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Abstract Here we report from a experiment imposing
different warming scenarios [control with ambient tem-
perature, constant level of moderate warming for
3 years, stepwise increase in warming for 3 years, and
one season of high level warming (pulse) simulating an
extreme summer event] on an alpine ecosystem to study
the impact on species diversity–biomass relationship,
and community resistance in terms of biomass produc-
tion. Multiple linear mixed models indicate that experi-
mental years had stronger influence on biomass than
warming scenarios and species diversity. Species diver-
sity and biomass had almost humpback relationships
under different warming scenarios over different exper-
imental years. There was generally a negative diversity–
biomass relationship, implying that a positive diversity–
biomass relationship was not the case. The application
of different warming scenarios did not change this ten-

dency. The change in community resistance to all
warming scenarios was generally negatively correlated
with increasing species diversity, the strength of the
correlation varying both between treatments and be-
tween years within treatments. The strong effect of
experimental years was consistent with the notion that
niche complementarity effects increase over time, and
hence, higher biomass productivity over experimental
years. The strongest negative relationship was found in
the first year of the pulse treatment, indicating that the
community had weak resistance to an extreme event of
one season of abnormally warm climate. Biomass pro-
duction started recovering during the two subsequent
years. Contrasting biomass-related resistance emerged in
the different treatments, indicating that micro sites
within the same plant community may differ in their
resistance to different warming scenarios.

Keywords Biomass Æ Climate variability Æ Community
resistance Æ Extreme climatic events Æ Species diversity

Introduction

The increasing loss of global biodiversity has highlighted
the question of the functional importance of diversity in
ecosystems (Loreau 2000). Another long-term consid-
eration is the extent to which the relationship between
diversity and productivity can stabilise ecosystems in the
face of climate change (Loreau 1998, 2000; Hooper et al.
2005). The resistance of a plant community to pertur-
bation is a vital factor for determination of ecosystem
stability and productivity (Pimm 1984; Pfisterer and
Schmid 2002). Productivity, measured as biomass, has
been recognised as one of the basic ecosystem processes
(Huston 1997; Wilsey and Potvin 2000) and is an
important variable in response to perturbation. Experi-
mental warming can be expected to increase biomass
production in Arctic and Alpine Tundra (Arft et al.
1999: Jonasson et al. 1999), but there are also con-
trasting results (Press et al. 1998; Carlyle et al. 2013).
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However, the relationship between diversity and bio-
mass can vary between regions, as revealed in a study
across 295 grasslands in Germany (Klaus et al. 2013).

In alpine plant communities, changes in environ-
mental conditions may cause large variations in pro-
ductivity and subsequent species interactions and
community stability (Klanderud and Totland 2008;
Alatalo et al. 2014b). For example, timing of snowmelt
influences the spatial distribution of species richness and
abundance (Domènech et al. 2014). These alpine and
tundra ecosystems are highly variable in productivity,
and primary production can range between 10 g m�2

per year in polar deserts to 1000 g m�2 per year in wil-
low shrublands (Virtanen et al. 2013). A recent study
involving systematic sampling of 27 sites across the
Eurasian tundra biome tested two main theories on the
relationship between diversity and productivity, namely
the productivity-species pool hypothesis, which predicts
a positive productivity-species richness relationship, and
the productivity-interaction hypothesis, which predicts a
humpbacked productivity-species richness relationship.
That study found general support for the latter (Virta-
nen et al. 2013). A similar humpbacked relationship
between diversity and biomass was found in a study
using data from south-eastern Alps (Austria, Italy and
Slovenia) (Poldini et al. 2011). There is also some
experimental support for diversity peaking in mid-pro-
ductive alpine tundra systems (Alatalo et al. 2014b). In
general, after the humpbacked relationship, a positive
productivity–diversity relationship seems to be the next
most common pattern (Mittelbach et al. 2001).

Climate change is generally assumed to be one of the
most important factors driving changes in biodiversity.
Climate change is predicted to impact on a number of
ecosystems, increasing the risk of extinction of many
rare and protected plants (Wu et al. 2014; Zhang et al.
2014). The importance of climate variability is especially
true in ecosystems with low temperatures, such as polar
and high alpine areas. These are thought to be especially
vulnerable to climate change as they are predicted to
experience a very rapid and relatively large increase in
temperature (IPCC 2014). This will most likely cause
species losses in the near future or cause shifts in dom-
inance structures (Sun et al. 2011; Kravtsova and
Loshkareva 2013; Zhao et al. 2013). Furthermore,
studies have shown that climate change can also alter
species interactions within a plant community (Bret-
Harte et al. 2004; Klanderud and Totland 2005), and
that the responses can be non-linear over time (Alatalo
and Little 2014; Alatalo et al. 2015).

