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• We studied the potential impact of global
change on alpine fruit production.

• The effect of ambient climate parameters
varied among plant communities.

• GDD was positively correlated with fruit
production in both communities.

• Increased nutrient availability increased
fruit production over time.

• Experimental warming had no, or adverse
effect on fruit production.
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 Alpine and polar regions are predicted to be among the most vulnerable to changes in temperature, precipitation, and
nutrient availability. We carried out a seven-year factorial experiment with warming and nutrient addition in two al-
pine vegetation communities. We analyzed the relationship between fruit production and monthly mean, maximum,
and min temperatures during the fall of the pre-fruiting year, the fruiting summer, and the whole fruit production pe-
riod, and measured the effects of precipitation and growing and thawing degree days (GDD & TDD) on fruit produc-
tion. Nutrient addition (heath: 27.88 ± 3.19 fold change at the end of the experiment; meadow: 18.02 ± 4.07) and
combined nutrient addition and warming (heath: 20.63 ± 29.34 fold change at the end of the experiment; meadow:
18.21± 16.28) increased total fruit production and fruit production of graminoids. Fruit production of evergreen and
deciduous shrubs fluctuated among the treatments and years in both the heath and meadow. Pre-maximum tempera-
tures had a negative effect on fruit production in both communities, while current year maximum temperatures had a
positive impact on fruit production in the meadow. Pre-minimum, pre-mean, current mean, total minimum, and total
mean temperatures were all positively correlated with fruit production in the meadow. The current year and total pre-
cipitation had a negative effect on the fruit production of deciduous shrubs in the heath. GDD had a positive effect on
fruit production in both communities, while TDD only impacted fruit production in the meadow. Increased nutrient
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availability increased fruit production over time in the high alpine plant communities, while experimental warming
had either no effect or a negative effect. Deciduous shrubs were the most sensitive to climate parameters in both com-
munities, and themeadowwasmore sensitive than the heath. The difference in importance of TDD for fruit production
may be due to differences in snow cover in the two communities.
1. Introduction

Alpine and polar regions are seen to be highly vulnerable to climate
change, with increased climatic variability and climatic events expected in
the future, which may affect plant reproductive success (Alatalo et al.,
2021). The reproductive success of plants in cold regions can be affected by
several environmental factors. Similar to the advancement of the flowering
of plants in temperate regions in response to climate change (Berg et al.,
2019; Renner et al., 2021), in high alpine and polar regions temperature/cli-
mate also affects the timing of the flowering of plants (Miller-Rushing and
Inouye, 2009; Panchen and Gorelick, 2015; Legault and Cusa, 2015; Hall
et al., 2018), flower production (Inouye et al., 2003; Kudo and Hirao, 2006;
Liu et al., 2012), seeds and seedlings (Bernareggi et al., 2015; Briceño et al.,
2015), and fruit production (Alatalo et al., 2021). The responses can be af-
fected by growing degree days (GDD), thawing degree days (TDD), and min-
imum and maximum temperatures (White, 1979; Inouye et al., 2003;
Hollister et al., 2005; Kudo and Hirao, 2006; Legault and Cusa, 2015). Tem-
perature can also affect bud formation both during the actual flowering year
(many forbs and graminoids) and in the “previous fall” for plants that initiate
theirflower buds the year before actualflowering (many deciduous and ever-
green shrubs) (Molau et al., 2005; Alatalo et al., 2021). With minimum tem-
perature often beingmore important thanmaximum temperatures (Bergman
et al., 1996; Alatalo et al., 2021) as buds and flowers can be vulnerable to
frost (Inouye, 2008; Wheeler et al., 2016). Increased winter and summer pre-
cipitation have been shown to have a negative effect on reproductive success
in plants (Phoenix et al., 2001; Bjorkman et al., 2015; Lawson and Rands,
2019; Alatalo et al., 2021). The impact of the different climate parameters
on plant reproduction can also vary among plant functional groups and the
timings when reproduction occurs (Molau, 1993; Alatalo et al., 2021). Vege-
tation in the high alpine and polar regions is also often a nutrient limitedfield
(Chapin et al., 1996; Shaver and Kummerow, 1992), which can also affect
plant reproduction (Wookey et al., 1995; Moulton and Gough, 2011;
Alatalo and Little, 2014). Therefore, anthropogenic nutrient deposits and in-
creasedmineralization due to climate changewill likely also affect plant com-
munities (Neftel et al., 1985; Cleve et al., 1990; Grandy et al., 2008; Clark
et al., 2013).

