED
experiment can be found in Rich et al. (2015). Briefly, temperatures were manipulated aboveground and belowground
using 6–8 ceramic heating elements (Mor-Electric, model
FTE-1000, MI, USA) aboveground (Kimball 2005) and
heating cables in soil (Danfoss GX, Devi A/B, Denmark)
for belowground warming (Bergh and Linder 1999). All
plots were planted with 11 different tree species to establish identical tree communities across plots (see online supplementary Table S1 for tree species list), whereas naturally
occurring understory plant communities varied and were not
controlled. The soils in this study were taken only from the
closed forest canopy treatments in 2013, i.e. 5 years after the
start of the field experiments (details below in Greenhouse
experiment). Two of the species used in the greenhouse
experiment (Campanula rotundifolia and Aster ciliolatus) also
occur at the field sites (Fig. 1)
The Cloquet study site is situated at the Cloquet Forestry
Center (46°40′45″N, 92°31′12″W). The Ely study site is situated at Hubachek Wilderness Research Center (47°56′46″N,
91°45′29″W). Although Cloquet and Ely are >150 km apart
(Fig. 1), both sites are located in the temperate-boreal forest ecotone. Cloquet has a historically higher mean annual

Figure 1: geographic distribution of four plant species in Minnesota (USA) used in this study. The thick black lines indicate the presence of the
species in the particular region (county) of Minnesota. B4WarmED study sites are located in the temperate-boreal transition zone. Information
on plant species distributions can be found online at http://www.dnr.state.mn.us/eco/mcbs/plant_lists.html (29 March 2015, date last accessed).
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temperature (4.5°C) than Ely (3.0°C), but during the
B4WarmED experiment, growing season temperatures at the
two sites have been very similar (Rich et al. 2015). The growing season mean air temperature of Cloquet in 2013 was 12°C
(±0.22), whereas that of Ely was 13°C (±0.20) for the closed
canopy ambient warming treatments (see Rich et al. 2015 for
details about temperature measurement). The soil at Cloquet
is a Typic Dystrudept composed of ~61% sand, ~9% clay and
~30% silt, whereas the soil at Ely is a Lithic Udorthent composed of ~60% sand, ~12% clay and ~28% silt in the surface
soils (upper 5 cm).

Greenhouse experiment
Four herbaceous plant species were selected based on their
occurrence in temperate and boreal forests in North America.
The two species pairs belonged to two genera: Aster and
Campanula. Aster cordifolius (common name: Heart-leaved
aster) and Campanula americana (common name: American
bellflower) are both temperate plant species with a midtemperate and north temperate range (Fig. 1). Aster ciliolatus
(common name: Lindley’s aster) and Campanula rotundifolia
(common name: Harebell) are boreal species, which occur
predominantly in southern boreal climate in central North
America, extending slightly into the north temperate climate zone (Fig. 1; see online supplementary Fig. S1). All
seeds were purchased from Prairie Moon Nursery (Winona,
MN, USA). Based on their geographic ranges, we assumed
that the two selected northern temperate species have
adapted to a warmer climate compared to the southern
boreal species.
In total, we set up 36 microcosms in the greenhouse: two
sites × three soil warming history × six replicates. We took 150 g
of soils from 36 B4WarmED field plots (18 plots from each of
the two sites) using a 10-cm-deep soil core with a diameter of
5 cm. These soils were sampled in mid-November of 2013 and
cooled at 4°C until used for germinating plants. Large stones and
roots were gently removed before adding the soil to microcosms
(diameter = 11 cm, height = 9.4 cm). Each microcosm received
150 g of sand on top of which B4WarmED soils were added. For
each of the four plant species, 10 seeds were randomly added on
the soil subsurface (2–3 mm deep) of each microcosm (40 seeds
per microcosm) for the 36 B4WarmED plots. Each microcosms
received 60 ml of sterilized water every second day. Water was
carefully added to prevent flooding in the microcosm but in sufficient amounts to avoid water limitation. Plants were grown at
20°C for 16 h in daylight and at 16°C for 8 h in the dark.