The majority of experimental studies to date have
applied open-top chambers (OTCs) which give a constant
level of warming. This is not the most realistic simulation,
as climate change is thought to increase climate vari-
ability, giving more frequent and extreme climate events
(IPCC 2007). At present there are very few experimental
studies that have applied different warming scenarios in
alpine and tundra ecosystems (Jonasson et al. 1999;
Marchand et al. 2005, 2006a; b; Alatalo et al. 2014a,

2016). None of these has examined the impact of different
climate change scenarios on the relationship between
species diversity and productivity (biomass), or the role of
the diversity–productivity relationship for community
resistance. A number of experimental studies on grass-
lands have found that resistance to drought perturbations
is related to species richness (Mulder et al. 2001; Pfisterer
and Schmid 2002). However, this is not always the case,
e.g. an experimental study on grassland examining the
role of species diversity for biomass production and
drought resistance found no support for the diversity
resistance hypothesis or any correlation between species
diversity and biomass production (Wang et al. 2007).
Instead, it found that experimental plots with lower bio-
mass were more resistant to drought than plots with
higher biomass (Wang et al. 2007). Consequently, we
hypothesize that resistance of plant communities in terms
of species diversity—biomass relationship performs better
or similar under warming scenarios than natural envi-
ronment in an alpine ecosystem.

In the present study, we aimed to distinguish between
the impacts of different climate change scenarios on the
relationship between species diversity and productivity
(biomass) and their role for plant community resistance.
We have previously reported the impact of climate
change on community structure, functional groups and
species-specific responses of bryophytes and lichens
(Alatalo et al. 2014a). Specific objectives in the present
study were to determine: (1) the relationship between
species diversity and productivity, measured as above-
ground biomass, and the response to different warming
scenarios; (2) whether community resistance of biomass
production to warming depends on species diversity
and/or productivity.

Methods

Study area and vegetation

This study was conducted at the Latnjajaure Field Sta-
tion (LFS) in the Latnjavagge valley in northern Sweden
(68�21¢N, 18�29¢E, elevation of 1000 m asl.). The
experiment was conducted in a rich meadow alpine
community (Alatalo et al. 2014a) around 300-m south-
east of the LFS, on a gentle northwest-facing slope with
an abundant groundwater supply. The vegetation in the
valley comprises a wide range of communities, and the
environment varies from dry to wet and from acidic to
base-rich.

The valley is covered with snow for most of the year
and the climate is characterised by cool summers and
relatively mild, snow-rich winters. The site is classified as
subarctic, with mean annual temperature of �2.0 to
�2.7 �C (data for 1993–1999) and an annual minimum
of �27.3 to �21.7 �C. July is the warmest month, with
mean temperature ranging from +5.2 �C (1995) to
+8.0 �C (1997). Mean annual precipitation ranges from
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a low of 605 mm (1996) to a high of 990 mm (1993),
with the mean for the period 1990–1999 being 808 mm.
For summer climate data for the period 1995–1998, see
Fig. 1.

Experimental design

In July 1995, four blocks, each with four 1 m · 1 m
plots, were marked out and numbered. All blocks and
plots were as similar as possible with respect to the
floristic composition and edaphic conditions. At the end
of the 1995 season, the subsequent treatments were
distributed within the blocks using a simple lottery.
Within each of the four blocks, four different kinds of
warming: (1) control, (2) standard OTC warming, (3)
press warming (annual stepwise increase of warming)
and (4) pulse warming (a initial single summer of high
level of warming), were implemented starting in June
1996 (Alatalo et al. 2014a). The OTC experiments were
configured according to hexagonal polycarbonate
chambers with a base diameter of 1 m (Marion et al.
1997), which were fixed to the ground from early June
1996 to late August 1998. In the press warming manip-
ulation, an OTC was installed in the plot on 10 cm-high
pylons throughout the 1996 season; this OTC was af-
fixed to the ground during the 1997 season and a poly-
ethylene lid was used throughout the 1998 season, thus
increasing the experimental warming each year. In the
pulse treatment, a closed-top chamber (CTC; a standard
OTC with a polyethylene lid as in the press warming
case) was installed in the plot during the 1996 season
only and was removed in late August of the same year
(Alatalo et al. 2014a).

The different treatments resulted in different warming
levels. The temperature increase using the standard OTC

remained at an average of 1.87 ± 0.25 �C (mean ± SE,
n = 7 runs) above the ambient surface temperature in
the adjacent control plots (Alatalo et al. 2014a). At the
same time, the ventilated OTCs in the first treatment
year in the stepwise warming treatment caused a more
moderate increase of 1.00 ± 0.42 �C (n = 2), whereas
the CTC treatment in the stepwise warming (year 3) and
pulse treatments caused a greater increase of
3.54 ± 0.24 �C (n = 3). Thus, the treatments generated
three different warming scenarios for comparison
(Alatalo et al. 2014a). The different experimental
warming treatments can also be illustrated as three
temperature units of �1 �C each, where the OTCs (2
units) and press warming (1, 2 and 3 units for the dif-
ferent years) had an equal cumulative sum (total of six
units) after 3 years of treatment. However, the single-
year pulse treatment (3 units) only had three units above
the control for the same period (Alatalo et al. 2014a).

