Received: 11 April 2023 | Revised: 18 July 2023

'.) Check for updates

Accepted: 21 July 2023

DOI: 10.1002/ece3.10401

RESEARCH ARTICLE

Ecology and Evolution

e WILEY

Use climatic space-for-time substitutions with care: Not only
climate, but also local environment affect performance of the
key forest species bilberry along elevation gradient

Inger Auestad®

| Knut Rydgren?

| Rune Halvorsen? | Ingrid Avdem! |

Rannveig Berge! | Ina Bollingberg! | Oline Lima!

Department of Environmental Sciences,
Western Norway University of Applied
Sciences, Sogndal, Norway

2Geo-Ecological Research Group,
Department of Research and Collections,
Natural History Museum, University of
Oslo, Oslo, Norway

Correspondence

Inger Auestad, Department of
Environmental Sciences, Western Norway
University of Applied Sciences, Sogndal,
Norway.

Email: inger.auestad@hvl.no

Abstract

An urgent aim of ecology is to understand how key species relate to climatic and en-
vironmental variation, to better predict their prospects under future climate change.
The abundant dwarf shrub bilberry (Vaccinium myrtillus L.) has caught particular inter-
est due to its uphill expansion into alpine areas. Species' performance under chang-
ing climate has been widely studied using the climatic space-for-time approach along
elevation gradients, but potentially confounding, local environmental variables that
vary along elevation gradients have rarely been considered. In this study, performed
in 10 sites along an elevation gradient (200-875m) in W Norway, we recorded spe-
cies composition and bilberry performance, both vegetative (ramet size and cover)
and reproductive (berry and seed production) properties, over one to 4years. We
disentangled effects of local environmental variables and between-year, climatic vari-
ation (precipitation and temperature), and identified shared and unique contributions
of these variables by variation partitioning. We found bilberry ramet size, cover and
berry production to peak at intermediate elevations, whereas seed production in-
creased upwards. The peaks were less pronounced in extreme (dry or cold) summers
than in normal summers. Local environmental variables explained much variation in
ramet size and cover, less in berry production, and showed no relation to seed produc-
tion. Climatic variables explained more of the variation in berry and seed production
than in ramet size and cover, with temperature relating to vegetative performance,
and precipitation to reproductive performance. Bilberry's clonal growth and effective
reproduction probably explain why the species persists in the forest and at the same
time invades alpine areas. Our findings raise concerns of the appropriateness of the
climatic space-for-time approach. We recommend including both climatic and local
environmental variables in studies of variation along elevation gradients and conclude
that variation partitioning can be a useful supplement to other methods for analysing

variation in plant performance.
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1 | INTRODUCTION

A major challenge in ecology is to predict responses to the ongoing
global climate changes, which are regarded as main threats to eco-
systems and key species (IPBES, 2019). In the northern hemisphere,
observations of northward and upward migration of common spe-
cies are interpreted as responses to a warmer climate (Steinbauer
et al., 2018). These changes are driven by variations in species' veg-
etative and/or reproductive performance. While variation in plant
biomass and vegetative growth on one hand translates directly into
community- and ecosystem-scale variation in species composition
(Sundqvist et al., 2013), variation in fruit and seed production, on the
other hand, affects the species' dispersal abilities. This may in turn
affect their capacity for expansion into previously unoccupied areas
(Boscutti et al., 2018).

Alpine and arctic ecosystems are regarded as particularly sus-
ceptible to, and disproportionately impacted by, climate change
(Parmesan & Yohe, 2003). A noticeable ongoing change is the uphill
movement of boreal species in alpine areas, as exemplified by the
ericaceous dwarf shrub bilberry (Vaccinium myrtillis L.), which, under
the ongoing climate warming, migrates into altitudes above its pres-
ent distribution (Klanderud & Birks, 2003; MacDougall et al., 2021).
Bilberry has a wide distribution in Fennoscandian boreal ecosystems
(@kland, 1996) and is considered a key species in boreal forests due
to its role in trophic networks, considerable biomass production,
evergreen twigs and large but variable berry production (Hegland
etal., 2010).

The net effect of climate changes on bilberry's performance is
not easy to predict since the species responds to both climate means
and weather extremes in complex ways (Taulavuori et al., 2013). To
better understand and predict bilberry's performance in the boreal
as well as alpine zone under the expected climate change, we need
to understand how potentially impacting variables affect bilberry
performance along elevation gradients.

Elevation is negatively correlated with temperature
(Kérner, 2007) and, in many parts of the world, also positively cor-
related with precipitation (Kérner, 2007; Pato & Obeso, 2012b).
Temperature is a well-known driver of variation in species' perfor-
mance in terms of, for example growth and reproduction (Bokhorst
et al., 2011; Sundqvist et al., 2013). Observations of responses to
short-term climatic variation (‘weather’) along elevation gradients
may therefore be relevant for predicting responses to longer term,
broader-scale climatic changes (Fukami & Wardle, 2005; Walker
et al., 2010). This so-called climatic space-for-time substitution ap-
proach uses current observations of species' performance along
elevation gradients to predict their performance to future climate
change (Blois et al., 2013) under the assumption that elevation

boreal forest, climate change, NMDS, species composition, Vaccinium myrtillus, variation

TAXONOMY CLASSIFICATION
Applied ecology, Population ecology

gradients in space can serve as proxies for climatic gradients in time.
The climatic space-for-time substitution approach may offer a use-
ful alternative to long-term monitoring studies, and to manipulative
warming experiments (ElImendorf et al., 2015), as the former requires
very long data series, and the latter suffers from problems with
transferring results from experimental settings to natural systems
(Fukami & Wardle, 2005; Walker et al., 2010; Wolkovich et al., 2012).

However, a major limitation of the climatic space-for-time substi-
tution approach is that elevation is an indirect gradient (in the sense
of Austin, 1980), representing unknown combinations of multiple,
direct gradients that generally are not causally related to climatic
variation. Examples include many environmental variables that
vary on spatially fine scales, such as soil moisture and soil nutrients
(Halvorsen et al., 2020; Kérner, 2007). Moreover, the climatic space-
for-time substitution approach has been reported to overestimate
the magnitude of climatic impact on species performance (ElImendorf
et al., 2015). Elevation should therefore not be used as a proxy for
climatic variation unless the effect of potentially confounding fac-
tors is controlled for. This is, however, rarely performed. The varia-
tion partitioning method (Borcard et al., 1992; @kland, 1999) allows
such control by disentangling sources of more or less covarying spa-
tial and temporal variation, for example along elevation gradients, by
partitioning of the variation in a data set among different sets of ex-
planatory variables. Variation partitioning has mostly been used for
multivariate data (e.g. species composition), but is also applicable to
univariate data, such as species' performance variables (Amouzgar
et al., 2020; Nielsen et al., 2007; Volis et al., 2011).

Previous studies have demonstrated that bilberry growth and
reproductive performance vary along elevation gradients, at local
(Pato & Obeso, 2012a) and regional scales (Hertel et al., 2018;
Ritchie, 1956; Selas et al., 2015). However, the simultaneous effects
of temperature and precipitation on one hand, and of local environ-
mental variables on the other hand, have only occasionally been ad-
dressed (Pato & Obeso, 2012a). A fine resolution of the elevation
gradient has been adopted in only one study (Pato & Obeso, 2012b),
and moreover, no studies have included a broad range of environ-
mental variables.

In this study, we aim to explore, along an elevational gradient,
how bilberry performance is influenced by local environmental as
well as by climatic variation, the latter varying over time. Moreover,
we aim to investigate the use of variation partitioning to disentangle
the effects of these sources of variation, uniquely and in concert, on
bilberry performance.

Performed along an elevation gradient that ranges from 200 to
875ma.s.l. in a boreal pine forest in W Norway, this study analy-
ses the relationships between variation in bilberry performance (re-
sponse variables) and sets of explanatory variables. These include
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short-term variation in temperature and precipitation, hereafter
termed ‘climatic variation’, and other, locally varying variables,
hereafter termed ‘environmental variation’. Bilberry performance
variables include ramet size and cover as measures of growth, and
berry and seed production as measures of reproduction. Variation
partitioning allows sorting of the variation in bilberry performance
on climatic, environmental and temporal variation components, both
shared and unique.

Based on our findings, we discuss the implications for future
studies using the climatic space-for-time-substitution approach
along gradients and the usefulness of variation partitioning in this
context.