Experimental studies focusing on different aspects of global change
impacting plant reproduction in alpine and polar regions have found con-
trasting effects from experimental warming (Liu et al., 2012; Alatalo and
Little, 2014; Cui et al., 2017; Alatalo et al., 2021). Studies have focused
on phenology (Wookey et al., 1993; Alatalo and Totland, 1997; Totland
and Alatalo, 2002; Aerts et al., 2004; Mallik et al., 2011),flower production
(Semenchuk et al., 2013), seed production (Wookey et al., 1993; Alatalo
and Totland, 1997; Cui et al., 2017; Zhang et al., 2019), and fruit produc-
tion (Wookey et al., 1993; Alatalo and Little, 2014; Alatalo et al., 2021).
Studies on the effect of experimental nutrient addition have focused on
seed/fruit production (Wookey et al., 1993, 1995; Gough et al., 2015;
Lavrenov et al., 2017), phenology (Wookey et al., 1995; Zhang et al.,
2014; Xi et al., 2015), reproductive allocation/effort (Wookey et al.,
1995; Moulton and Gough, 2011; Petraglia et al., 2013; Zhang et al.,
2014), and seed germination/seedling mortality (Milbau et al., 2017).

This study is part of a set of different climate change experiments at the
Latnjajaure field station. We have previously reported the impact of
warming and nutrient addition on the growth, abundance, diversity, and
richness of plants (Alatalo et al., 2014, 2015). In the current study, we
focus on the impact of seven years of warming and nutrient addition, as
well as ambient climate parameters (maximum, minimum, and average
temperatures, winter and summer precipitation), on reproductive success
(in terms of fruit set) in two contrasting alpine plant communities, a
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nutrient and species-poor heath (Alatalo et al., 2015, 2017), and a meadow
with relatively higher species richness and nutrient content (Alatalo et al.,
2014, 2017). As heatwaves during summers are expected to become more
frequent (Dosio et al., 2018), maximum temperature was chosen as a
point of interest. Furthermore, flower buds are initiated either during the
previous year or the flowering year. Thus, the response to climate parame-
ters in the previous (for many evergreen and deciduous shrubs) or present
year (for many forbs and graminoids) will differ between broad functional
plant groups (Molau et al., 2005). Therefore the flowering of forbs and
graminoids is more likely to be affected by the climate in the current
year, while the climate in the previous fall will likely affect the flowering
of evergreen and deciduous shrubs (Alatalo et al., 2021).

We hypothesize that 1) warming and nutrient addition will have a pos-
itive impact on total fruit production for all plant functional groups
(graminoids, forbs, deciduous and evergreen shrubs); 2) nutrient addition
will have a positive impact on total fruit production for all plant functional
groups (graminoids, forbs, deciduous and evergreen shrubs); 3) ambient
temperature during the fall of the previous year and the current year will
be positively correlated with the fruit production of deciduous and ever-
green shrubs; 4) ambient temperature during the current year will be posi-
tively correlatedwith fruit production of graminoids and forbs; 5)minimum
temperatures will be more important than maximum temperatures for fruit
set; 6) both winter and summer precipitation will be negatively correlated
with fruit production.

2. Methods

2.1. Study area

Latnjajaure field station is located above the tree line at a 1000 m eleva-
tion in the valley of Latnjavagge (68°21′N, 18°29′E), near Abisko, northern
Sweden. The climate is classified as sub-arctic, with cool summers and rela-
tively mild winters; the valley is snow-covered for most of the year. The
mean annual temperature ranged between −2.89C (1995) and −1.56C
(2000), with the winter minimum ranging between −21.7C (1997) and −
28.8C (1999). The mean annual precipitation ranged between 607 mm
(1996) and 877 mm (2000). July is usually the warmest month, with mean
temperatures ranging between 5.93C (1995) and 9.92C (1997). Physical con-
ditions in the valley soils vary from dry to wet and from acidic to base-rich,
with an associated variation in plant communities (Molau and Alatalo,
1998; Lindblad et al., 2006; Björk et al., 2007; Alatalo et al., 2014, 2017).
The meadow community has a well-developed vegetation cover, dominated
by Carex vaginata, Carex bigelowii, Festuca ovina, Salix reticulata, Salix polaris,
Cassiope tetragona, Bistorta vivipara, and Thalictrum alpinum (Molau and
Alatalo, 1998; Alatalo et al., 2014). The more sparsely vegetated heath com-
munity on an acid moraine ridge is dominated by Betula nana, Salix herbacea,
and Calamagrostis lapponica (Molau and Alatalo, 1998; Alatalo et al., 2015).
Phytosociological classification groups the heath and meadow broadly into
LOI-03B Phyllodoco-Vaccinion myrtilli Nordhagen 1943 and KOB-01A
Kobresio-Dryadion Nordhagen 1943 (Walker et al., 2018).

2.2. Experimental design and measurements

We randomly assigned 20 1 m2 plots in the heath and meadow to treat-
ments: control (C, eight plots), nutrient addition (N, four plots), warming by
Open Top Chambers (OTCs) (W, four plots), and combined warming and
nutrient addition (WN, four plots) (Molau and Alatalo, 1998). The plots
within each plant community (meadow and heath) were located within
an area of 50 × 50 m, and the two plant communities were separated by
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roughly 400 m in distance. The temperature loggers installed in the control
and OTC plots revealed that OTCs increased the temperature by 1.5 to 3C
compared to the control plots experiencing ambient temperature (Molau
and Alatalo, 1998). Nutrient additionwas applied by dissolving 5 g of nitro-
gen (as NH4NO3) and 5 g of phosphorus (P2O5) in 10 L of meltwater, this
was then applied to each plot (1 m2) (Molau and Alatalo, 1998). The
OTCs were left on the plots for the whole period of the study.