The experiment was designed using the BACI (be-
fore-after-control-impact) approach, and all plots were
mapped in the first year (1995) prior to any manipula-
tion (Underwood 1994). The experiment was ended after
the final data collection period in August 1998.

Measurements of vegetation structure

All 16 plots were mapped in early August of each year
(1995–1998) in the same sequence, such that each indi-
vidual plot was mapped on roughly the same date every
year. For mapping, a 1 m · 1 m grid frame was used. At
each of the 100 grid points, the specific identity of the
top-most canopy (if present) and bottom-most layer
species (if present) were noted, together with the height
(1 cm accuracy) from the ground to the point of inter-
ception (canopy species only). In the square 1 m · 1 m
control plots, there were always 100 sampling points for
the canopy and 96 points for the bottom layer, where
four points were sacrificed for orientation screws with
5 mm head diameter, which enabled accurate re-instal-
lation of the grid frame each year. This method has been
shown to be accurate in detecting changes in tundra
vegetation (May and Hollister 2012). Due to their
hexagonal shape, the OTCs reduced the number of
points per plot to 87–94. Solifluction at the study site
was very low and totalled less than 1 cm in horizontal
distance over the 4 years of the study.

Variables used in analyses

The aboveground biomass of the various functional
groups of vascular plants (Table 1) was estimated using
the life form-specific allometric equations developed for
the site (Table 2, Karlsson 1998; Molau 2010). The total
aboveground biomass of a plot was estimated through
summation of biomass of all life forms present in the
plot.

Fig. 1 Climate data for the Latnjajaure Field Station during
summer (1 June–31 August) in the period 1995–1998. TP total
precipitation, Max T maximum temperature, Min T minimum
temperature, MT mean temperature
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The Shannon–Wiener biodiversity index was used to
quantify species diversity, because it reflects both species
evenness and richness (Magurran 2013). Based on rela-
tive species abundance, species diversity (H) was calcu-
lated for each plot as:

H ¼ �
Xs

i¼1

pi � ln pi ð1Þ

where pi is the relative abundance of the ith species and
s is the number of plant species in a plot. The analysis on
the Shannon–Wiener index was performed using the
‘‘vegan’’ in R 3.2.2 (Oksanen et al. 2013; R Core Team
2015).

As the control plots and treatment plots differed in
size (warming treatments decreasing the number of hits),
resistance to warming was measured as the ratio of
aboveground biomass production between different
years (1996, 1997 and 1998) of experimental warming
(OTC, press and pulse) and the initial year without
warming treatment (Eq. 2).

R ¼ ln
Bwarming�year

Bwarming�1995

� �
ð2Þ

where warming is control, OTC, press or pulse warming
treatment, while year is 1996, 1997 or 1998. The pro-

portional resistance to different warming scenarios was
examined as the relationship between community bio-
mass in initial year without warming and biomass in
different treatment years. A slope <1 of the log–log
relationship was taken to indicate that resistance to
warming is negatively biomass-dependent and a slope
>1 indicated a positive relationship.

Statistical analyses

For statistical analysis, the following steps were con-
ducted. First, we conducted bivariate relationships
between observed species diversity and biomass under
different warming scenarios over different experimen-
tal years, using regression analysis. Specifically, we fit
each pair of variables using simple linear regression
and multiple linear regressions by adding quadratic
and cubic polynomial terms to test for bivariate
relationships of species diversity and biomass, by
using pooled data from warming scenarios and/or
experimental years. Our analyses indicated that mul-
tiple linear regressions by adding quadratic and cubic
polynomial terms was the best in describing bivariate
relationships based on the Akaike information crite-
rion (AIC).

Second, to evaluate how biomass is determined by
species diversity, experimental years and warming sce-
narios, we performed multiple linear mixed models
incorporating fixed and random factors (Eq. 3).

Y ¼ poly X; 3ð Þ þ e ð3Þ

where, Y is natural-logarithm transformed biomass
(lnAGB), poly (X, 3) is the polynomial (linear, quad-
ratic, and cubic terms) of natural-logarithm transformed
species diversity (lnH), and e is the random factor(s) i.e.
experimental treatments and/or experimental years
(grouping variables).

Specifically, we tested the following three multiple
linear mixed models, by incorporating polynomial terms
(linear, quadratic and cubic) to account for nonlinear
effects of species diversity on biomass.