2 | MATERIALS AND METHODS
2.1 | Studysite
We studied bilberry performance in 2017-2020 along an eleva-

tion gradient in a boreal, bilberry-dominated Scots pine (Pinus syl-
vestris) forest in Sogndal, Vestland county, W Norway (61°13'N,
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FIGURE 1 Study area was situated

on a SW facing hillside in Sogndal, W
Norway, the 10 blocks shown as red dots
at elevations between 200 and 875m,
with map of Norway inserted in lower
right corner (a). The study species bilberry
(b), and the vegetation of the steep,
bilberry-dominated pine forest (c).
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7°9'E; Figure 1). The study site extended along a 2.7 km SW-facing
ridge, covering the altitudinal interval 200-875ma.s.l., from dense
lowland forest up to the alpine tree line that occurred just below
the mountain top Hesteggi at 907 ma.s.l. The bedrock consisted of
Precambrian anorthosite and gneiss, covered by a discontinuous
layer of glacial deposits which decreases in thickness with increas-
ing elevation (NGU, 2018). Podzol soils prevail. The site is situated
in the weakly oceanic bioclimatic section and spanned the range
from the south boreal to the transition between the north boreal
and low alpine bioclimatic zones (Bakkestuen et al., 2008). The
estimated annual mean temperature at Sogndalsfjgra (2km W of
the study site, at 10ma.s.l.) was 6.7°C (July mean: 15.0°C, January
mean: -1.5°C). Precipitation peaks in autumn, with annual mean
precipitation of 1025 mm for the normal period 1961-1990 (met.
no, 2020).

The pine forest had a sparse Juniperus communis shrub layer, a
field layer dominated by dwarf shrubs such as bilberry, Vaccinium
vitis-idaea, and Empetrum nigrum, and a bottom layer dominated by
bryophytes such as Pleurozium schreberi and Hylocomium splendens
(Figure 1c). The area is grazed at low intensities by red deer and

sheep.
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2.2 | Study species

Bilberry (V. myrtillus L., Figure 1b), is a 10-60-cm tall, erect dwarf
shrub with creeping subterranean rhizomes and evergreen stems
(Ritchie, 1956). It is widely distributed in Eurasia (Hultén & Fries, 1986)
but has its climatic optimum in N Europe (Coudun & Gégout, 2007).
In Fennoscandia, the species is common throughout the boreal for-
est and dominates low-alpine heaths. The species mainly propagates
clonally and form large genets consisting of ramets connected under
the moss mat (Ritchie, 1956). Using ramets as study units, we defined
aramet as ‘all twigs that were connected to one main twig protruding
from the moss mat’. The bilberry flowers are pollinated by bumble-
bees in April-June and produce ripe berries in July-August (Eckerter
et al.,, 2019). It has been referred to as a masting species due to its
large interannual variation in berry production (Selas, 2000). Bilberry
seeds survive in the soil seed bank for several years, but germination
from the seed bank in the boreal forest appears to be limited (Baskin
et al., 2000; Rydgren et al., 1998; Welch et al., 2000).

2.3 | Sampling design and data collection

In 2017, we subjectively placed 10 blocks of 5x10m along the el-
evation gradient, all facing S-SW with an average slope of 10°-30°.
Each block spanned the variation from open to shaded sites. In each
block, we randomly placed and permanently marked five plots of
0.5x0.5m with a minimum between-plot distance of 1m to mini-
mise the probability that bilberry ramets in neighbouring plots had
clonal subterranean connections (Albert et al., 2003) and to max-
imise within-block environmental variation (Figure A1). We rejected
plots that (i) included tree stems; or (ii) had a cover of more than
50% of logs or stones. At the highest-situated block, few ramets pro-
duced flowers and berries. Here, we systematically rejected plots
that lacked fertile ramets, until a minimum one plot with at least one
fertile ramet had been included. Rejected plots were substituted by
new plots according to a fixed priority list.

2.3.1 | Species composition and cover of bilberry

We divided each plot into 16 subplots, each 0.0156m?. In June-July
2017, we recorded the presence or absence of vascular plants, bryo-
phytes and lichens in each subplot and calculated subplot frequency
as a measure of species' abundance. We also visually estimated
percent cover of bilberry in each plot. In total, 27 vascular plant, 24
bryophyte and 12 lichen species were recorded in the 50 plots (the
mean number of species per plot was 11).

2.3.2 | Bilberry vegetative growth

We tagged selected bilberry ramets in each plot by applying a split,
coloured Hama maxi bead to the main twig of each ramet (Hegland

et al., 2010). Ramet selection, performed in 2017, started in one of
the four central subplots and continued in an anticlockwise manner
by including additional subplots until eight ramets were included
(Figure Al). The total number of ramet tagged in 2017 was 272, of
which 15 could not be relocated at the 2018 census. That year we
included all fertile ramets in each plot, thereby increasing the total
number of tagged ramets by 108. A total of 46 and 40 plots con-
tained berry-producing ramets in 2017 and 2018, respectively. In
2017 and 2018, we measured plant height (H), stem diameter (DS)
and number of annual shoots (AS) for all tagged ramets and calcu-
lated dry mass (DM) of each ramet as a nondestructive estimate
of plant size, using the formula described by Hegland et al. (2010):
log, (DM)=1.41700xlog, (DS)+0.97104xlog, (H)+0.44153xlog,
(AS+1) -7.52070. The formula is based upon a model developed from
a representative, destructively sampled data set (R*=0.944, n=150).

2.3.3 | Bilberry reproduction

Each year from 2017 to 2020, we counted the total number of berries
produced in each 0.25 m? plot and multiplied this number by four to
express berry production as berries per square metre (m™).1n 2017
and 2018, we also counted seeds. We collected all berries produced
by the tagged ramets in each plot, dried them in a drying cabinet
at 70°C for 36h and weighed them individually. For each plot, the
berry closest to plotwise mean mass was selected, dissected under
a stereo microscope and the number of mature (>1 mm long, filled)
and nonmature seeds (aborted seeds or unfertilised ovules; <1 mm,
flat or negligibly swollen) were counted. The counts were used to
calculate two measures of seed production per plot: the number of
mature seeds, and the fraction of mature to total (mature and imma-
ture) seeds, per berry (Pato & Obeso, 2012a).

2.3.4 | Environmental variables

A set of 16 environmental variables that could potentially influence
species composition and bilberry performance, was recorded for
each of the 50 plots based on field measurements or soil samples
taken in 2017 (Table A.1). We recorded soil chemical and physical
variables for the 50 plots from soil samples obtained by mixing
four soil subsamples taken from the upper 10cm of the humus
layer in each plot. Soil samples were dried at 35°C for 10days
in drying cabinets before sifting (2mm mesh width). pH and soil
organic matter (SOM) were measured at the soil laboratory at
Western Norway University of Applied Sciences, Sogndal, by pro-
cedures described by Krogstad (1992). All other soil analyses were
carried out at the soil laboratory of the Norwegian University of
Life Sciences, As. Total N was determined by the Dumas method.
Other soil elements were extracted ina NH,NO, solution (Stuanes
et al., 1984) for the determination of exchangeable element con-
centrations by ICP. Among these, we used elements regarded as
macronutrients, micronutrients or toxic to plants (P, K, Al, Ca, Fe,
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K, Mg, Mn, S and Zn) for further analyses. We recalculated all el-
ements as ppm (parts per million) by multiplication with 1/SOM
(@kland, 1988). We recorded soil moisture in August 2017 after
4 days without rainfall, using an AT Delta-T moisture metre, type
HH2 SM300 v 4.0. The mean moisture, used in analyses, was cal-
culated from four measurements per plot. Soil depth was meas-
ured as the distance a steel rod (diameter 1cm) could be driven
into the soil at eight fixed positions 10 cm outside the plot border.
The median of these eight values was used in the analyses. The
Heat Index was calculated according to Heikkinen (1991) by meas-
uring aspect and slope (0°-360° scale) using a clinometer compass
held at a position considered representative for each plot. We
measured canopy openness by use of a convex, spherical densi-
ometer with 24 squares (Lemmon, 1956). Canopy openness (Light)

was estimated as the number of squares not containing canopy.

2.3.5 | Climatic variables

We included seven climatic variables in the variation partitioning
analyses. By comprising both Elevation and Squared elevation, we al-
lowed potential linear, as well as unimodal, relationships between
elevation and bilberry performance. The latter five variables were
included because they have previously been shown to relate to bil-
berry performance in various ways (Bokhorst et al., 2011; Hertel
et al., 2018; Rixen et al., 2010; Selas et al., 2015), see Appendix S.1
and Tables A.2 and A.3. Minimum January temperature (JanMinT)
was included since warm winters have been shown to reduce veg-
etative growth and affect berry production, and Minimum tempera-
ture in the flowering period April-June (MinTFlow), was included since
cold periods in the flowering season have been shown to reduce
berry production. Growing days (number of days with middle tem-
perature >5°C; GDays) and Growing days degrees (daily mean tem-
perature, summarised over growing days in May-August; GDDegr)
were included because long and warm growing seasons have been
shown to increase berry production and vegetative growth. Finally,
Precipitation in June-August (Precip) was included since both wet and
dry summers have been shown to reduce berry production.

We obtained data for temperature and precipitation from
Sogndal airport (temperature only; station located 7km S of the
study site, at 497 ma.s.l.) and Selseng (precipitation only, 17 km NW
of the study site, at 421 ma.s.l.). However, normal values (1960-
1990) for these stations differed much from interpolated values
for the nearby Sogndalsfjgra settlement (1km W of the study site,
10ma.s.l., Table A.2). We used these differences in normal values
to estimate temperature and precipitation for Sogndalsfjgra in the
study period (Appendix S.1) and then further extrapolated these
estimates to the elevations of each of the 10 blocks, using the theo-
retical lapse rates for temperature: mean value per 100m elevation
for winter months (December-February): -0.56°C, and for summer
months (June-August): -0.54°C (Laaksonen, 1976) and summer pre-
cipitation: +1.6 mm per 100 m elevation (Fgrland, 1979).