To assess reproductive success, we counted the fruit production of all
plant species in the plots at the end of each vegetation season (late August
1994–2000). Fruit production, or infructescence (as in graminoids), is a
good proxy for reproductive success as it is correlated with seed production
(Alatalo andMolau, 2001). In addition to total fruit production, we grouped
fruit production into functional groups (evergreen shrubs, graminoids, de-
ciduous shrubs, forbs) (Chapin et al., 1996). While species level was not
used in our analyses, species were determined using the local flora of Scan-
dinavian mountains (Nilsson, 1991).

2.3. Statistical analysis

We drew boxplots showing fold changes in fruit production of total
fruits and fruits of functional groups in different treatments among the
years. The boxplots were drawn using the ggplot2 R package (Wickham,
2009). To check the significant differences among treatments, years, vege-
tation and their interactions in fruit production for the four plant functional
groups (graminoids, forbs, deciduous and evergreen shrubs) and total fruit
production (all plant functional groups combined), a permutational re-
peated measure analysis of variance of fruit production was performed.
The formulated analysis contains the sources of variation that can be
observed in fruit production when conducting a statistical analysis. A per-
mutational repeated measure ANOVA was conducted using the permuco
R-package (Frossard and Renaud, 2021). Mann-Whitney tests were used
to compare fruit production between treatments and control plots in each
year. We calculated the effect size (r) for the Mann-Whitney test as has
been suggested by Fritz et al. (2012). As suggested by these authors, we
considered r > 0.5 a large effect, 0.3 < r < 0.5 a medium effect, and 0.1 <
r < 0.3 a small effect. We drew a line plot showing the changes in effect
sizes in different treatments across the years. This plot was drawn using
the ggplot2 R-package. The other analyses were performed in R ver. 4.0.2
(R Core Team, 2020).

To analyze the relationship between fruit production and ambient cli-
mate parameters, we used the cor.test function in R. Precipitation. Maxi-
mum temperature, minimum temperature, mean temperature, thawing
degree days (TDD), and growing degree days (GDD) were considered for
the ambient climate. The fruiting process in vegetation is governed by the
climatic conditions prior to the fruiting period (the fall of the year before
the fruit is produced), the current period (the year the fruit is produced),
and the climate regime during the whole fruiting period (Molau et al.,
2005; Alatalo et al., 2021). Therefore, the period has been divided into
three categories: pre (prior to the fruiting period, i.e., August, September,
and October of the year before fruit production); current (current fruiting
period, i.e., May, June, July, and August), and total (whole period of
fruiting, i.e., August, September, October, May, June and July). The
means of all four climatic parameters were considered for the three periods.
Except for TDD and GDD, the correlation was estimated between all cli-
matic parameters for the three periods with fruit production of the four
plant functional groups (graminoids, forbs, deciduous and evergreen
shrubs) and total fruit production (all plant functional groups combined).
We only used the fruit production in control plots for this analysis.

3. Results

3.1. The effects of experimental warming and nutrient addition on total fruit
production

There was a significant impact by year and treatment, and a significant
interaction between year and treatment, and between year and vegetation,
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on total fruit production (Table 1). With total fruit production varying sig-
nificantly among years and treatments (Table S1). In general, nutrient addi-
tion and the combination of warming and nutrient addition increased total
fruit production in the later years of the experiment (From 1996 to 2000) in
both communities (Fig. 1). Similarly, total fruit production in control plots
in both the heath and meadow varied over time, peaking in 1997–1999. In
contrast, experimental warming alone tended to increase total fruit produc-
tion in the heath (in the three first years of the experiment) but not affect
the fruit production of meadow communities (Fig. 1).

The results of the Mann-Whitney test showed that there was a signifi-
cant difference between the total fruit production of N and control plots
in the later years of the experiment (i.e., 1999 and 2000 for the heath,
and 2000 for the meadow), with a gradual increase in the effect size
(r) reaching the largest effect in the final year (Fig. 2). Warming treatment
showed a large effect size in total fruit production in 1998 and 1999 for the
heath and 1998 for the meadow. We observed a small effect size of com-
bined warming and nutrient addition (WN) in the heath. However, we de-
tected a significant and large effect size for WN for the meadow in 1996.
During the other years, the effect sizes of WN treatment were the same
for both heath and meadow vegetation.

3.2. The effects of experimental warming and nutrient addition on fruit production
by plant functional groups

3.2.1. Fruit production of graminoids
Fruit production of graminoids was significantly affected by year

and treatment (Table 1). Also, there was a significant interaction be-
tween year and treatment (Table 1, Table S2). Nutrient addition and
the combination of nutrient addition and warming dramatically in-
creased fruit production of graminoids in both the heath and meadow
communities. The positive effect of these two treatments increased
over time in both communities (Fig. 1). On the other hand, for both
the control and warming treatment, graminoid fruit production re-
mained unaffected during the experiment. The increase of fruit produc-
tion in the heath was mainly driven by a large increase of Calamagrostis
lapponica (Wahlenb.) Hartm.