Table 1 Mean estimated aboveground biomass (g m�2) of different functional plant groups in different years and treatments

Functional groups 1995 1996 1997 1998

Ctrl OTC Press Pulse Ctrl OTC Press Pulse Ctrl OTC Press Pulse Ctrl OTC Press Pulse

Acrocarp 93 97 83 83 88 90 78 96 71 84 68 91 82 99 67 113
Cushion 13 3 7 11 16 3 6 15 21 7 8 18 22 8 8 14
Deciduous 17 14 20 24 19 18 25 38 26 24 33 46 29 26 42 34
Evergreen 72 41 81 45 89 62 102 84 110 99 139 95 137 119 202 107
Graminoids 30 32 27 32 23 31 23 37 19 26 20 27 21 35 40 19
Herbs 4 3 2 6 3 4 3 10 6 7 4 10 8 8 12 16
Lichens 13 11 19 9 13 14 19 12 13 12 17 9 11 8 15 8
Pleurocarp 58 77 44 71 65 80 55 75 71 82 50 89 69 75 45 72
Sphagnum 70 44 95 26 71 49 99 28 81 50 106 30 87 58 127 37

Acrocarp mosses, vascular cushion plants, deciduous dwarf shrubs, evergreen dwarf shrubs, gaminoids, herbs, lichens, pleurocarp mosses,
Sphagnum spp
Ctrl control, OTC open-top chamber

Table 2 Regression data used to calculate aboveground biomass
based on percentage of cover (bottom layer) and volume (canopy
layer). Modified from Karlsson (1998) and Molau (2010)

Functional groups R2 Equation for regression

Graminoids 0.80 B = 0.393 · V
Herbs 0.35 B = 0.204 · V
Evergreen shrubs 0.86 B = 1.370 · V
Deciduous shrubs 0.53 B = 1.007 · V
Cushion plants 0.82 B = 2.992 · C
Lichens 0.41 B = 0.785 · C
Acrocarp mosses 0.44 B = 2.973 · C
Pleurocarp mosses and liverworths 0.61 B = 2.787 · C
Sphagnum spp. 0.89 B = 4.252 · C

Dry biomass in g m�2 (B), cover (C), above ground volume in cm3

(V)
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lnAGB� poly lnH;3ð Þð Þ þ ð1þTreatmentsjYearsÞ model 1ð Þ
lnAGB� poly lnH;3ð Þð Þ þYearsþ ð1jTreatmentsÞ model 2ð Þ
lnAGB� poly lnH;3ð Þð Þ þTreatmentsþ ð1jYearsÞ model 3ð Þ

We calculated the conditional (c) and marginal
(m) R2 for the each multiple linear mixed model fol-
lowing (Nakagawa and Schielzeth 2013). Conditional R2

(Rc
2) indicates the variance explained by both fixed and

random factors, whereas marginal R2 (Rm
2 )indicates the

variance explained by fixed factors only. When Rm
2 value

is close to Rc
2, then most of the variation explained in the

biomass is caused by the predictors (fixed factors), rather
than by random effect. Linear mixed models were con-
ducted using the ‘‘lme4’’ and ‘‘MuMIn’’ packages (Bates
et al. 2015; Barton 2016) in R 3.2.2 (R Core Team 2015).

Third, we examined the relationship between species
diversity (in reference plots) and warming resistance
(calculated by Eq. 2) with multiple linear regressions by
adding quadratic and cubic polynomial terms, using
pooled data from experimental years. In addition, we
have also conducted simple linear regression relationship
between species diversity (in reference plots) and bio-
mass ratio (calculated by Eq. 2) under each experimental
warming scenarios for each experimental year. Species
diversity in reference plots refers to the species diversity
in the initial year (i.e. 1995) under same warming sce-
nario.

Fourth, we examined the power–law relationship
between biomass production under the warming sce-
nario (Bwarming) and the biomass production in reference
plot (Breference) with Eq. (4) (Harms et al. 2000). Breference

is the biomass production in the initial year (i.e. 1995) of
the subplot under the same warming scenario.

Bwarming ¼ aBb
reference ð4Þ

where a is a constant.

The Bwarming–Breference relationship was conducted
using simple linear regressions of natural-logarithm
transformed biomass values. A value of fitted constant
b less than 1 was taken to indicate that warming resis-
tance is inversely related to biomass production. Because
of the small sampling size (n = 4’ in case of third and
fourth steps of the analyses), correlation coefficients in
range 0.00–0.10 were generally considered neutral,
0.11–0.40 weak, 0.41–0.70 moderate and >0.71 strong.
The direction of correlations is highlighted with a neg-
ative or positive sign. Although most of the relationships
or effects in our study were not significant while the
coefficients were high (probably resulted due to small
sampling size), the general trends were clear to draw the
conclusions.

Prior to the all statistical analyses, Shapiro–Wilk
goodness-of-fit test was used to assess the normality for
all variables. All numerical variables including biomass
and species diversity were natural-logarithm trans-
formed and standardized in order to meet the assump-
tions of normality and linearity, and to allow
comparisons among multiple predictors and models
(Zuur et al. 2009). The dataset used in the analyses is
provided in Appendix S1.