The study years differed with respect to climatic variables
(Tables A.2 and A.3): 2018 had the longest, warmest and driest
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growing season, whereas growing seasons were shorter and colder in
2017 and 2020. In 2019, the growing season was exceptionally wet,
with low temperatures during bilberry flowering. The estimated dif-
ferences in the five climatic variables between the lowest and high-
est situated blocks (assumed to be equal among years) amounted to,
respectively, 4.0°C for JanMinT, 3.8°C for MinTFlow and 11 mm for
Precip. For the latter two variables (GDays and GDDegr), we included
between-years variation as described in Appendix S.1 and calculated
the average difference and SD to be, respectively, 8 +3days for
GDays, and 452 + 9 day-degrees for GDDegr (Table A.3).

2.4 | Statistical analyses

All statistical analyses were performed in R version 3.6.2 (R
Development Core Team, 2019). We used four-dimensional GNMDS
(Global Non-Metric Multidimensional Scaling; Minchin, 1987) as
implemented in the vegan package of R, version 2.4-2 (Oksanen
et al., 2017) and split-plot GLM analysis (Auestad et al., 2008) to ex-
tract the main gradient structure of the species composition in the
50 plots and to interpret the main gradients' relationship to eleva-
tion and environmental variables (Appendix S.2).

Mixed effects models were used to investigate the relation be-
tween elevation and three sets of bilberry performance variables:
(i) vegetative, two variables: estimated mean ramet size (DM; g) in
2017 and 2018, and bilberry cover (mz) in 2017; (ii) berry production
(berries per m?) over the 4years 2017-2020 and (iii) seed production
(two estimates per berry: number, and fraction (%) of mature seeds),
in 2017 and 2018.

We modelled bilberry performance variables (cover, ramet size,
berry production, number and fraction of mature seeds) as func-
tions of elevation. Bilberry cover (expressed as percentage, e.g.
strictly bounded but nonbinomial) was logit-transformed (Warton
& Hui, 2011), and ramet size was log-transformed, prior to model-
ling by the Imer function with identity-link and Gaussian errors. We
used the glmer function with log link and Poisson errors to model
berry production, and glmer with logit link and binomial errors to
model number of seeds and fraction of mature seeds. We per-
formed the Imer and glmer analyses and parameterised the mod-
els using the R package Ime4 (Bates et al., 2015). We accounted for
the spatially nested sampling design by specifying ramet nested
within plot within block as random effect in models for ramet size,
and plot nested within block in models for cover, berry production
and number and fraction of mature seeds. Eventual overdispersion
was handled by including a unique code for each plot in the random
variables (Elston et al., 2001). Singularity problems allowed us to in-
clude only the overdispersion variable for number of mature seeds,
and plot number and the overdispersion variable for proportion of
mature seeds. We modelled a polynomial functional relationship to
account for potential unimodal relationships between elevation and
the various response variables. In line with the principle of parsi-
mony, we simplified the models into the minimal adequate model,
using a backward elimination procedure with likelihood ratio tests
(Crawley, 2013).
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Variation partitioning (Borcard et al., 1992; @kland, 1999) based
on repeated partial constrained ordinations was used to quantify
the relative importance of three groups of explanatory variables
on bilberry performance (Figure 2): environmental variation (E; 16
variables), climatic variation (C; seven variables) and time (T; one
categorical variable, with two or four levels, depending on the data
for the response variable, included to reflect temporal climatic varia-
tion). All variables were zero-skewness transformed before analyses
(@kland, 2003). As response variables in the variation partitioning,
we used the same bilberry performance variables sets as in the
mixed effect models: (i) vegetative response, (ii) berry production
and (iii) seed production (note that set (i) was expanded with the
variation (SD) of bilberry cover), cf. Figure 2. We matched the dif-
ferent response variable sets with the appropriate subset of climatic
data: for berry production, we included data for all years (2017-
2020), whereas for vegetative growth and seed production, we in-
cluded data for 2017 and 2018.

For each set of response variables and for each explanatory vari-
able group, we used the forward selection procedures in redundance
analysis (RDA,; ter Braak, 1987), as implemented in vegan (Oksanen
et al., 2017) to find, separately for each group of explanatory vari-
ables (Figure 2, upper row), the variables that independently con-
tributed significantly (p <.01) to the variation in each set of response
variables (Table 1). Two environmental and two climatic variables
were selected for vegetative performance; three environmen-
tal and three climatic variables, and time, were selected for berry
production; and two climatic variables and time were selected for

seed production (numbers in boxes in Figure 2). Groups for which no

significant variable was found for a given set of response variables
were left out from the variation partitioning analysis of the data set
in question.

For each of the three sets of response variables, we performed a
sequence of (partial) RDAs to quantify the unique and shared contri-
butions of each explanatory variable group to explain the variation
in the response. Variation components are reported as fractions of
the total explained variation, as recommended by @kland (1999).
Moreover, we interpreted the ratio of the total variation explained
(TVE) and the total inertia (TI) as a measure of the minimum, rather
than the total explained variation in the response variable, since the
remaining, ‘unexplained’ variation (1-TVE/TI) may include up to
50% of variation that is due to lack of fit of data to the underlying,
essentially linear, statistical model (@kland, 1999).

3 | RESULTS

3.1 | Species composition and environmental
variation along the elevation gradient

3.1.1 | Gradient extraction and interpretation

The main gradient in species composition (GNMDS axis 1; Figure 3),
as interpreted by split-plot GLM (Table 2), ran along the elevation
gradient, and the majority of variation was found at block level.
Blocks located at lower elevations had more closed canopies, drier

and warmer conditions, and vegetation dominated by bilberry V.
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FIGURE 2 Conceptual diagram showing the four steps of the var
shared contribution of three groups of explanatory variables (enviro

iation partitioning procedure that we used to quantify the unique and
nmental and climatic variation, and time; top) to explaining variation in

the three sets of bilberry performance response variables (one vegetative; ramet size and cover, and two reproductive; berry production
and seed production; bottom). We used partial constrained ordination (pRDA, Table A.5, see text for details) to identify the significantly
contributing explanatory variables for each response variable set. The number of identified variables per set of performance variables is

given in the nine white boxes.
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TABLE 1 Results from the forward selection procedure in pRDA to exclude redundant variables in each of the three sets of explanatory
variables: climatic (seven candidates), environmental (16 candidates), and time (one candidate).

Vegetative performance

Seed production

Berry production

Species composition 2017 2017-2018 2017-2018 2017-2020
TI=2.656 TI=0.171 TI=0.195 TI=0.071
inertia F p inertia F p inertia F p inertia F p
Climatic variation
Elevation 0.098 2.06 .0078 ns ns 0.017  63.92 >.0001
Elevation”2 ns ns ns ns
Min T Jan ns 0.015 9.42  .0003 ns ns
Min T Flow ns ns ns ns
Growth days (GD) ns ns ns ns
Growth days degrees 0.322 6.63 >.0001 ns ns ns
(GDDegr)
Precipitation May- ns 0.014 9.34  .0005 0.115 79.85 >.0001 0.01 4405 >.0001
August (Prec)
Local environmental
Heat index (HI) 0.129 2.73 .0005 ns ns 0.003 11.04 >.0001
Soil depth (median) ns ns ns ns
Light (mean) ns 0.019 119 >.0001 ns ns
Soil moisture (mean) 0.194 3.79 >.0001 ns ns 0.01 33.62 >.0001
Soil organic C ns ns ns ns
pH 0.161 3.29 .0002 ns ns ns
totalN ns 0.015 104 .0004 ns 0.005 16.7 >.0001
Al ns ns ns ns
Ca ns ns ns ns
Fe ns ns ns ns
K ns ns ns ns
Mg ns ns ns ns
Mn ns ns ns ns
P ns ns ns ns
S ns ns ns ns
Zn ns ns ns ns
Time
Year Not included ns 0.101 105.8 >.0001 0.012 13.77 >.0001

Note: Tl denotes the total inertia of the analysis. Inertia, F-values and p-values are given only for variables that gave significant and independent

contribution (p <.01) to the variation in each of the three response data sets.

Abbreviations: Gdays, Growing days; GDDegr, Growing days degrees; Prec, Precipitation May-August.

myrtillus, H. splendens and Avenella flexuosa. Blocks located at higher
elevations had higher irradiance and colder, moister conditions. The
vegetation was dominated by E. nigrum and Cladonia arbuscula agg.,
but still with considerable amounts of bilberry. At plot level, pH in-
creased slightly along the axis (Table 2). Along the elevation gradient,
soil moisture and SOM increased, whereas the Heat Index, pH and
a number of soil nutrient concentrations (in particular P, but also K,
Fe, Ca) decreased (Table A.1). Species turnover per vertical m was
twice as high in the upper 200m of the elevation gradient (above
650ma.s.l.) as in the lower 450m, as revealed by the first GNMDS
axis (Figure 3).