Nutrient addition in the heath showed a significant difference from con-
trol plots, with a large effect size in 1996 and 1998–2000. In the meadow,
other than in 1997, there was a significant difference between fruit produc-
tion of N and control plots that showed a large effect size (Fig. 2). In the
heath, warming treatment showed an increased effect size for graminoid
fruit production over the years. In 1998, a significant difference with a
large effect size was observed between fruit production of W and the con-
trol treatments. In the meadow, W treatment had no significant effects on
fruit production of graminoids (Fig. 2). In the heath, WN treatment and N
treatment had a similar pattern of effect size and significant differences
over the years. WN treatment significantly increased fruit production of
meadow graminoids in 1998 and 1999.

3.2.2. Fruit production of forbs
There was a significant effect of year and vegetation on fruit produc-

tion of forbs (Table 1, Table S3). Forb fruit production varied over the
years in the control plots in the heath and meadow, and it showed an in-
creasing trend in meadow vegetation until 1998. Nutrient addition dra-
matically increased the fruit production of forbs in the heath in 1997;
this would then return to a similar rate as 1995 by the end of the exper-
iment. The other treatments had no effects on forb fruit production in
the heath. Nutrient addition and the combination of nutrient addition
and warming tended to have a positive effect on forbs in the meadow
from year three (1996) onwards (Fig. 1). Warming had no effect on
the fruit production of forbs in the meadow. The results of the Mann-
Whitney showed that there was no significant difference between con-
trol and treatments in the heath as long as forb fruit production is con-
sidered. In the meadow, N treatment led to a significant increase with
a large effect size on forb fruit production in 1999.



Table 1
Permutation-based repeated measure analysis of variance results showing the impacts of year (1994, 1995, 1996, 1997, 1998, 1999, 2000) and treatment on total fruit pro-
duction and on the fruit production of graminoids, forbs, evergreen shrubs, and deciduous shrubs in an alpine meadow and heath community at Latnjajaure in subarctic
Sweden. Experimental treatments: warming with open-top chambers (OTC), nutrient addition, and a combined warming and nutrient addition. Dfn = numerator degrees
of freedom, dfd = denominator degree of freedom, F = F-statistics, P value = significance level; bold indicates significance at P ≤ 0.05.

Source of variation dfn/dfd Total Graminoids Forbs Evergreen shrubs Deciduous shrubs

F P F P F P F P F P

Year 6/192 23.442 0.0002 19.7711 0.0002 3.375 0.012 4.301 0.0028 2.2122 0.0658
Treatment 3/32 4.193 0.0112 15.3696 0.0002 1.9978 0.1454 2.7479 0.0856 0.2104 0.8746
Veg 1/32 2.828 0.0938 0.0474 0.8292 12.3893 0.0018 1.0065 0.3054 9.1339 0.0056
Y × T 18/192 5.174 0.0002 6.0652 0.0002 0.9787 0.475 1.6878 0.0764 1.3707 0.1826
Y × V 6/192 3.316 0.0028 0.2632 0.951 2.3526 0.0538 3.2011 0.0174 0.7155 0.5968
T × V 3/32 1.165 0.3514 1.3939 0.2714 1.8275 0.171 0.168 0.8404 0.2104 0.8746
Y × T × V 18/192 1.177 0.2776 1.0288 0.4234 0.7808 0.6682 0.6956 0.7492 1.1335 0.332
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3.2.3. Fruit production of evergreen shrubs
There was a significant effect of year on fruit production of evergreen

shrubs (Table 1, Table S4). There were significant interactions between
year and vegetation for evergreen shrubs (Table 1). Specifically, fruit pro-
duction was the highest in the control plots experiencing ambient condi-
tions, with warming, nutrient addition, and the combined warming and
nutrient addition treatments all having no effect or a weak negative effect
on fruit production in both the meadow and heath (Fig. 1). There was no
significant difference between the control and treatments of heath in
terms of evergreen shrub fruit production. In the meadow, N treatment
with a large effect size significantly reduced fruit production of evergreen
Fig. 1. Response in terms of fold changes of total fruit production (fruit production b
and graminoids across treatments in 1994–2000, in an alpine heath and meadow com
open-top chambers (W), nutrient addition (N), and combined warming and nutrient a
Shrubs, ES = Evergreen Shrubs, Gram. = Graminoids.
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shrubs in 1998. Warming also decreased fruit production of evergreen
shrubs in the meadow, reaching the largest effect sizes in 1998 and at the
end of the experiment (Fig. 2).