Plant and soil biota measurements
We recorded seedling emergence weekly for 14 weeks in
total. Seedling emergence is the epicotyl breaking the soil
surface from seeds beneath the soil. Plants were harvested in
the 14th week after the start of the experiment because no
new plants emerged after week 10 (see online supplementary
Fig. S2; Eisenhauer et al. 2012). Plant species-specific shoot
biomass was measured after drying at 70°C for 72 h. Roots
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were gently and thoroughly cleaned with tap water before
drying. A part of the fresh root material was separated during
the harvest to determine AMF colonization and kept in 50%
ethanol until further processing (details below). A soil core of
2 cm diameter and 5 cm depth was taken for nematode extraction (20 g of fresh soil) using a modified Baermann technique
(Ruess 1995).
The roots for the determination of AMF colonization were
cleared in 10% KOH solution at 70°C for ~40 min, followed
by staining in a 5% pen ink–vinegar solution for 5 min at 70°C
(Vierheilig et al. 1998). Roots were subsequently mounted on
glass slides with 50% glycerine and scored for the presence of
AMF structures (intraradical hyphae, arbuscules and vesicles/
intraradical spores) following the transect-intersect method as
described in McGonigle et al.(1990). Nematodes were counted
and identified to genus levels and then grouped into trophic
groups following Yeates et al. (1993) as bacterial-feeding, fungal-feeding and plant root-feeding. Total and trophic group
densities of nematodes are expressed as individuals 20 g−1 of
fresh soil.
Volumetric soil water content was measured at the experimental field sites throughout the year before the start of the
emergence experiment using a Campbell Scientific method
for user-specific calibration of water reflectometers (Rich et al.
2015). In total, we report soil water content based on the
measurement for 212 days at Cloquet and 198 days at Ely in
2013. The soils that were used for germinating plants were
also used to prepare extracts for ammonium and nitrate measurements immediately after the field sampling. Ten grams of
sieved soils (2 mm) were added to 50 ml 2 M potassium chloride solution to prepare extracts, which were used to estimate
ammonium and nitrate concentrations using microplate colorimetric methods (Hood-Nowotny et al. 2010).

Statistical analyses
First, prior to the greenhouse experiment, the effect of soil
warming treatments on soil water content and nutrient availability at each experimental site was investigated. Soil water
content was analyzed for the two sites using mixed-effects
repeated measures analysis of variance (ANOVA) (Gaussian
error) due to repeated measurements of soil water content
throughout the year. Experimental blocks were used as a
random effect term in all the mixed-effects models. Post hoc
Tukey’s honestly significant difference (HSD) tests were performed on the models with significant warming effects to
compare the means of the three warming treatments. Post
hoc Tukey tests were only performed when warming treatments were used as a categorical variable.
Second, after the greenhouse experiment, seedling emergence, plant shoot biomass and plant shoot biomass per individual (total shoot biomass/number of emerged seedlings) in
response to soil warming history were analyzed for each species using linear mixed-effects models (with Gaussian error,
experiment blocks as a random effect) by pooling data from
the two sites as they have the same design.