Results

Relationships between biomass and species diversity
under different warming scenarios over different exper-
imental years

When species diversity was considered as a fixed factor,
and warming treatments and experimental years as
random factors in the linear mixed model (model 1,
Table 3), the result indicate that biomass was signifi-
cantly negatively related to the quadratic term of species
diversity (b = �0.24, P = 0.013), but not to the linear

Table 3 Linear mixed models for the relationships between Shannon’s species diversity and aboveground biomass under different
warming scenarios over different experimental years

Predictors b t P Rm
2 Rc

2

Model 1 (treatments and years are random factors, while ln(H) is a fixed factor
ln(H1) �0.15 �1.74 0.087 0.09 0.57
ln(H2) �0.24 �2.57 0.013
ln(H3) 0.11 1.26 0.214
Model 2 (treatments is a random factor, while ln(H) and years are fixed factors
ln(H1) �0.15 �2.01 0.048 0.55 0.67
ln(H2) �0.21 �2.63 0.011
ln(H3) 0.04 0.52 0.605
Years 0.72 9.52 <0.001
Model 3 (years is a random factor, while ln(H) and treatments are fixed factors
ln(H1) �0.15 �1.78 0.080 0.07 0.53
ln(H2) �0.19 �2.03 0.046
ln(H3) 0.11 1.26 0.211
Treatments �0.04 �0.02 0.632

Standardized regression coefficient (b), t test, P value, conditional (c) and marginal (m) R2 (Rc
2 = both fixed and random effects, and

Rm
2 = fixed effects only) are given. P < 0.05 is shown in bold

H1, H2 and H3 represent the polynomial terms for Shannon’s species diversity (H); ln = natural-logarithm
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term (b = �0.15, P = 0.087), or to the cubic term of
species diversity (b = 0.11, P = 0.214). However, spe-
cies diversity did contributes weakly to biomass (Rm

2 =
0.09), whereas random factors such as experimental
years and warming treatments did contribute strongly
(Rc

2 = 0.57, thus their Rm
2 = 0.48). We also found that

species diversity and biomass had almost humpback
relationship, when pooled data from warming treat-
ments and experimental years (Fig. 2).

When species diversity and experimental years were
considered as fixed factors, and warming treatments as a
random factor (model 2, Table 3), the result indicated
that biomass was significantly positively related to
experimental years (b = 0.72, P < 0.001), the quad-
ratic (b = �0.21, P = 0.011) and linear (b = �0.15,

P = 0.048) terms of species diversity, but not to the
cubic term of species diversity (b = 0.04, P = 0.60).
Fixed factors such as species diversity and experimental
years did contribute strongly to biomass (Rm

2 = 0.55),
whereas random factor such as warming treatments did
contribute weakly (Rc

2 = 0.67, thus its Rm
2 = 0.12). This

result indicate that experimental years had stronger
influence on biomass than warming treatments and
species diversity. We also found that species diversity
and biomass had almost humpback relationships over
different experimental years, when pooled data from
warming treatments (Fig. 3).

By considering species diversity and warming treat-
ments as fixed factors, and experimental years as a
random factor in the linear mixed model (model 3, Ta-
ble 3), the result showed that biomass was significantly
negatively related to the quadratic term of species
diversity (b = –0.19, P = 0.046), but not to the linear
term (b = –0.15, P = 0.080), cubic term of species
diversity (b = 0.11, P = 0.21), or warming treatments
(b = –0.04, P = 0.63). However, fixed factors such as
species diversity and warming treatments did contribute
weakly to biomass (Rm

2 = 0.07), whereas random factor
such as experimental years did contributes strongly
(Rc

2 = 0.53, thus its Rm
2 = 0.46). This result again

indicate that experimental years had stronger influence

Fig. 2 Relationship between aboveground biomass and Shannon’s
species diversity. Data from warming scenarios over different
experimental years were pooled for, n = 64. Different symbols
represent different warming scenarios, and different colours (light
grey to dark grey) represent different experimental years
(1995–1998). Key legend is provided at the end of the graph. The
curve represents cubic polynomial function (Y = aX3 + bX2 +
cX + d). Both X and Y variables are natural-logarithm (ln)
transformed

Fig. 3 Relationships between aboveground biomass and Shan-
non’s species diversity over different experimental years,
1995–1998. Experimental years are shown in the top panel of the
graph. Data from warming scenarios were pooled for each
experimental year, n = 16. Different symbols represent different
warming scenarios (key legend is provided at the end of the graph).
The curve represents cubic polynomial function (Y = aX3 +
bX2 + cX + d). Both X and Y variables are natural-logarithm
(ln) transformed
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on biomass than warming treatments and species
diversity. We also found that species diversity and bio-
mass had almost humpback relationships under different
warming treatments particularly under OTC treatment,
when pooling data from experimental years (Fig. 4).