3.2.4. Fruit production of deciduous shrubs
Therewas a significant effect of vegetation on the fruit production of de-

ciduous shrubs (Table 1). In the heath, while the impact of treatments var-
ied greatly among years, fruit production of deciduous shrubs tended to be
highest in the control and N plots (Fig. 1, Table S5). In contrast, in the
meadow, fruit production of deciduous shrubs tended to be highest in the
control plots (Fig. 1, Table S5). In the heath, N and NW treatment
y all species), and the fruit production of deciduous and evergreen shrubs, forbs
munity at Latnjajaure in subarctic Sweden. Treatments: control, warming with
ddition (WN).N=8 plots for control, 4 plots forW, N andWN. DS=Deciduous



Fig. 2.Variation of the effect size of a Mann-Whitney test comparing total fruit production and the fruit production of deciduous and evergreen shrubs, forbs and graminoids
between control and treatment plots in 1994–2000, in an alpine heath andmeadow community at Latnjajaure in subarctic Sweden. Treatments: control, warming with open-
top chambers (W), nutrient addition (N), and combinedwarming and nutrient addition (WN). N=8plots for control, 4 plots forW, N andWN. DS=Deciduous Shrubs, ES=
Evergreen Shrubs, Gram.=Graminoids. * shows the significant difference between the fruit production of control and treatment plots (* p-value<0.05; ** p-value<0.01; ***
p-value <0.001). The red-dashed line was used when the effect size value could not be calculated.
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significantly affected fruit production of deciduous shrubs in 1998. In the
meadow, warming treatment led to a significant decrease in fruit produc-
tion in 1996 and 1998 (Fig. 2).

3.3. The effects of ambient climate parameters on fruit production

3.3.1. The heath
The fruit production process in the heath was affected by different cli-

matic parameters. The total fruit production was positively affected by
GDD and negatively affected by the pre-maximum temperature. Evergreen
shrubs in the heath were only affected by pre-maximum temperature,
which had a negative impact. The fruit production of deciduous shrubs in
the heath was positively correlated with GDD, while the current and total
precipitation, pre-minimum, and maximum temperatures had a negative
correlationwith fruit production.We could not detect any significant corre-
lation between fruit production of graminoids and forbs with climatic pa-
rameters (Table 2 A).

3.3.2. The meadow
The correlation analysis of the relationships between ambient climatic

parameters with total fruit production in the meadow showed that pre-
maximum temperature negatively affected total fruit production. However,
the total-mean temperature positively correlatedwith total fruit production
but pre-maximum temperature was negatively related to fruit production of
evergreen shrubs in the meadow. The other climatic variables had no
5

significant correlation with the fruit production of this functional type.
The fruit production of deciduous shrubs in the meadowwas positively cor-
relatedwith TDD, GDD, currentmaximum temperature, pre-minimum tem-
perature, total-minimum temperature, and mean temperature in its three
forms (i.e., pre-, current, and total). TDD, GDD, current, and total mean
temperature were positively correlated with the fruit production of forbs.
The fruit production of graminoids in themeadow increased at various tem-
perature regimes, such as pre-minimum, total minimum, currentmean, and
total mean temperature. Also, their fruit production was positively
governed by TDD and GDD (Table 2B).

4. Discussion

Our results showed that total fruit production was increased in both
vegetation types after four years of experimental warming. Nutrient addi-
tion treatment and the combination of nutrient addition and warming led
to increased fruit production. In both vegetation types, however, after
four years, warming treatment impacts on fruit production were neutral-
ized. On the other hand, nutrient addition increased fruit production in
both vegetation types. Thus, while the hypothesis that nutrient addition
would have a positive effect on plant reproduction was supported, the hy-
pothesis that experimental warming would have a positive effect on plant
reproduction was not supported. These findings revealed the importance
of the other factor (nutrient availability) for successful fruit production in
alpine plants. While spatial nutrient availability has rarely been measured



Table 2
Correlation coefficients between fruit production and ambient climate parameters in an alpine heath and Meadow, at Latnjajaure in northern Sweden (1994–2000). Precip-
itation, maximum temperature, minimum temperature and mean temperature. Pre = August, September and October before the fruit production year (i.e., the previous
year). Current = May, June and July in the fruit production year (i.e., the current year). Total = the pre and current period (i.e., six months in total). Bold indicates a sta-
tistical significance at a 5% level.

Climatic Parameter Total E. shrubs D. shrubs Forbs Graminoids

Heath
TDD 0.215 0.066 0.104 0.063 0.076
GDD 0.334⁎ 0.179 0.293⁎ 0.066 0.089
Pre-Precipitation 0.130 0.017 −0.006 0.286 0.143
Current-Precipitation −0.135 −0.115 −0.351⁎ 0.041 −0.002
Total-Precipitation −0.013 −0.202 −0.294⁎ 0.140 0.103
Pre-Maximum Temperature −0.452⁎⁎⁎ −0.361⁎ −0.315⁎ 0.125 −0.003
Current-Maximum Temperature −0.140 −0.130 −0.034 −0.017 0.175
Total-Maximum Temperature −0.222 −0.202 −0.223 0.062 0.146
Pre-Minimum Temperature −0.150 −0.242 −0.311⁎ −0.013 0.137
Current-Minimum Temperature 0.201 0.101 0.131 0.159 −0.090
Total-Minimum Temperature 0.123 −0.068 −0.040 0.115 0.110
Pre-Mean Temperature −0.178 −0.222 −0.263 −0.046 0.000
Current-Mean Temperature 0.215 0.091 0.196 0.065 0.005
Total-Mean Temperature 0.167 0.016 0.008 0.037 0.131