3.2 | Bilberry growth: cover 2017 and ramet size
2017 and 2018

3.2.1 | Variation along the elevation gradient

Bilberry cover showed a significant, unimodal pattern along the
elevation gradient, peaking at intermediate elevations with a max-
imum cover of 90% at 550ma.s.l. (Figure 4a; Table A.4). Also, bil-
berry ramet size was unimodally related to elevation, in both 2017

and 2018. Ramets were significantly larger in 2018 than in 2017
(Figure 4b; Table A.4).
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TABLE 2 Output of split-plot GLM analyses of GNMDS axis 1.

Explanatory variable

Elevation (m)

Heat index

Soil depth (median)
Light

Soil moisture (mean)
Soil organic C

pH

totalN

Al

Ca

Fe

K

Zn

FIGURE 3 GNMDS ordination of the
° species compositional data set of 50 plots
in 10 blocks, axes 1 and 2, scaled in H.C.
© / . units. Colours indicate plots from each of
Q;fP the 10 blocks, contour lines are isolines
° for elevation.
&
200 m
300 m
° 345 m
411m
b ° 481 m
< ° ® 556m
® 645m
e 692m
e 766 m
e 873m
T T T T
0.5 1.0 1.5 2.0
GNMDS axis 1 (H.C. units)
Block Plot
Sum of squares =8.06 Sum of squares=1.40
FVE=0.85 FVE=0.15
SS o1/ SShiokk F p coeff SS 1/ SSpiot F p coeff
0.70 18.36 <.01 + ns
0.44 6.20 <.05 = ns
ns ns
0.49 7.55 <.05 ns
0.59 11.47 <.01 ns
ns ns
ns 0.16 7.49 <.01 +
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns
ns ns

Note: Relationships between the main vegetation gradient (GNMDS plot scores; response variable) and explanatory variables (elevation and 16 local,
environmental variables), evaluated at two grain levels (block and plot) by split-plot GLM (identity link, normal errors).

Total sum of squares (SS) and fraction of total variation explained (FVE) for block and plot level are given in the upper part and values for the

individual variable in the lower part of the table. Block level had nine, and plot level 40 degrees of freedom. The variation explained (SS

/SS

expl grain Ievel)

by each explanatory variable is given for both block and plot level. p<.01 are given in bold. Model coefficient (coeff) show the sign of the relationship

(+/-).

3.2.2 |
explanatory variables

A minimum of one-third of the total variation in vegetative perfor-
mance (ramet size, variation in ramet size (SD) and cover of bilberry)

Variation partitioning of

was accounted for by the analysed variables (total inertia=0.17,
TVE=0.05, Figure 5a; Tables A.4 and A.5). Environmental condi-
tions, light and N totally explained 69% of TVE, 28% together with
climate and 41% alone (Figure 5b). Climatic variation, represented
by temperature-related climatic variables JanMinT (winter cold) and
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FIGURE 4 Variation in bilberry vegetative performance along the elevation gradient recorded in 2017 as bilberry cover (logit; %) (a), and
in 2017 and 2018 as bilberry ramet size (log,; g) (b). Envelopes indicate 95% confidence intervals.

GDays (length of growing season) explained a total of 59% of TVE
and 31% alone (Figure 5b; Tables A.4 and A.5). Time did not explain
variation in ramet size, in accordance with the similar patterns of

variation in ramet size in the 2years (Figure 4b).

3.3 | Berry production 2017-2020

3.3.1 | Variation along the elevation gradient

Plotwise berry production (number of berries per m?) varied from
0 to 428, and showed a skewed unimodal relationship to elevation,
peaking at elevations of 300 and 500ma.s.l. in 2020 and 2017, re-
spectively (Figure 6). However, in the dry year (2018) and the cold
and wet year (2019), relationships were close to linear (Figure 6;
Table A.5). In these years, total annual berry production in the 50
plots was much lower (1264 and 1348, respectively) than in years
2017 and 2020 (3848 and 5036, respectively).

3.3.2 | Variation partitioning of
explanatory variables

More than half of the total variation in berry production was ac-
counted for by the analysed variables (totalinertia=0.07, TVE=0.04).
Climatic variation (represented by elevation and precipitation) ac-
counted for 77% of TVE, 39% shared with the environmental vari-
ables soil moisture, N and HI, and 18% shared with time (Figure 5c,d;
Tables A.4 and A.5). Environmental variables accounted for 52% of
TVE, of which 13% unshared, while time accounted for 34% of TVE,
of which 16% unshared with other variable groups.

3.4 | Seed production 2017 and 2018
3.4.1 | Variation along the elevation gradient

The number of mature seeds per berry varied from 2 to 92. We
found significantly more fertile seeds, and a larger fraction of fer-
tile seeds per berry, in 2017 than in 2018 (Figure 7a,b; Table A.5).
This accorded with the patterns found for berry production in these
2years (Figure 6). The number and fraction of fertile seeds per berry
increased along the elevation gradient in the normal year 2017 but
not in the dry year 2018.

3.4.2 | Variation partitioning of
explanatory variables

A minimum of half the total variation in seed production was ac-
counted for by the analysed variables (total inertia=0.20,
TVE=0.10). No environmental variables explained a significant frac-
tion of the variation, all explained variation was accounted for by
climate variables (represented by precipitation; Figure 5¢,f). This in-
dicated an interaction effect between year and precipitation on seed

production, in accordance with Figure 7b and Tables A.4 and A.5.

4 | DISCUSSION

Although observational studies cannot reveal causative effects,
our study design (50 plots in 10 sites, covering an elevation range
of 675m over a 2.7 km horizontal range that corresponds to an up-

wards temperature decline of ca. 3.8°C and an estimated increase
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FIGURE 5 Results for partitioning of the variation in bilberry performance between three groups of variables: environment (white),
climate (pale grey), and time (dark grey); for ramet size and cover (a, b), for berry production (c, d), and for seed production (e, f). Venn
diagrams (a, c, e) show the relative contribution of environment, climate and time. Histograms (b, d, f) show the individual contribution of the

independently, significantly (p <.01) contributing variables.

of ca 11 mm in precipitation in June-August) provided a broad and
relevant platform for exploring the performance of the boreal key
species bilberry. Furthermore, there was considerable variation in
species composition along the elevation gradient: only ca. 50% of
the species from the lowermost plots also grew in the uppermost
plots. Species compositional variation is a pivotal attribute of any
ecosystem, as it summarises the outcomes of all important ecologi-
cal processes (Clewell & Aronson, 2007; Sundgqvist et al., 2013). The
variation in species composition was particularly large close to the
tree line, in the upper third of the elevation gradient. The decreas-
ing tree cover towards the tree line coincided with larger variation
in several environmental variables including light and exposure to
wind, and potentially also soil nutrients (Helbach et al., 2022), all
likely to contribute to increased variation in species composition on
the forest floor (Barbier et al., 2008).

4.1 | Environmental and climatic variation affects
bilberry performance along the elevation gradient
in the boreal forest

We find bilberry growth (cover and ramet size) to peak at ca 500m,
most likely due to an optimal combination of summer temperatures
(decreasing with elevation) and precipitation levels (increasing with
elevation) that gives rise to a beneficial climate at this level (Eldegard
et al., 2019; Selas et al., 2015). Bilberry's clonal structure and per-
ennial life history may dampen climate effects on growth (Gerdol
et al., 2013). Nevertheless, whereas ramet size decreases towards
both higher and lower elevations, cover drops more towards high
(>700m) than towards low (<300m) elevations. We interpret this
as an effect of the uphill lowering of temperatures, known to curb
vegetative growth (Fernandez-Calvo & Obeso, 2004). However, the
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earlier snowmelt at lower elevations may also affect bilberry growth
negatively because the lack of a stable snow cover in early spring
breaks the deep winter dormancy, making the ramets more exposed
to spring frost bud damage (Bokhorst et al., 2011).

Contrary to bilberry growth, bilberry berry production shows
larger variation between years and along the elevation gradient,
peaking at different elevations in different years. For bilberry, long
and moderately warm growing seasons enhance berry production
(Boulanger-Lapointe et al., 2017; Selas, 2000; Selas et al., 2015),
whereas particularly dry (or wet) growing seasons curtail berry
development (Boulanger-Lapointe et al., 2017; Selas, 2000; Selas
et al., 2015). We observed peaks at middle (500m) or low (300m)

elevations in ‘normal years’, but linear response curves in dry, or cold
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FIGURE 6 Berry production (number of berries per m?) along

the elevation gradient 2017-2020. Envelopes indicate 95%
confidence intervals.