Thakur et al.     |     Effects of soil warming history

Linear model assumptions of the residual normality were
assessed using the Shapiro–Wilk normality test, while homogeneity of variance was visually inspected using fitted versus residuals graphs. We used permutation tests to calculate
P-values when models failed to meet linear model assumptions, even after data transformation. Permutation test generates P-values by randomly generating reference distributions
from the original data and are suitable for lower sample
sizes and data with non-normal distribution (Legendre and
Legendre 2012).
Third, warming history effects on nematode densities
were assessed using generalized linear mixed-effects model
ANOVA with negative binomial errors due to overdispersion
in the count data, i.e. residual deviance >> degrees of freedom (Zuur et al. 2009). We analyzed the density of bacterialfeeding nematodes, fungal-feeding nematodes and the sum of
both (i.e. microbial-feeding nematodes) as affected by warming history. For warming history effects on AMF colonization
(expressed as a fraction) and AM arbuscules (the functional
part of the nutrient exchange site in roots), we again used linear mixed-effects models with Gaussian errors. Linear model
assumptions of variance homogeneity and normality of residual errors were met.
Fourth, plant species-specific responses (plant shoot biomass per individual) were associated with soil biota responses
using Spearman rank correlation tests. These correlation
tests were informed by our full models for plant performance
and soil biota responses. Based on those results (e.g. warming and site interaction effects), we ran site-specific correlation analyses to associate plant performance with soil biota
responses in soil with warming history. Plant shoot biomass
per individual was used as a proxy for plant performance.
We used Spearman rank correlation tests because most of the
response variables were not normally distributed. The correlation tests were run between the response of each plant species and soil biota responses. We also used partial Spearman
rank correlation analysis between each plant species and soil
biota responses by controlling the responses of the other three
plant species. Partial correlation test is applicable to situations,
where the relationship between two variables is influenced
by their relationship with other variables (details in Legendre
and Legendre 2012). We used non-parametric partial correlations to test whether the association between the performance of each plant species and soil biota was influenced by
the performance of the other three neighboring plant species.
All statistical analyses were carried out in R statistical software version 3.1.0 (R Development Core Team 2014). Mixedeffects models were run with the ‘lme4’ package (Bates et al.
2015). Using the ‘car’ package, we obtained chi-square values
for mixed-effects model objects using Type II Wald chi-square
tests (Fox and Weisberg, 2011). Tukey HSD tests were performed using the ‘multcomp’ package (Hothorn et al. 2008).
Permutation tests were carried out using the ‘minque’ package
(Wu 2014). Spearman rank correlation tests were performed
using the ‘Hmisc’ package (Harrell 2016). Partial Spearman
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rank correlation tests were carried out in the ‘ppcor’ package
(Seongho 2012).

RESULTS
Warming effects on soil edaphic conditions
Volumetric soil water content during the 2013 growing season was significantly lower in warmed plots at both sites as
compared to soil from ambient plots (Cloquet: χ2 = 18.67,
P < 0.001 and Ely: χ2 = 32.02, P < 0.001), with a ~14%
decline in soil water in the +3.4°C treatment (see online supplementary Fig. S3). Ely had higher mean soil water content
compared to Cloquet at ambient temperature in 2013 (27%
at Ely versus 21% at Cloquet). Soil ammonium concentrations did not change with warming at either of the sites
(Cloquet: χ2 = 3.76, P = 0.15 and Ely: χ2 = 0.78, P = 0.67).
The same was also true for the soil nitrate concentrations
(Cloquet: χ2 = 1.93, P = 0.38 and Ely: χ2 = 1.18, P = 0.55).

Warming history effects on plant performance
Warming history effects on seedling emergence and shoot biomass in the greenhouse experiment varied among plant species
and between the two sites (Table 1; all means and respective
standard errors are provided in online supplementary Table
S2). We found a significant interaction effect of warming history and site on the performance of A. cordifolius—a temperate
species. This was true for seedling emergence, total shoot biomass and shoot biomass per individual (Table 1). The significant interaction between warming history and site was due to
opposing warming effects on the performance of A. cordifolius
between the two sites (Fig. 2). At Cloquet, the performance of
A. cordifolius decreased with warming (Fig. 2a and c), whereas
warming enhanced its performance at Ely (Fig. 2b and d). We
did not find significant effects of warming, site and as well
as the interaction of warming and site effects on the performance of the other temperate species (C. americana) (Table 1;
Fig. 2). The seedling emergence of A. ciliolatus—one of the two
boreal plant species—decreased with soil warming history at
both sites (Table 1; Fig. 2a and b). However, the shoot biomass
and shoot biomass per individual of this plant species were
not significantly affected by warming history (Fig. 2c and d).
We also found no significant effect of warming history on the
other boreal plant species (C. rotundifolia) (Table 1; Fig. 2).