Diversity-dependent resistance to warming scenarios
over different experimental years

Plant community resistance to natural climate variabil-
ity (control) in terms of biomass production [ln(Bcontrol-

year/Bcontrol-1995)] showed V-shaped trend with species
diversity under control environment of the initial year
(lnHcontrol-1995), when biomass ratio data was pooled
across experimental years (Fig. 5a). More specifically,
we found that biomass ratio at each experimental year,
i.e. ln(Bcontrol-1996/Bcontrol-1995), ln(Bcontrol-1997/Bcontrol-

1995) and ln(Bcontrol-1998/Bcontrol-1995), varied from mod-
erately negative (r = �0.58) to neutral (r = �0.04), to
weakly positive (r = 0.24) with species diversity of the
reference year (lnHwarming-1995) (Table 4).

In contrast, we found almost humpback relationship
between biomass production [ln(Bwarming-year/Bwarming-

1995)] and species diversity of the initial year (lnHwarming-

1995) under each of OTC (Fig. 5b) and press treatments

(Fig. 5c). There were no clear patterns in the resistance
of biomass production correlated with the species
diversity in OTC of the initial year without experimental
warming, against the constant level of warming applied
by OTC from 1995 to 1996, 1995 to 1997, and 1995 to
1998. The diversity–resistance relationship varied from
weakly positive in 1996 (r = 0.25) to strongly negative
in 1997 (r = �0.73) and weakly negative in 1998
(r = �0.28; Table 4). The responses in diversity–resis-
tance relationship of biomass production in the press
warming treatment compared with the species diversity
for the initial year without experimental warming, i.e.
lnHpress-1995, increased with the level of warming applied.
As the experimental warming increased between 1996
and 1998, the diversity–resistance relationship changed
from strongly negative in 1996 (r = �0.80) to moder-
ately negative in 1997 (r = �0.30) to neutral in 1998
(r = 0.10; Table 4).

In contrast, we found almost U-shaped or unimodal
pattern between biomass production [ln(Bpulse-year/Bcon-

trol-1995)] and species diversity of the initial year (lnHpulse-1995) un-
der pulse treatment (Fig. 5d).The resistance of biomass
production in the pulse warming treatment (with one
season of pulse warming applied in 1996), compared
with the species diversity of the initial year without

Fig. 4 Relationships between aboveground biomass and Shan-
non’s species diversity under different experimental warming
scenarios. Experimental warming scenarios are shown in the top
panel of the graph. Data from experimental years were pooled for
each experimental warming scenario, n = 16. Different symbols
represent different experimental years (key legend is provided at the
end of the graph). The curve represents cubic polynomial function
(Y = aX3 + bX2 + cX + d). Both X and Y variables are
natural-logarithm (ln) transformed

Fig. 5 Relationships between community proportional resistance
of biomass production and Shannon’s species diversity (initial year)
to different experimental warming scenarios. Data from experi-
mental years were pooled for each experimental warming scenario,
n = 12. Different symbols represent aboveground biomass ratio
over different experimental years (key legend is provided at the end
of the graph). The curve represents cubic polynomial function
(Y = aX3 + bX2 + cX + d). Both X and Y variables are
natural-logarithm (ln) transformed
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experimental warming, i.e. lnHpulse-1995, varied from
strongly negative in 1996 (r = �0.82) to moderately
negative in 1997 (r = �0.67) to moderately negative in
1998 (r = �0.54; Table 4). Thus, the largest impact
occurred during the year of the pulse treatment, the
impact becoming less pronounced in the two following
years after the one summer season of high-level warm-
ing.

Biomass-dependent resistance and plant community
performance to warming scenarios over different
experimental years

We found contrasting patterns between treatments and
years. In control plots experiencing natural climate
variability, where the relationship for biomass changed
between years, the slopes of log–log relationships was
>1 in all 3 years (1996–1998), with strong positive
Pearson correlation values (ranging from r = 0.94 to
r = 0.96; Table 4).

For the OTC treatment, the slope of log–log rela-
tionships in plots experiencing a constant level of
experimental warming changed from a negative rela-
tionship in 1996 (0.69, the first year with warming ap-
plied) to a positive relationship in 1997 (1.10) and 1998
(1.78), with strong positive Pearson correlations (rang-
ing from r = 0.70 to r = 0.79; Table 4). For the press
warming treatment, the slope of log–log relationships in
plots changed from a positive relationship in 1996 (1.02,
the year with the lowest level of experimental warming
applied) to a negative relationship with increasing level
of warming (0.82 in 1997 and 0.39 in 1998, with the
highest level of warming applied). The corresponding
positive Pearson correlation decreased in strength from
0.99 in 1996 to 0.66 in 1998 (Table 4). For the pulse
treatment, which imposed a single season of high-level
warming in 1996, we found that the slope of log–log

relationships was negative in all 3 years, –0.03 in 1996
(the year with pulse warming applied), 0.09 in 1997 and
0.29 in 1998 (with no warming applied). The corre-
sponding Pearson correlation coefficient increased from
neutral in 1996 and 1997 (r = �0.09 and r = 0.15) to a
strong positive relationship in 1998 (r = 0.75, Table 4).