Meadow
TDD 0.323 0.117 0.740⁎⁎⁎ 0.480⁎ 0.532⁎⁎
GDD 0.318 0.100 0.616⁎⁎⁎ 0.550⁎⁎ 0.630⁎⁎⁎
Pre-Precipitation −0.042 −0.097 −0.067 −0.068 0.196
Current-Precipitation 0.019 0.091 0.032 −0.382 −0.236
Total-Precipitation 0.151 0.176 0.125 −0.290 −0.027
Pre-Maximum Temperature −0.636⁎⁎⁎ −0.640⁎⁎⁎ −0.195 −0.147 −0.353
Current-Maximum Temperature 0.111 0.052 0.414⁎ 0.346 0.049
Total-Maximum Temperature −0.011 −0.042 0.352 0.090 −0.100
Pre-Minimum Temperature 0.303 0.192 0.377⁎ 0.094 0.456⁎
Current-Minimum Temperature −0.165 −0.314 0.320 0.198 0.178
Total-Minimum Temperature 0.271 0.067 0.494⁎⁎ 0.372 0.661⁎⁎⁎
Pre-Mean Temperature 0.074 −0.029 0.423⁎ 0.090 0.201
Current-Mean Temperature 0.099 −0.109 0.590⁎⁎⁎ 0.470⁎ 0.441⁎
Total-Mean Temperature 0.456⁎ 0.270 0.770⁎⁎⁎ 0.445⁎ 0.566⁎⁎

Numbers in bold indicate a statistical significance at a 5% level.
⁎ p-value <0.05.
⁎⁎ p-value <0.01.
⁎⁎⁎ p-value <0.001.
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in alpine climate change studies, the importance of nutrient availability for
alpine plant communities on a microscale has been highlighted by a study
in the Swizz Alps (Little et al., 2016). Interestingly, they found that nutri-
ents had a negative effect on most traits of the dwarf shrub Salix herbacea.
They speculated that this may have been caused by increased stress due
to higher competition (Little et al., 2016).

While we did not monitor the phenological period in the study, chang-
ing the phenological period through warming is one of the critical impacts
of climate change (Cleland et al., 2007; Oberbauer et al., 2013; Scranton
and Amarasekare, 2017).While the growing season for plants has increased
in the alps (earlier and longer), a shorter and delayed growing season has
been reported in the central Tibet (Oberbauer et al., 2013). The effects of
changes in the growing season may differ between plant species as there
may be differences in their plasticity and potential to adapt to changing en-
vironmental conditions. For example, plants may respond differently in
terms of vegetative traits, or clonal or sexual reproduction (Sedlacek
et al., 2015). Over a longer time scale, evolutionary adaptation driven by se-
lection for favorable traits under new environmental conditions is needed
for species to survive (Darwin, 1859; Kawecki and Ebert, 2004). However,
as many alpine and arctic species are long-lived, they might have problems
evolving fast enough to adapt to climate change (Jump and Peñuelas, 2005;
Franks et al., 2014). Thus, while the long-living plant species with low dis-
persal abilities might do poorly, they will continue to occupy the living
space on the ground until increased mortality frees space for new individ-
uals from species with better dispersal abilities to colonize. Therefore,
high alpine plant community dynamics will be affected both by their gener-
ation times and dispersal abilities (Steinbauer et al., 2018).

Changes in the growing season will also likely have contrasting effects
on different plant reproductive strategies. As a result of the decreased
6

fruit production period, late-flowering species will be more susceptible to
warming (Zhu et al., 2016), while the prolonged growing season can posi-
tively affect reproduction success (Briceño et al., 2015). In addition, plants
may exhibit intraspecific variation in their range of responses to climate
and warming (Love and Mazer, 2021). Together with a potential home
site advantage, this may affect the migratory potential of species
(Sedlacek et al., 2015; Steinbauer et al., 2018). At the same time, a wide-
spread increase in plant richness has been reported on mountain summits
(Steinbauer et al., 2018). The migratory potential may also differ among
species and populations, both due to differences in their dispersal abilities
(Midgley et al., 2006), habitat fragmentation (Jump and Peñuelas, 2005),
topography (Alatalo and Ferrarini, 2017), and biotic interactions
(Grunsven et al., 2007; Rasmann et al., 2014; Sedlacek et al., 2014),
which all influence potential future areas with suitable niches (Ferrarini
et al., 2019, 2021).