Warming history effects on soil biota
Among the tested soil biota, we only found a significant
increase in the density of fungal-feeding nematodes with
warming history (Table 2; Fig. 3c and d; all means and respective standard errors are provided in online supplementary
Table S3). The density of fungal-feeding nematodes was also
significantly higher in Ely soils than Cloquet soils (Fig. 3c
and d; note different scales on y-axes). The density of bacterial-feeding nematode was not significantly affected by soil
warming history (Table 2). Further, we found a marginally significant increase (P = 0.05) in the density of microbial-feeding
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Table 1: effects of soil warming history (ambient, ambient +1.7°C, and ambient +3.4°C) on plant species-specific performances (seedling
emergence, total shoot biomass and shoot biomass per individuals) at two different sites (Cloquet and Ely; both in MN, USA)
Plant performance

Warming
Slope
estimates

Site
χ2-value

P-value

Slope
estimates

Warming × Site
χ2-value

P-value

Slope
estimates

χ2-value

P-value

<0.001

Emergencea
Aster cordifolius (T)
Campanula americana (T) (log-transformed)
Aster ciliolatus (B) (log-transformed)
Campanula rotundifolia (B)

−0.50

0.46

0.49

−0.75

1.37

0.24

1.25

11.71

0.02

2.38

0.12

−0.58

1.84

0.17

0.24

1.65

0.19

−0.17

7.99

<0.01

−0.04

0.46

0.49

−0.06

0.21

0.64

0.5

1.55

0.21

−0.08

0.66

0.41

−0.41

0.79

0.37

Total shoot biomass (mg)
Aster cordifolius (T)
Campanula americana (T)

−0.06

—

0.02

−0.03

—

0.12

0.05

—

<0.001

0.02

—

0.30

<0.01

—

0.47

−0.01

—

0.35

0.01

—

0.2

0.02

—

<0.01

−0.01

—

0.03

−0.01

—

0.43

−0.01

—

0.42

<0.01

—

0.42

−0.04

—

<0.01

−0.02

—

0.01

0.03

—

<0.01

0.04

—

0.30

0.04

—

0.11

−0.03

—

0.24

Aster ciliolatus (B)

<0.01

—

0.41

0.01

—

0.07

<−0.01

—

0.11

Campanula rotundifolia (B)

<−0.01

—

0.24

<−0.01

—

0.39

<−0.01

—

0.31

Aster ciliolatus (B)
Campanula rotundifolia (B)
Shoot biomass per individual (mg)
Aster cordifolius (T)
Campanula americana (T)

Statistical significances are based on Wald and permutation (when χ2 values are missing) tests in mixed-effects models. Bold slope coefficients,
χ2 and P-values are statistically significant (P < 0.05). Shoot biomass refers to dry weight (see Methods).
a
Number of seedlings.
Abbreviations: B = boreal species, T = temperate species.

Figure 2: species-specific means (+standard error) of seedling emergence (a, b), and shoot biomass per individual per microcosm (c, d) of
four plant species in three soil warming history treatments of Cloquet (a, c) and Ely (b, d). Abbreviations: Ast cil = Aster ciliolatus (boreal), Ast
cor = Aster cordifolius (temperate), Cam ame = Campanula americana (temperate), Cam rot = Campanula rotundifolia (boreal).
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Table 2: soil warming history (ambient, ambient +1.7°C and ambient +3.4°C) effects on the plant-beneficial soil biota at two different
sites (Cloquet and Ely; both in MN, USA)
Warming
Slope
estimates

Site
χ2-value

P-value

Warming × Site

Slope
estimates

χ2-value

P-value

Slope
estimates

χ2-value

P-value

Nematodes
MF density

0.15

3.74

0.05

−0.66

<0.01

0.98

0.65

1.43

0.23

BF density

0.08

0.88

0.34

−0.64

0.11

0.73

0.35

0.36

0.54

FF density

0.48

10.45

<0.01

−0.63

4.07

0.04

1.43

3.79

0.05

Colonization

−0.06

0.09

0.75

−0.22

2.13

0.14

0.10

1.26

0.26

AM arbuscules

−0.03

0.11

0.73

−0.04

<0.01

0.99

0.04

1.24

0.26

AMF

Bold slope coefficients, χ2 and P-values are statistically significant (P < 0.05), and values in italics are marginally significant (P < 0.1). Nematode
density is expressed as per 20 g fresh soil.
Abbreviations: BF= bacterial-feeding nematodes, FF= fungal-feeding nematodes, MF= microbial-feeding nematodes.