Discussion

To our knowledge, this is the first experimental study to
apply different warming scenarios in an alpine ecosystem
to study the impact on the relationship between species
diversity and biomass production, and community
resistance in terms of biomass production.

While the small sample size did not allow for more
detailed study on the effect of diversity on biomass
production, the slopes obtained were in general negative.
This implies that a positive diversity–biomass relation-
ship was not present. Thus, the results are in line with
previous findings on the relationship between diversity
and plant biomass production indicating humpbacked
relationships in alpine and Arctic areas (Poldini et al.
2011; Virtanen et al. 2013; Alatalo et al. 2014b). The
application of different experimental warming scenarios
did not change this tendency. Furthermore, the rela-
tionships between species diversity and biomass in the
initial year (1995) in different warming scenarios were
slightly humpbacked. Even when high species diversity is
not critical for maintaining ecosystem processes under
constant or benign environmental scenarios, it might
nevertheless be important for maintaining them under
changing scenarios. The insurance hypothesis (Yachi
and Loreau 1999) and related hypotheses (Tilman 1996)
propose that species diversity provides an ‘‘insurance’’
or a buffer, against environmental changes, because
different species respond differently to these changes,
leading to more predictable ecosystem properties or

Table 4 Shannon’s species diversity and biomass-dependent resistance of plant community to different warming scenarios over different
experimental years (n = 4)

(a) Diversity-dependent resistance r (b) Biomass-dependent resistance r

ln(BCtrl-1996/BCtrl-1995) = 0.05 � 0.03 ln(HCtrl-1995) �0.58 ln(BCtrl-1996) = � 1.52 + 1.27 ln(BCtrl-1995) 0.94
ln(BCtrl-1997/BCtrl-1995) = 0.12 � 0.003 ln(HCtrl-1995) �0.04 ln(BCtrl-1997) = � 4.41 + 1.77 ln(BCtrl-1995) 0.96
ln(BCtrl-1998/BCtrl-1995) = 0.23 + 0.01 ln(HCtrl-1995) 0.24 ln(BCtrl-1998) = � 1.46 + 1.29 ln(BCtrl-1995) 0.94
ln(BOTC-1996/BOTC-1995) = 0.08 + 0.01 ln(HOTC-1995) 0.25 ln(BOTC-1996) = 1.86 + 0.69 ln(BOTC-1995) 0.74
ln(BOTC-1997/BOTC-1995) = 0.18 � 0.05 ln(HOTC-1995) �0.73 ln(BOTC-1997) = � 0.37 + 1.10 ln(BOTC-1995) 0.70
ln(BOTC-1998/BOTC-1995) = 0.28 � 0.03 ln(BOTC-1995) �0.28 ln(BOTC-1998) = � 4.24 + 1.78 ln(BOTC-1995) 0.79
ln(Bpress-1996/Bpress-1995) = 0.09 � 0.03 ln(Hpress-1995) �0.80 ln(Bpress-1996) = � 0.05 + 1.02 ln(Bpress-1995) 0.99
ln(Bpress-1997/Bpress-1995) = 0.17 � 0.03 ln(Hpress-1995) �0.30 ln(Bpress-1997) = 1.26 + 0.82 ln(Bpress-1995) 0.83
ln(Bpress-1998/Bpress-1995) = 0.39 + 0.01 ln(Hpress-1995) 0.10 ln(Bpress-1998) = 3.99 + 0.39 ln(Bpress-1995) 0.66
ln(Bpulse-1996/Bpulse-1995) = 0.27 � 0.11 ln(Hpulse-1995) �0.82 ln(Bpulse-1996) = 6.12 � 0.03 ln(Bpulse-1995) �0.09
ln(Bpulse-1997/Bpulse-1995) = 0.33 � 0.09 ln(Hpulse-1995) �0.67 ln(Bpulse-1997) = 5.52 + 0.09 ln(Bpulse-1995) 0.15
ln(Bpulse-1998/Bpulse-1995) = 0.31 � 0.05 ln(Hpulse-1995) �0.54 ln(Bpulse-1998) = 4.37 + 0.29 ln(Bpulse-1995) 0.75

(a) Relationship between community proportional resistance of biomass production and species diversity to warming over experimental
years, 1995–1998. (b) Proportional resistance to different warming scenarios, as relationship between community biomass (in initial year
without warming) and biomass (in different treatment years). The slope of the log–log relationships was <1, indicating that resistance to
warming is negatively biomass-dependent
ln natural-logarithm, B aboveground biomass, H Shannon’s species diversity, r Pearson’s correlation coefficient, Ctrl control, OTC open-
top chamber
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functions. In this hypothesis, species that are function-
ally redundant for biomass at a given time are no longer
redundant through time (Loreau 2000). Therefore, the
negative relationship between species diversity and bio-
mass in this study, might also be attributed to species
redundancy, producing negative interspecific interac-
tions through competition (Walker 1992).