(@ o
=2 7 e 2017
® 2018

40
\\
\

Number of mature seeds
20
\

T T T T T T T T
200 300 400 500 600 700 800 900

Elevation (m)

Ecology and Evolution 110f 16
=t e W1 LEY- 1

and wet seasons. Covariation between climatic conditions (weather
cues) and berry production, both fluctuating among years, has led
to proposals of bilberry as a masting species (Boulanger-Lapointe
etal., 2017; Miina et al., 2009; Selas, 2000). However, both the strict
and the normal definition of masting species (sensu Kelly, 1994)
require not only an ultimate (weather-related) cue, but also a prox-
imate cue, that is an evolutionary advantage of variable berry pro-
duction, demonstrated through, for example resource switching
(Herrera et al., 1998). No such pattern has yet been demonstrated
for bilberry. Typical masting species are wind-pollinated and wind-
dispersed trees (Herrera et al., 1998; Kelly, 1994), which show re-
gional, rather than local or fine-scale, patterns of variation in seed
production. Our finding that the elevation at which berry production
peaks varies among years, further contradicts the notion of bilberry
as a masting species.

Bilberry has been shown to extend its distribution uphill in al-
pine areas, in line with many other boreal forest species (Klanderud
& Birks, 2003; MacDougall et al., 2021; Steinbauer et al., 2018).
However, at the same time, no negative trend is reported from low-
land boreal forests, thus suggesting that the species persists, and
widens its elevational niche (MacDougall et al., 2021). The expla-
nation for this may be twofold: the species' slow clonal growth may
prevent a rapid extinction from the lowlands when the climate gets
warmer, while at the same time causing a build-up of an extinction
debt (Bertrand et al., 2011; Vellend et al., 2006).

Bilberry's alpine expansion, on the contrary, may be due to in-
flux of berries and seeds from the boreal zone. Despite large seed
production, bilberry seedlings are surprisingly rarely observed at the
forest floor (Garcia-Rodriguez & Selva, 2021; Welch et al., 2000).
This may be due to limited amounts of microsites with bare soil, bil-
berry's preferred germination substrate. Such microsites become in-

creasingly abundant above the tree line. However, bilberry's demand
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FIGURE 7 Seed production along the elevation gradient in 2017 and 2018, expressed as the numbers (a) and the fraction (b) of mature

seeds per berry. Envelopes indicate 95% confidence intervals.
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for relatively high soil temperatures to germinate (>20°; Baskin
et al., 2000), combined with slow germination (average of 61days;
Steyaert et al., 2019) should be expected to effectively obstruct
germination of locally produced seeds in alpine areas. This opens
for the possibility that boreal bilberry populations support alpine
bilberry populations through regional source-sink population dy-
namics (Eriksson, 1996): mature bilberry berries and seeds produced
in boreal forest populations in July may effectively be transported
upwards by berry-eating birds and mammals (Garcia-Rodriguez
et al., 2022) to become deposited in the alpine zone, in moist and
nutrient-rich dung, perfect for germination. This happens at a time
when seeds produced by alpine populations are still immature. Gut
passage has moreover been shown to reduce germination time to
an average of 20days (Steyaert et al., 2019), allowing the deposited
bilberry seeds to germinate within the short alpine growing season.

Bilberry's alpine expansion and its boreal forest persistence can
be interpreted as examples of vegetation disequilibrium (Svenning &
Sandel, 2013) related to the established extinction debts. In years to
come, a slow repayment of such debts must be expected and consid-
ered when assessing the relationships between climate and perfor-
mance of a range of key species. This would imply that species such
as bilberry eventually would disappear from lower elevations as a
delayed response to ongoing climate warming.

The variation partitioning analyses indicate that not only cli-
matic, but also environmental variation affects bilberry perfor-
mance, uniquely and in concert. Environmental variables relating
to N and light are identified as particularly important for ramet
size and cover, in accordance with previous findings (Gerdol, 2005;
Manninen et al., 2009; Nielsen et al., 2007). Similarly, variation in
berry production is explained by climate as well as by the environ-
mental variables soil moisture, N and heat. Soil moisture varies in
space, as well as between years, as a response to inter-annual, cli-
matic variation. The influence of this fine-scaled spatial mosaic of
variation in soil moisture on berry production has, however, hardly
been studied. @kland (1996) suggest that soil moisture is a direct
driver of variation in berry production in boreal forest landscapes.
Ramets in moist microsites (depressions) and north-facing slopes
optimise berry production in dry years, whereas ramets on shallow
soils and in south-facing sides produce more berries in wet years
(personal observation, |. Auestad and K. Rydgren). Berry produc-
tion hence peaks in different parts of the boreal forest landscape
in different years (Kilpeldinen et al., 2016). We support the call of
Bogdziewicz et al. (2020) for studies that reveal the true nature of
key species' reproductive patterns, to understand the difference be-
tween true masting behaviour, and variation in fruit and seed pro-
duction for reasons such as environmental variation.

Seed production per berry increases upwards in a normal, but
notin a dry summer, and variation in precipitation among years alone
explains this variation in our analysis. We found no relationship
between seed production and the measured environmental vari-
ables. Few studies have investigated this relationship, but Eckerter
et al. (2019) found a significant increase in both the number and frac-
tion of mature seeds from shaded (5%-15% light) to experimentally

opened (26%-40% light) plots, and attributed this to differences in
pollinator activity. Cold and wet climates are known to curb polli-
nation activity (Fernandez-Calvo & Obeso, 2004). This may explain
the results we got for the drought-ridden summer of 2018, but our
2-year record of seed production is too limited to allow further dis-
cussions of such patterns along the elevation gradient. Pollination
is known to affect bilberry performance, vary along the elevation
gradient (Sundqvist et al., 2013), and become less important to-
wards higher altitudes (Hulshof et al., 2013). One reason for this is
that pollinator numbers usually decrease with increased elevation
in the alpine zone (Totland, 2001). However, in steep forests in the
boreal zone, this pattern may be reversed. When bilberry growing at
low elevation (200m) flowers in April-May, pollinator numbers are
much lower than a few weeks later, when bilberry growing at higher
elevation (>500m) starts to flower (S. J. Hegland and M. Gillespie,
unpublished data). Accordingly, the rate of self-pollination, known
to curtail seed set in bilberry, may be higher in the dense clones at
lower elevations than in sites with lower cover (Nuortila et al., 2002),

which in our study area are found at higher elevations.

4.2 | Variation partitioning—useful for climatic
space-for-time-substitutions along elevation
gradients?

Our results show that not only climatic, but also environmental vari-
ables explain considerable amounts of variation in most aspects of
bilberry performance, and that interpretation of climatic space-for-
time studies performed along elevation gradients should be made
with considerable care: variation along the elevation gradient tends
to be explained by a wider range of variables than climatic ones.

Much of the variation in performance is explained by climate and
environment in concert, a result reflecting that these two groups of
external conditions interact in multiple ways. Lower temperatures
at high altitudes curb plant nutrient supply rates from the soil by
lowering nutrient mineralisation while at the same time SOM con-
tent is enhanced by decreased decomposition rates (Sundqvist
et al., 2013). Moreover, there is a gradual, upward increase in soil
moisture, and a decrease in canopy cover (Zellweger et al., 2020).
The fraction of variation explained by environmental variables alone,
not shared with climatic variables, may provide a rough indication
of the appropriateness of the climatic space-for-time substitution
approach along an elevation gradient; failing when variation due to
environmental conditions, not shared with climate, explains a large
fraction of the variation (in our case up to 41% of TVE). This must
be expected to be the case in the boreal forests, where fine-scale
variation in, for example nutrients such as N, topography, shade and
soil moisture (@kland, 1996) affects the performance of species in
independent ways along an elevation gradient. In the case of the
long-lived dwarf-shrub bilberry, space-for-time substitutions should
be interpreted with care when investigating vegetative growth as
well as berry production, since only seed production seems unre-
lated to variation in environmental conditions.
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The variation partitioning approach allows estimation of the re-
lationship between total variation explained and total inertia (TVE/
TI; in our case 26%-59%), which is far below the levels reported by,
for example Volis et al. (2011) in their study of variables impacting
the translocation success for populations of Iris atrofusca (74.3%).
However, as @kland (1999) points out: TVE/TI is a much used, but
inappropriate measure of the variation explained in such analyses
since ordination techniques (in our case RDA) contribute unknown
amounts of ‘variation’ to total inertia. @kland (1999) shows that even
with simulated data sets in which species replace each other reg-
ularly along one or two gradients, almost half of the unexplained
variation represents lack-of-fit to the model, rather than ecologi-
cally meaningful variation. Hence, focus should be on the explained,
rather than the unexplained variation in variation partitioning anal-
yses and on the relative explanatory power (TVE) rather than on
between-study differences in the total variation explained (TVE/TI).

A series of methodological considerations should be made when
elevational gradients are used for climatic space-for-time studies.
First, the position of the tree line along the studied elevation gra-
dient should be highlighted, to enhance transferability of results
among studies carried out in, for example the Alps (tree line ca.
1500-2200ma.s.l.) and in Fennoscandia (tree line varying from ca
1200ma.s.l. in central southern parts and decreasing to sea level
in the north). Next, a sufficient number of sites should be included
along the gradient, to avoid confounding variation among habitat
types (differing in many aspects) with variation directly attributable
to changes in climate. Our study design (10 sites distributed evenly
along a 675m elevation range) allowed us to explore the gradual
change from dense, lowland forest up to the alpine tree line, rather
than contrasting a few, different ecosystems along the gradient (e.g.
Olsen et al., 2022; Pato & Obeso, 2012b). This enabled us to confirm
both unimodal and linear trends in bilberry performance along the

elevational gradient.