Figure 3: means (+standard error) of nematode density (# 20 g−1 fresh soil) for microbial-feeding (a, b) and fungal-feeding nematodes (feeding guild within the microbial-feeding nematodes) (c, d) in three warming history treatments of Cloquet (a, c) and Ely (b, d). Abbreviations:
FF = fungal-feeding nematodes, MF = microbial-feeding nematodes.

nematodes (sum of fungal- and bacterial-feeding nematodes)
with soil warming history (Table 2; Fig. 3a and b). Warming
history had no significant effect on plant-feeding nematodes
(P > 0.05). We also found no significant effect of soil warming
history on AMF colonization and AM arbuscules (Table 2).

Relationships between plant performance and
soil biota
In Ely soils, the greater growth of individual of A. cordifolius in the warmed than ambient treatment soils was

associated with higher densities of microbial-feeding nematodes (ρ = 0.49, P = 0.04) and fungal-feeding nematodes
(marginally significant; ρ = 0.48, P = 0.05; see online supplementary Table S4). Partial correlation tests revealed that
the significant positive association between the density of
microbial-feeding nematodes and A. cordifolius became insignificant in Ely soils (ρ = 0.40, P = 0.12) when we statistically controlled for the performance of the other plants
in the microcosms. In Cloquet soils, the performance of
A. cordifolius was negatively correlated with the density of
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microbial-feeding nematodes, but only so in the partial correlation tests (ρ = −0.49, P = 0.03). We did not find any
significant correlation between the performance of the other
three plant species and nematode densities in either Cloquet
or Ely (see online supplementary Table S4) or between plant
performance and AMF colonization (see online supplementary Table S4).

DISCUSSION
In this study, we found some evidence in support of our
overarching hypothesis that warming enhances the performance of temperate herbaceous species relative to boreal
species and that this could be associated with warminginduced changes in soil biota. However, there were also
some results inconsistent with this hypothesis and many
neutral responses. Support for the overarching hypothesis was restricted to one of the two boreal species (one
responded negatively to warming, the other neutrally) and
for one of the temperate species (one responded positively
to warming, the other neutrally). Further, the positive
response of one of the temperate species was also restricted
to the site with higher soil water content in the growing season just prior to soil collection (Ely), whereas a decrease in
performance in response to warming history was observed
at the site with lower soil water content (Cloquet). The
density of total microbial-feeding nematodes and that of
fungal-feeding nematodes in particular increased in the
warmed soils. In support of our hypothesis, we found that
the enhanced performance of A. cordifolius and the density
of microbial-feeding nematodes in soils with warming history were positively correlated at Ely, but we found no such
associations between plant performances and AMF colonization of roots. Recent studies have proposed that, in order
to successfully expand their geographical range, plant species should experience a reduction in enemy pressure and/
or a greater association with beneficial soil biota in the new
range (Callaway et al. 2011; van der Putten 2012). We only
found partial support for the enhanced mutualism hypothesis in one of the two temperate plant species and also only
at one of the sites.
The improved performance of A. cordifolius (both in terms
of seedling emergence and shoot biomass) in warmed soils
of Ely is in line with previous studies reporting higher plant
production in warmer temperatures (Baldwin et al. 2014; Lin
et al. 2010; Natali et al. 2012; Thakur et al. 2014b). Improved
plant performance could partly be related to a plant’s ability
to exploit soil nutrients made available by warming-induced
increases in nutrient mineralization in the soil (de Frenne
et al. 2014; Natali et al. 2012). In addition, the physiology of
these plants may also be sufficiently adjustable to take advantage of the warmed soil environment, which could be related
to the geographic range of the species (Lin et al. 2010; Reich
et al. 2015; Walker et al. 2006). For instance, species performing better in the warmed soil can increase their root length
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and diameter to acquire greater amounts of resources (Kaspar
and Bland 1992).
Differences in site-level soil water content during the growing season of the sampling year provide a potential explanation why the same temperate plant species responded
inconsistently to warmed soil. Warming generally increases
the activity of soil organisms and the nutrient turnover in soil
at sufficiently high water content (Allison and Treseder 2008;
Carrera et al. 2009). Our results suggest that a greater adaptability to warmer conditions related to geographic ranges
alone does not guarantee the success of plant species in the
warmed soil of the new locations, but also other soil edaphic
conditions such as water content could play a crucial role.
However, further direct experimental manipulations of soil
water content together with soil warming are required to test
the generality of such assumptions. The decreased performance of A. ciliolatus (boreal species) in warmed soil of both
sites indicates that warming-induced alterations in soil biotic
and abiotic conditions can detrimentally affect the performance of cold-adapted plant species. Further, the poor performance of A. ciliolatus could also be due to negative plant–soil
feedback effects (such as via soil pathogens) as this species
occurs at both field sites.
Our results also revealed that the association between
the density of plant-beneficial nematodes (i.e. microbialfeeding) and A. cordifolius performance depended on the
soil water content: a positive relationship occurred at Ely,
whereas a negative trend was observed in Cloquet soils.
In particular, higher density of fungal-feeding nematodes
in the warmed soil (Fig. 3) may have increased nutrient availability by enhancing turnover rates of soil fungi
(Chen and Ferris 1999). Surprisingly, soils warmed prior
to the greenhouse experiment did not show significantly
higher nutrient concentrations (ammonium and nitrate);
however, this may have changed as the experiment progressed. Although the correlation between A. cordifolius
performance and the density of fungal-feeding nematodes was only marginally significant in warmed Ely soils
(see online supplementary Table S4), these results indicate that warming may reinforce plant–soil biota relations
by potentially benefitting nutrient-demanding plants (de
Deyn et al. 2004; Morriën et al. 2012). In addition to nutrient effects, fungal-feeding soil fauna could also indirectly
support seedling emergence by reducing fungi that may
decay seeds and decrease the persistence of seeds in the
soil (Mitschunas et al. 2006). Why such an advantage was
true only for one of the two temperate species at one of the
sites merits further exploration.
Some of the observed associations between the nematode
density and plant performance, such as the negative correlation between A. cordifolius performance and the density of
microbial-feeding nematodes in Cloquet soils, were also influenced by the performance of other plant species in warmed
soils as shown by the partial correlation tests (see online supplementary Table S4). This indicates that a given plant–soil