In this study, we found that experimental years
compared to species diversity and warming scenarios
had strong positive effect on biomass productivity.
Generally, it is plausible that biomass productivity is
mainly driven by the initial biomass of vegetation. It is
suggesting that vegetation quantity (initial biomass) is
more important than vegetation quality (e.g., species
diversity) because most plants initially present survive
during the census, and the more biomass they initially
have, the faster they can grow over time (Lohbeck et al.
2015). Therefore, our findings were consistent with the
notion that niche complementarity effects increase (lin-
ear or non-linear) over time (e.g., experimental years in
our study) via species and/or structural diversity of the
vegetation (Zhang and Chen 2015; Ali et al. 2016), and
hence, higher biomass productivity over experimental
years in the alpine plant communities.

While there are no comparable data, previous
studies on diversity-dependent drought resistance (Til-
man 1996; Huston 1997; Mulder et al. 2001; Pfisterer
and Schmid 2002; Wang et al. 2007) have observed that
the effect of species diversity on community resistance
to drought scenarios can vary. Consistent with the
pattern reported for species diversity of herbaceous
plants along a gradient of resource supply (Grime
1973), we found almost humpbacked relationship for
community resistance in terms of species diversity and
biomass production to OTC and press warming over
experimental years (Fig. 5). Specifically, we found that
change in community resistance of biomass production
to all warming scenarios was generally negatively cor-
related with increasing species diversity, the strength of
the correlation varying both between treatments and
between years within treatments (Table 4). The stron-
gest negative relationship was found in the first year of
the pulse treatment and it decreased in the subsequent
2 years after the treatment, indicating that the com-
munity had weak resistance to the treatment simulating
the extreme event of one season of abnormally warm
climate. However, the biomass production was able to
start recovering during the two subsequent years as the
negative relationship decreased. In contrast, the step-
wise press warming treatment, which applied an
increasing level of warming between years, gave a
strong negative relationship in the first year of warming
(with the lowest level of warming), and a neutral
relationship in the last year that experienced a similar
level of warming as in the first year of the pulse
treatment. Thus this treatment showed the opposite
trend to warming compared with the experimental plots
receiving the pulse treatment. This indicates that a
gradual increase in warming may not be detrimental

and that plant communities may be able to adapt to a
gradual increase in warming between years. More
gradual warming may not be as harmful as an extreme
event with an abrupt increase in warming. Further-
more, small-scale heterogeneity in alpine landscapes
may offer short-distance migration to refugia for plant
species (Opedal et al. 2014). Meanwhile, in the experi-
mental plots experiencing the intermediate level of
constant warming (OTCs), the relationship changed
from weakly positive to moderately negative.

A previous study on resistance to drought in grass-
lands found that resistance was higher in communities
with lower biomass production than in communities
with higher biomass production (Wang et al. 2007). In
contrast, we found differing biomass-related resistance
in the different treatments, indicating that plant com-
munities may vary in their resistance to different
warming scenarios. However, warming and drought can
be expected to differ in impact on plant biomass pro-
duction. While the impact of drought is generally neg-
ative, the impact of warming may differ between climate
regions. For example, in cold areas such as alpine and
polar areas, plants may be temperature limited for
growth and thus warming can be expected to have a
more positive impact than in regions with warmer cli-
mate conditions. Furthermore, different warming sce-
narios may have different impacts on plant biomass
production. Short-term warming with OTCs that apply
moderate warming has previously been shown to have
only a small impact on biomass production (Press et al.
1998), while a higher level of warming has been shown to
have a positive effect on biomass (Jonasson et al. 1999).
While not measuring biomass, experiments in Greenland
simulating heat waves also found contrasting effects on
plant cover (which is positively correlated with biomass
in the Arctic), ranging from positive to neutral and
negative (Marchand et al. 2005, 2006a; b).

Conclusions

The change in community resistance of biomass pro-
duction to all warming scenarios in this study was gen-
erally negatively correlated with increasing species
diversity, the strength of the correlation varying both
between treatments and between years within treat-
ments. The strongest negative relationship was found in
the first year of the pulse treatment and decreased in the
subsequent 2 years after treatment. This indicates that
the community had weak resistance to an extreme event
of one season of abnormally warm climate. The strong
effect of experimental years was consistent with the no-
tion that niche complementarity effects increase (linear
or non-linear) over time, and hence, higher biomass
productivity over experimental years in the alpine plant
communities. However, biomass production was able to
start recovering during the two subsequent years as the
negative relationship decreased. Furthermore, contrast-
ing biomass-related resistance emerged in the different
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treatments, indicating that microsites within the same
plant community may differ in their resistance to dif-
ferent warming scenarios.
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