5 | CONCLUSIONS

Our study shows that the variation in bilberry performance along
an elevation gradient is related to local environmental as well as cli-
matic variation, uniquely and in concert. This underlines the need
for including both types of variation in studies of key species, par-
ticularly of clonal and long-lived dwarf shrubs such as bilberry. Such
studies, often performed using climatic space-for-time substitutions,
may benefit from using variation partitioning to reveal the suitability
of such substitution: if little variation is explained by climatic vari-
ables, or if most of the explained variation is related to local envi-
ronmental variation alone, then climatic space-for-time substitutions
should not be used. Hence, we recommend including both environ-
mental and climatic variables in preliminary studies of variation
along elevation gradients, and to supplement analyses of variation in
plant performance by variation partitioning. A better understanding

of how ongoing climate warming affects the performance of bilberry
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and other key species is pivotal for future successful management

of boreal forests.

AUTHOR CONTRIBUTIONS

Inger Auestad: Conceptualization (equal); formal analysis (equal); in-
vestigation (equal); visualization (equal); writing - original draft (lead);
writing - review and editing (lead). Knut Rydgren: Conceptualization
(equal); formal analysis (lead); investigation (equal); methodol-
ogy (equal); visualization (equal); writing - original draft (support-
ing); writing - review and editing (equal). Rune Halvorsen: Formal
analysis (equal); writing - review and editing (equal). Ingrid Avdem:
Investigation (equal); writing - review and editing (supporting).
Rannveig Berge: Investigation (equal); writing - review and editing
(supporting). Ina Bollingberg: Investigation (equal); writing - review
and editing (supporting). Oline Lima: Investigation (equal); writing

- review and editing (supporting).

ACKNOWLEDGEMENTS

We thank Jan Sulavik for advice on climate data, Joachim S. Tépper
for advises on coding in R, Idunn Auestad for help with Figure 5,
and Mark Gillespie and Stein Joar Hegland for access to unpub-
lished data on bilberry flowering period (2017-2020) at nearby
populations. We thank Andy MacDougall for information on bil-
berry performance at Abisko, Sweden in 1920-2020, and Stein
Joar Hegland for valuable comments on a previous version of the
paper. Hege Gjerde Sviggum is thanked for the bilberry illustration
in Figure 1. We are also grateful for the insightful comments from

two anonymous reviewers.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly avail-
able in Dryad at https://datadryad.org/stash, reference number doi:
10.5061/dryad.j9kd51cj2.

ORCID

Inger Auestad " https://orcid.org/0000-0001-6321-0433
Knut Rydgren "= https://orcid.org/0000-0001-8910-2465
REFERENCES

Albert, T., Raspé, O., & Jacquemart, A.-L. (2003). Clonal structure
in Vaccinium myrtillus L. revealed by RAPD and AFLP markers.
International Journal of Plant Sciences, 164, 649-655.

Amouzgar, L., Ghorbani, J., Shokri, M., Marrs, R. H., & Alday, J. G. (2020).
Pteridium aquilinum performance is driven by climate, soil and land-
use in Southwest Asia. Folia Geobotanica, 55, 301-314.

Auestad, I., Rydgren, K., & @kland, R. H. (2008). Scale-dependence of
vegetation-environment relationships in semi-natural grasslands.
Journal of Vegetation Science, 19, 139-148.

Austin, M. P. (1980). Searching for a model for use in vegetation analysis.
Vegetatio, 42, 11-21.

Bakkestuen, V., Erikstad, L., & Halvorsen, R. (2008). Step-less models for
regional environmental variation in Norway. Journal of Biogeography,
35, 1906-1922.

Barbier, S., Gosselin, F., & Balandier, P. (2008). Influence of tree species
on understory vegetation diversity and mechanisms involved—A

85U8017 SUOWILIOD 8AIIEID) 3|cedljdde ays Aq peuenob afe sspoiie YO ‘8sn JO Sa|ni Joj Ariq18UIIUO 8|1 UO (SUORIPUOD-pUe-SLLIBY/LICO" A3 1M AR 1B [UO//SANY) SUORIPUOD PUe SWB | 8L 885 *[€202/0T/S2] UO AReiqiTauliuo A8|IM ‘Bpuefiss A Bd WeMsBoH AQ TOFOT €898/200T 0T/I0P/W0 A8 1M ARe.q 1 jpuljuo//Sdny Wwouy pepeojumod ‘8 ‘€202 ‘85..SY02


https://datadryad.org/stash
https://doi.org/10.5061/dryad.j9kd51cj2
https://orcid.org/0000-0001-6321-0433
https://orcid.org/0000-0001-6321-0433
https://orcid.org/0000-0001-8910-2465
https://orcid.org/0000-0001-8910-2465

AUESTAD €T AL.

14 of 16 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

critical review for temperate and boreal forests. Forest Ecology and
Management, 254, 1-15.

Baskin, C. C., Milberg, P.,, Andersson, L., & Baskin, J. M. (2000).
Germination studies of three dwarf shrubs (Vaccinium, Ericaceae)
of northern hemisphere coniferous forests. Canadian Journal of
Botany, 78, 1552-1560.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Ime4: Linear
mixed-effects models using Eigen and S4 classes. R package version
1.1-9. R Foundation for Statistical Computing http://CRAN.R-proje
ct.org/package=Ime4

Bertrand, R., Lenoir, J., Piedallu, C., Riofrio-Dillon, G., de Ruffray, P.,
Vidal, C., Pierrat, J.-C., & Gégout, J.-C. (2011). Changes in plant
community composition lag behind climate warming in lowland for-
ests. Nature, 479, 517-520.

Blois, J. L., Williams, J. W., Fitzpatrick, M. C., Jackson, S. T., & Ferrier, S.
(2013). Space can substitute for time in predicting climate-change
effects on biodiversity. Proceedings. National Academy of Sciences.
United States of America, 110, 9374-9379.

Bogdziewicz, M., Ascoli, D., Hacket-Pain, A., Koenig, W. D., Pearse, I.,
Pesendorfer, M., Satake, A., Thomas, P., Vacchiano, G., Wohlgemuth,
T., & Tanentzap, A. (2020). From theory to experiments for testing
the proximate mechanisms of mast seeding: An agenda for an ex-
perimental ecology. Ecology Letters, 23, 210-220.

Bokhorst, S., Bjerke, J. W., Street, L. E., Callaghan, T. V., & Phoenix, G. K.
(2011). Impacts of multiple extreme winter warming events on sub-
Arctic heathland: Phenology, reproduction, growth, and CO, flux
responses. Global Change Biology, 17, 2817-2830.

Borcard, D., Legendre, P., & Drapeau, P. (1992). Partialling out the spatial
component of ecological variation. Ecology, 73, 1045-1055.

Boscutti, F., Casolo, V., Beraldo, P, Braidot, E., Zancani, M., & Rixen, C.
(2018). Shrub growth and plant diversity along an elevation gradi-
ent: Evidence of indirect effects of climate on alpine ecosystems.
PLoS One, 13,e0196653.

Boulanger-Lapointe, N., Jarvinen, A., Partanen, R., & Herrmann, T. M.
(2017). Climate and herbivore influence on Vaccinium myrtillus
over the last 40years in Northwest Lapland, Finland. Ecosphere,
8, 1-11.

Clewell, A. F., & Aronson, J. (2007). Ecological restoration: Principles, val-
ues, and structure of an emerging profession. Island Press.

Coudun, C., & Gégout, J.-C. (2007). Quantitative prediction of the dis-
tribution and abundance of Vaccinium myrtillus with climatic and
edaphic factors. Journal of Vegetation Science, 18, 517-524.

Crawley, M. J. (2013). The R book (2nd ed.). Wiley.

Eckerter, T., Buse, J., Forschler, M., & Pufal, G. (2019). Additive positive
effects of canopy openness on European bilberry (Vaccinium myrtil-
lus) fruit quantity and quality. Forest Ecology and Management, 433,
122-130.

Eldegard, K., Scholten, J., Stokland, J. N., Granhus, A., & Lie, M. (2019).
The influence of stand density on bilberry (Vaccinium myrtillus L.)
cover depends on stand age, solar irradiation, and tree species
composition. Forest Ecology and Management, 432, 582-590.

Elmendorf, S. C., Henry, G. H., Hollister, R. D., Fosaa, A. M., Gould,
W. A., Hermanutz, L., Hofgaard, A., Jonsdéttir, I. I., Jorgenson,
J. C, Lévesque, E., Magnusson, B., Molau, U., Myers-Smith, I. H.,
Oberbauer, S. F., Rixen, C., Tweedie, C. E., & Walker, M. (2015).
Experiment, monitoring, and gradient methods used to infer cli-
mate change effects on plant communities yield consistent pat-
terns. Proceedings of the National Academy of Sciences of the United
States of America, 112, 448-452.

Elston, D. A., Moss, R., Boulinier, T., Arrowsmith, C., & Lambin, X. (2001).
Analysis of aggregation, a worked example: Numbers of ticks onred
grouse chicks. Parasitology, 122, 563-569.