Thakur et al.     |     Effects of soil warming history

biota relation may also depend on the competitive interactions among the co-occurring plant species. Such plant–plant
interactions and plant–soil biota relations could play a crucial
role in determining the success of range-expanding plants (de
Frenne et al. 2014). Moreover, the finding of both positive and
negative correlations between microbial-feeding nematodes
and A. cordifolius performance depending on soil water conditions calls for experiments to directly test the causal effects
of nematodes on the performance of range-expanding plant
species in different soil water availability treatments, such
as by manipulating densities of nematodes with pesticides
(Eisenhauer et al. 2010).
In summary, our study provides some evidence that soil
warming history can alter the performance of plant species in the temperate-boreal ecotone. Soil warming history
resulted in increased performance of one of the two temperate herbaceous plant species (A. cordifolius) in the soil
of one of the two study sites (Ely), whereas the opposite
pattern was true at the other site (Cloquet). Soil water content in the sampling year was higher in Ely than Cloquet,
which may have caused inconsistent performance of the
temperate species A. cordifolius in the warmed soil of the
two sites. Notably, the increased performance of A. cordifolius at the wetter site was associated to elevated densities
of microbial-feeding nematodes. We also observed that the
same plant species in the drier site of the sampling year
negatively associated with the density of microbial-feeding
nematodes. We caution, however, that differences in soil
water content are not consistently different in these two
sites during all years of warming (Rich et al. 2015) and thus
legacy effects related with variations in soil water content
together with the legacy effects of soil warming require further assessment. Our conclusions are based on only two
congeneric plant species pairs, and more experiments are
needed to test the generality of our results. Nevertheless,
our study highlights that warming can modify the relation
between certain plant species and soil biota, such as microbial-feeding nematodes, which could play an important
role for the successful establishment of plants beyond their
present range limits.
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Supplementary material is available at Journal of Plant Ecology
online.
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