We found that significant changes occurred after four years of the exper-
iment. Thus, as Klady et al. (2011) suggested, our findings highlighted the
importance of performing long-term studies on the effects of different cli-
mate change factors on the reproductive success of plants. Comparing the
two vegetation types, especially in N treatment, we observed more drastic
responses in the heath community than frommeadow vegetation. Previous
studies on species composition and diversity also suggest that heath vegeta-
tion was more susceptible to warming and nutrient addition than in the
meadow (Alatalo et al., 2014, 2015). Other studies have found contrasting
effects of a prolonged growing season, with positive growth responses in
arctic shrubs (Hudson et al., 2011; Elmendorf et al., 2012), and no effect
on alpine shrubs (Wheeler et al., 2014). The mechanism behind the con-
trasting responses is unclear; plant functional type, microhabitat, and dif-
ferences in snowmelt timing have all been suggested as playing a role
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(Wipf and Rixen, 2010). The different properties of a vegetation type
(e.g., soil factors) modifies its response to climate change impacts
(Oberbauer et al., 2013; Alatalo et al., 2015). For example, soil microbial
communities may differ between microhabitats and altitudes, affecting
the plant responses to climate change (Sedlacek et al., 2014).

Our results revealed vegetation (site) specific responses of different
functional types to climate variables. The differential response of functional
types to climatic variables and climate change will likely reshape plant
community structure in alpine regions (CaraDonna et al., 2014). This sup-
ports previous studies that have reported reproductive responses to climate
change differing among plant species/functional groups (Klady et al., 2011;
Briceño et al., 2015; Carbognani et al., 2016). Graminoids were the only
functional group that had a similar response to the treatments in the
heath and meadow. We observed an increased fruit production of
graminoids in both vegetation types in response to nutrient addition and
combined nutrient addition and warming. In contrast, warming alone
tended to have no effect. This reflects the responses, in terms of abundance
of graminoids, to the specific treatments in both communities (Alatalo
et al., 2014, 2015). Seed production increase in graminoids in a warming
experiment was also reported in high-arctic Canada (Klady et al., 2011).
OTCs used in climate change studies could potentially limit pollen avail-
ability (Adamson and Iler, 2021; Alatalo et al., 2021). For example, OTCs
decreased visitation rates of pollinators by 92% in aDelphinium nuttallianum
and by 85% in Potentilla pulcherrima in the Rocky Mountains. This caused a
significant decline in pollen grains on stigmas in Delphinium but not for
Potentilla (that is autogamous) (Adamson and Iler, 2021). Thus, the current
study's increased seed production in graminoids might be due to their abil-
ity to self-pollinate (Nygren, 1946). This ability allows some graminoids
(such as C. lapponica) to overcome the adverse effect of OTCs. There was
a contrasting response from the other functional types to the experiment
in the meadow and heath vegetation. A similar variation in the responses
of different functional types has been reported in tundra vegetation
(Oberbauer et al., 2013). Warming in the meadow increased the fruit pro-
duction of evergreen and deciduous shrubs. However, it had no effects on
the fruit production of these two functional groups in the heath (Fig. 2).
N and WN treatment in the heath positively affected deciduous shrubs'
fruit production. However, only N treatment positively affected evergreen
shrubs in the meadow. Forbs' fruit production increased in all plot types
in the meadow in our experiment. N treatment in the meadow showed a
large positive effect on forbs in 1999. Our findings were in line with studies
that have reported the contrasting effects of climate change on fruit produc-
tion (Klady et al., 2011; Dorji et al., 2013).

Previous studies have shown the importance of TDD and GDD for plant
reproduction (Thórhallsdóttir, 1998; Molau et al., 2005; Kawai and Kudo,
2011;Wang et al., 2014; Legault and Cusa, 2015; Arroyo et al., 2021). How-
ever, in our current study, TDD had no significant effect on either total fruit
production or fruit production of any functional plant groups in the heath.
On the other hand, TDD significantly affected the fruit production of decid-
uous shrubs, forbs, and graminoids in the meadow. The contrasting re-
sponses may be due to the difference in snow cover between the plant
communities, the heath being situated on an exposed ridge with thinner
snow cover. An increased number of days with an air temperature above
0C is, therefore, more likely to have a positive effect in the meadow with
more delayed snowmelt compared to the heath, as the snow cover will pro-
vide a buffer for plants in the meadow against early cold events (Sturm
et al., 2001, Olsson et al., 2003, Kawai and Kudo, 2011). While GDD will
differ along elevational gradients, many plant species are thought to have
adapted to reproducing at the warmest period of the year; thus populations
at higher altitudes require fewer GDD (Wang et al., 2014; Arroyo et al.,
2021). Our results from both communities supported this, GDD having a
significant effect on flower production.

Except for a negative effect on deciduous shrubs in the heath, precipita-
tion had no correlation with fruit production in this study. The heath is
drier than the meadow (Alatalo et al., 2020), and precipitation may there-
fore have positively affected fruit production in the heath. Heath plants
can also be more susceptible to flowering bud freezing due to the light
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snow cover on the exposed heath (Oberbauer et al., 2013). Therefore, in-
creased precipitation in the previous year may increase the snow cover
and delay the snowmelt, thus decreasing the risk of the freezing of buds
and flowers; in contrast, an earlier onset of flowering could negatively af-
fect the reproduction of alpine plants (Iler et al., 2019).