Eriksson, O. (1996). Regional dynamics of plants: A review of evi-
dence for remnant, source-sink and metapopulations. Oikos, 77,
248-258.

Open Access,

Fernandez-Calvo, I. C., & Obeso, J. R. (2004). Growth, nutrient content,
fruit production and herbivory in bilberry Vaccinium myrtillus L.
along an altitudinal gradient. Forestry, 77, 213-223.

Fgrland, E. J. (1979). Nedbgrens hgydeavhengighet. Klima, 2, 2-34.

Fukami, T., & Wardle, D. A. (2005). Long-term ecological dynamics:
Reciprocal insights from natural and anthropogenic gradients.
Proceedings of the Royal Society of London. Series B: Biological Sciences,
272,2105-2115.

Garcia-Rodriguez, A., Albrecht, J., Farwig, N., Frydryszak, D., Parres, A.,
Schabo, D. G., & Selva, N. (2022). Functional complementarity of
seed dispersal services provided by birds and mammals in an alpine
ecosystem. Journal of Ecology, 110, 232-247.

Garcia-Rodriguez, A., & Selva, N. (2021). Constant gardeners:
Endozoochory promotes repeated seedling recruitment in clonal
plants. Ecosphere, 12, e03861.

Gerdol, R. (2005). Growth performance of two deciduous Vaccinium spe-
cies in relation to nutrient status in a subalpine heath. Flora, 200,
168-174.

Gerdol, R., Siffi, C., lacumin, P., Gualmini, M., & Tomaselli, M. (2013).
Advanced snowmelt affects vegetative growth and sexual re-
production of Vaccinium myrtillus in a sub-alpine heath. Journal of
Vegetation Science, 24, 569-579.

Halvorsen, R., Skarpaas, O., Bryn, A., Bratli, H., Erikstad, L., Simensen, T.,
& Lieungh, E. (2020). Towards a systematics of ecodiversity: The
EcoSyst framework. Global Ecology and Biogeography, 29, 1887-1906.

Hegland, S. J., Jongejans, E., & Rydgren, K. (2010). Investigating the inter-
action between ungulate grazing and resource effects on Vaccinium
myrtillus populations with integral projection models. Oecologia,
163, 695-706.

Heikkinen, R. K. (1991). Multivariate analysis of esker vegetation in
southern Hame, S Finland. Annales Botanici Fennici, 28, 201-224.

Helbach, J., Frey, J., Messier, C., Morsdorf, M., & Scherer-Lorenzen, M.
(2022). Light heterogeneity affects understory plant species rich-
ness in temperate forests supporting the heterogeneity-diversity
hypothesis. Ecology and Evolution, 12, e8534.

Herrera, C. M., Jordano, P., Guitian, J., & Traveset, A. (1998). Annual vari-
ability in seed production by woody plants and the masting con-
cept: Reassessment of principles and relationship to pollination and
seed dispersal. The American Naturalist, 152, 576-594.

Hertel, A. G., Bischof, R., Langval, O., Mysterud, A., Kindberg, J.,
Swenson, J. E., & Zedrosser, A. (2018). Berry production drives
bottom-up effects on body mass and reproductive success in an
omnivore. Oikos, 127, 197-207.

Hulshof, C. M., Violle, C., Spasojevic, M. J., McGill, B., Damschen, E.,
Harrison, S., & Enquist, B. J. (2013). Intra-specific and inter-specific
variation in specific leaf area reveal the importance of abiotic and
biotic drivers of species diversity across elevation and latitude.
Journal of Vegetation Science, 24, 921-931.

Hultén, E., & Fries, M. (1986). Atlas of north European vascular plants north
of the tropic of cancer. I-11l. Koeltz.

IPBES. (2019). Summary for policymakers of the assessment report of the
intergovernmental science-policy platform on biodiversity and ecosys-
tem services (p. 56). Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES).

Kelly, D. (1994). The evolutionary ecology of mast seeding. Trends in
Ecology & Evolution, 9, 465-470.

Kilpeldinen, H., Miina, J., Store, R., Salo, K., & Kurttila, M. (2016).
Evaluation of bilberry and cowberry yield models by comparing
model predictions with field measurements from North Karelia,
Finland. Forest Ecology and Management, 363, 120-129.

Klanderud, K., & Birks, H. J. B. (2003). Recent increases in species rich-
ness and shifts in altitudinal distributions of Norwegian mountain
plants. Holocene, 13, 1-6.

Korner, C. (2007). The use of ‘altitude' in ecological research. Trends in
Ecology & Evolution, 22, 569-574.

85U8017 SUOWILIOD 8AIIEID) 3|cedljdde ays Aq peuenob afe sspoiie YO ‘8sn JO Sa|ni Joj Ariq18UIIUO 8|1 UO (SUORIPUOD-pUe-SLLIBY/LICO" A3 1M AR 1B [UO//SANY) SUORIPUOD PUe SWB | 8L 885 *[€202/0T/S2] UO AReiqiTauliuo A8|IM ‘Bpuefiss A Bd WeMsBoH AQ TOFOT €898/200T 0T/I0P/W0 A8 1M ARe.q 1 jpuljuo//Sdny Wwouy pepeojumod ‘8 ‘€202 ‘85..SY02


http://cran.r-project.org/package=lme4
http://cran.r-project.org/package=lme4

AUESTAD €T AL.

Krogstad, T. (1992). Metoder for jordanalyse (pp. 1-32). Institutt for
Jordfag. Norges Landbrukshggskole.

Laaksonen, K. (1976). The dependence of mean air temperatures
upon latitude and altitude in Fennoscandia (1921-1950). Annales
Academiae Scientiarum Fennicae. Series A, 119, 1-19.

Lemmon, P. E. (1956). A spherical densiometer for estimating forest over-
story density. Forest Science, 2, 314-320.

MacDougall, A. S., Caplat, P., Olofsson, J., Siewert, M. B., Bonner, C.,
Esch, E., Lessard-Therrien, M., Rosenzweig, H., Schafer, A. K.,
Raker, P, Ridha, H., Bolmgren, K., Fries, T. C. E., & Larson, K. (2021).
Comparison of the distribution and phenology of Arctic Mountain
plants between the early 20th and 21st centuries. Global Change
Biology, 27, 5070-5083.

Manninen, O. H., Stark, S., Kytovita, M.-M., Lampinen, L., & Tolvanen, A.
(2009). Understorey plant and soil responses to disturbance and
increased nitrogen in boreal forests. Journal of Vegetation Science,
20, 311-322.

met.no. (2020). eKlima. Climatedata from Norwegian Meteorological
Institute. Norwegian Meteorological Institute. http://www.eklima.
met.no

Miina, J., Hotanen, J.-P., & Salo, K. (2009). Modelling the abundance and
temporal variation in the production of bilberry (Vaccinium myrtillus
L.) in Finnish mineral soil forests. Silva Fennica, 43, 577-593.

Minchin, P. R. (1987). An evaluation of the relative robustness of tech-
niques for ecological ordination. Vegetatio, 69, 89-107.

NGU. (2018). Norsk berggrunnsdatabase. Norges Geologiske
Undersgkelse. https://www.ngu.no/en/topic/map-viewers

Nielsen, A, Totland, @., & Ohlson, M. (2007). The effect of forest manage-
ment operations on population performance of Vaccinium myrtillus
on a landscape-scale. Basic and Applied Ecology, 8, 231-241.

Nuortila, C., Tuomi, J., & Laine, K. (2002). Inter-parent distance affects
reproductive success in two clonal dwarf shrubs, Vaccinium myrtil-
lus and Vaccinium vitis-idaea (Ericaceae). Canadian Journal of Botany,
80, 875-884.

@kland, R. H. (1999). On the variation explained by ordination and con-
strained ordination axes. Journal of Vegetation Science, 10, 131-136.

@kland, R. H. (2003). Partitioning the variation in a plot-by-species data
matrix that is related to n sets of explanatory variables. Journal of
Vegetation Science, 14, 693-700.

@kland, T. (1988). An ecological approach to the investigation of a beech
forest in Vestfold, SE Norway. Nordic Journal of Botany, 8, 375-407.

@kland, T. (1996). Vegetation-environment relationships of boreal spruce
forest in ten monitoring reference areas in Norway. Sommerfeltia,
22, 1-349.

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Minchin,
P. R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens, M. H. H.,
Szoecs, E., & Wagner, H. (2017). Vegan: Community ecology package.
R package version 2.4-2. R Foundation for Statistical Computing.
http://CRAN.R-project.org/package=vegan

Olsen, S. L., Evju, M., Astrém, J., Lekken, J. O., Dahle, S., Andresen, J.
L., & Eide, N. E. (2022). Climate influence on plant-pollinator in-
teractions in the keystone species Vaccinium myrtillus. Ecology and
Evolution, 12, e8910.

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421, 37-42.

Pato, J., & Obeso, J. R. (2012a). Fruit mass variability in Vaccinium myrtil-
lus as a response to altitude, simulated herbivory and nutrient avail-
ability. Basic and Applied Ecology, 13, 338-346.