Considering total fruit production in the heath, we observed that fruit
production was strongly affected by an increase in the previous year's max-
imum temperature. This result is in line with the fact that flowering buds in
some alpine species were formed in the previous year of fruit production
(Oberbauer et al., 2013; Alatalo et al., 2021).

An increase in the maximum temperature of the previous year nega-
tively affected total fruit production in the meadow, but an increase in
total mean temperature had positive effects. Both warming and the
timing of snowmelt during the spring can affect the phenology of alpine
plants. However, the effect can vary among species (Carbognani et al.,
2016; Jerome et al., 2021). In addition, an experimental study in the
Rocky Mountains showed that while plant phenology of three species
(D. nuttallianum, P. pulcherrima, and Valeriana edulis) was impacted by
the timing of snow-melt and warming, reproductive success was not
(Jerome et al., 2021).

Climatic variables did not govern forb fruit production in the heath.
However, in the meadow, TDD and GDD, along with current and total
mean temperature, increased the fruit production of forbs. This finding
highlighted the nature of forbs in the two communities and the effects of
snow cover inwinter and delayed flowering in summer on fruit production.
We were unable to detect a correlation between the climatic variables and
graminoid fruit production in the heath. In contrast, we sawmultiple strong
correlations between the fruit production of graminoids and climatic vari-
ables in the meadow. Along with TDD and GDD, an increase in minimum
and mean temperature increased the fruit production of graminoids. An in-
crease in maximum temperature had no adverse effects on fruit production
of this functional type. This finding suggests that climate change may favor
graminoids (Wehn et al., 2014; Dolezal et al., 2019). As hypothesized, the
overall correlation of the current year's ambient temperature with the
fruit production of graminoids and forbs was positive.

Other than the negative correlation with the maximum temperature of
the previous year, the other climatic variables did not affect the fruit pro-
duction of evergreen shrubs in the heath or meadow. Deciduous shrubs in
the heath showed the highest correlation with climatic factors among the
functional groups. While positively correlated with GDD, current and
total precipitation and minimum temperature in the previous year nega-
tively correlated with fruit production of this functional type. TDD and
GDD strongly affected the fruit production of deciduous shrubs in the
meadow. An increase in different temperature factors caused the increased
fruit production of deciduous shrubs. Flower buds from evergreen and de-
ciduous shrubs started to form in the previous summer (Molau et al.,
2005). Thus, climatic factors related to the increased risk of flowering
bud freezingwere negatively correlatedwith the fruit production of shrubs,
and those that decreased the risk showed a positive correlation. Therefore,
our proposed hypothesis on the effects of climatic variables on the fruit pro-
duction of shrubs was partially supported. The high maximum temperature
of the current year may increase flowering duration. Thus, it positively im-
pacted the fruit-set production of deciduous shrubs in the meadow
(Oberbauer et al., 2013; Kudo, 2021).

In addition, the reproductive success of flowering plants in cold regions
may be limited by a relatively low number of pollinators and highly
variable weather conditions (Alatalo and Molau, 2001; Lundemo and
Totland, 2007; Peng et al., 2014; Straka and Starzomski, 2015). Flies
which are important as pollinators in cold areas (Bergman et al., 1996)
have been shown to have decreased in abundance and richness with accom-
panying warming over recent decades in Greenland (Loboda et al., 2018).
Other studies have shown that pollinators are less active during cold pe-
riods (Bergman et al., 1996; Inouye, 2008; Wheeler et al., 2016). In addi-
tion, changes in plant phenology due to warmer springs may disrupt
plant-pollinator interactions (Høye et al., 2013; Kudo and Ida, 2013;
Kudo, 2014).



J.M. Alatalo et al. Science of the Total Environment 836 (2022) 155450
Ideally, the study would have benefitted from being replicated in other,
similar independent alpine ecosystems as the “plots” are not necessarily in-
dependent replicates when they are situated within one plant community
(Wheeler et al., 2016). Having plant communities along an environmental
gradient would have also potentially enabled us to use “space-for-time” sub-
stitution in addition to the experimental treatments (Wheeler et al., 2016).

5. Conclusions

Our long-term study suggests that, similar to vegetative growth, repro-
duction in high alpine plant communities may be limited by nutrient avail-
ability. Increased atmospheric nutrient deposits caused by human activities
may have a large impact over the longer term. Additionally, the results in-
dicate that warmer summers caused by climate change may have a limited
impact on the fruit production of high alpine plants. Instead, maximum
temperatures during the fall before the fruiting year and minimum temper-
atures may be more critical. The difference in the importance of TDD for
fruit production may be due to differences in snow cover, with TDD being
more important in the meadow, which had more delayed snowmelt, com-
pared to the heath on the exposed ridge. However, as the results are
based on two plant communities from one high alpine valley, there is a
need for studies across a more extensive geographic range to assess the gen-
eral validity.
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