Pato, J., & Obeso, J. R. (2012b). Growth and reproductive perfor-
mance in bilberry (Vaccinium myrtillus) along an elevation gradient.
Ecoscience, 19, 59-68.

R Development Core Team. (2019). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing. http://
CRAN.R-project.org

Ecology and Evolution 150f 16
=t e W1 LEY- Lo

Ritchie, J. C. (1956). Biological flora of the British Isles. Vaccinium myrtil-
lus L. Journal of Ecology, 44, 291-299.

Rixen, C., Schwoerer, C., & Wipf, S. (2010). Winter climate change at dif-
ferent temporal scales in Vaccinium myrtillus, an Arctic and alpine
dwarf shrub. Polar Research, 29, 85-94.

Rydgren, K., Hestmark, G., & @kland, R. H. (1998). Revegetation follow-
ing experimental disturbance in a boreal old-growth Picea abies for-
est. Journal of Vegetation Science, 9, 763-776.

Selds, V. (2000). Seed production of a masting dwarf shrub, Vaccinium
myrtillus, in relation to previous reproduction and weather.
Canadian Journal of Botany, 78, 423-429.

Selas, V., Sgnsteby, A., Heide, O. M., & Opstad, N. (2015). Climatic and
seasonal control of annual growth rhythm and flower formation in
Vaccinium myrtillus (Ericaceae), and the impact on annual variation
in berry production. Plant Ecology and Evolution, 148, 350-360.

Steinbauer, M. J., Grytnes, J. A., Jurasinski, G., Kulonen, A., Lenoir, J.,
Pauli, H., Rixen, C., Winkler, M., Bardy-Durchhalter, M., Barni, E.,
Bjorkman, A. D., Breiner, F. T., Burg, S., Czortek, P., Dawes, M. A.,
Delimat, A., Dullinger, S., Erschbamer, B., Felde, V. A., ... Wipf, S.
(2018). Accelerated increase in plant species richness on mountain
summits is linked to warming. Nature, 556, 231-234.

Steyaert, S. M., Hertel, A. G., & Swenson, J. E. (2019). Endozoochory by
brown bears stimulates germination in bilberry. Wildlife Biology,
2019, 1-5.

Stuanes, A., Ogner, G., & Opem, M. (1984). Ammonium nitrate as an ex-
tractant for soil exchangeable cations, exchangeable acidity and
aluminium. Communications in Soil Science and Plant Analysis, 15,
773-778.

Sundqvist, M. K., Sanders, N. J., & Wardle, D. A. (2013). Community and
ecosystem responses to elevational gradients: Processes, mech-
anisms, and insights for global change. Annual Review of Ecology,
Evolution, and Systematics, 44, 261-280.

Svenning, J.-C., & Sandel, B. (2013). Disequilibrium vegetation dynam-
ics under future climate change. American Journal of Botany, 100,
1266-1286.

Taulavuori, K., Laine, K., & Taulavuori, E. (2013). Experimental studies
on Vaccinium myrtillus and Vaccinium vitis-idaea in relation to air
pollution and global change at northern high latitudes: A review.
Environmental and Experimental Botany, 87, 191-196.

ter Braak, C. J. F. (1987). Ordination. In R. H. G. Jongman, C. J. F. ter
Braak, & O. F. R. van Tongeren (Eds.), Data analysis in community and
landscape ecology (pp. 91-173). Pudoc.

Totland, @. (2001). Environment-dependent pollen limitation and selec-
tion on floral traits in an alpine species. Ecology, 82, 2233-2244.

Vellend, M., Verheyen, K., Jacquemyn, H., Kolb, A., van Calster, H.,
Peterken, G., & Hermy, M. (2006). Extinction debt of forest plants
persists for more than a century following habitat fragmentation.
Ecology, 87, 542-548.

Volis, S., Dorman, M., Blecher, M., Sapir, Y., & Burdeniy, L. (2011).
Variation partitioning in canonical ordination reveals no effect of
soil but an effect of co-occurring species on translocation success
in Iris atrofusca. Journal of Applied Ecology, 48, 265-273.

Walker, L. R., Wardle, D. A., Bardgett, R. D., & Clarkson, B. D. (2010). The
use of chronosequences in studies of ecological succession and soil
development. Journal of Ecology, 98, 725-736.

Warton, D. I., & Hui, F. K. C. (2011). The arcsine is asinine: The analysis of
proportions in ecology. Ecology, 92, 3-10.

Welch, D., Scott, D., & Doyle, S. (2000). Studies on the paradox of seed-
ling rarity in Vaccinium myrtillus L. in NE Scotland. Botanical Journal
of Scotland, 52, 17-30.

Wolkovich, E. M., Cook, B. I., Allen, J. M., Crimmins, T. M., Betancourt,
J. L., Travers, S. E., Pau, S., Regetz, J.,, Davies, T. J., Kraft, N. J. B.,
Ault, T. R., Bolmgren, K., Mazer, S. J., McCabe, G. J., McGill, B. J.,
Parmesan, C., Salamin, N., Schwartz, M. D., & Cleland, E. E. (2012).

85U8017 SUOWILIOD 8AIIEID) 3|cedljdde ays Aq peuenob afe sspoiie YO ‘8sn JO Sa|ni Joj Ariq18UIIUO 8|1 UO (SUORIPUOD-pUe-SLLIBY/LICO" A3 1M AR 1B [UO//SANY) SUORIPUOD PUe SWB | 8L 885 *[€202/0T/S2] UO AReiqiTauliuo A8|IM ‘Bpuefiss A Bd WeMsBoH AQ TOFOT €898/200T 0T/I0P/W0 A8 1M ARe.q 1 jpuljuo//Sdny Wwouy pepeojumod ‘8 ‘€202 ‘85..SY02


http://www.eklima.met.no
http://www.eklima.met.no
https://www.ngu.no/en/topic/map-viewers
http://cran.r-project.org/package=vegan
http://cran.r-project.org
http://cran.r-project.org

AUESTAD €T AL.

16 of 16 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

Warming experiments underpredict plant phenological responses
to climate change. Nature, 485, 494-497.

Zellweger, F., De Frenne, P., Lenoir, J., Vangansbeke, P., Verheyen, K.,
Bernhardt-Rémermann, M., Baeten, L., HédI, R., Berki, ., Brunet, J.,
Van Calster, H., Chudomelova, M., Decocq, G., Dirnbéck, T., Durak,
T., Heinken, T., Jaroszewicz, B., Kopecky, M., Malis, F., ... Coomes,
D. (2020). Forest microclimate dynamics drive plant responses to
warming. Science, 368, 772-775.

Open Access,

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Auestad, |., Rydgren, K., Halvorsen,
R., Avdem, ., Berge, R., Bollingberg, I., & Lima, O. (2023). Use
climatic space-for-time substitutions with care: Not only
climate, but also local environment affect performance of
the key forest species bilberry along elevation gradient.
Ecology and Evolution, 13, e10401. https://doi.org/10.1002/
ece3.10401

25U90 17 SUOWILIOD BATER.D) 3|0 [dde Uy Aq pousenob a2 a1 WO ‘8N 103N 10} AXeiq 1 BUIIUO AB]IV UO (SUOHPUIOD-pUE-SWLS] WO A8 I ATe.ql1pUI|UO)//ST1) SUOIIPUOD) PUE SWLS | 8U) 295 *[£20Z/0T/GZ] UO ATeiqI 18Ul A8]1M “BpLE[Isa A Bd L IisBOH Ad TOOT €999/200T 0T/ 10p/L0"B| W ARG U1 U0/ /Sdl WoJ) POPRO|UMOQ '8 ‘€202 ‘8G.LGH0T


https://doi.org/10.1002/ece3.10401
https://doi.org/10.1002/ece3.10401

	Use climatic space-­for-­time substitutions with care: Not only climate, but also local environment affect performance of the key forest species bilberry along elevation gradient
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study site
	2.2|Study species
	2.3|Sampling design and data collection
	2.3.1|Species composition and cover of bilberry
	2.3.2|Bilberry vegetative growth
	2.3.3|Bilberry reproduction
	2.3.4|Environmental variables
	2.3.5|Climatic variables

	2.4|Statistical analyses

	3|RESULTS
	3.1|Species composition and environmental variation along the elevation gradient
	3.1.1|Gradient extraction and interpretation

	3.2|Bilberry growth: cover 2017 and ramet size 2017 and 2018
	3.2.1|Variation along the elevation gradient
	3.2.2|Variation partitioning of explanatory variables

	3.3|Berry production 2017–­2020
	3.3.1|Variation along the elevation gradient
	3.3.2|Variation partitioning of explanatory variables

	3.4|Seed production 2017 and 2018
	3.4.1|Variation along the elevation gradient
	3.4.2|Variation partitioning of explanatory variables


	4|DISCUSSION
	4.1|Environmental and climatic variation affects bilberry performance along the elevation gradient in the boreal forest
	4.2|Variation partitioning—­useful for climatic space-­for-­time-­substitutions along elevation gradients?

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


