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Abstract Stress in plants refers to adverse changes in their
functioning. The occurrence and intensity of a stress can be
assessed by alterations in plant traits, termed stress indica-
tors. The ultimate goal of this study was to test whether six
morpho-physiological plant traits, frequently used as stress
indicators, respond consistently across species to various
environmental stressors, with the aim of detecting universal
stress indicators in forest tree species. We examined changes
in vertical increment, leaf/needle size, shoot length, needle
longevity, photosynthetic efficiency and fluctuating asym-
metry in three common European tree species, mountain
birch (Betula pubescens var. pumila), Norway spruce (Picea
abies) and Scots pine (Pinus sylvestris) along three environ-
mental gradients (elevation, pollution and seashore) from
forests to stressful open environments. Data were collected
in 2003, 2004 and 2005 from 297 trees growing naturally
across 36 sites in north-western Russia. Fluctuating asym-
metry was the only trait that did not vary among sites with
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differing levels of environmental stress. Leaf/needle size and
shoot length occasionally changed along stress gradients,
but the magnitude and direction of these changes differed by
gradient type and species, resulting in no significant overall
stress effect for either trait. In contrast, photosynthetic effi-
ciency, vertical increment and needle longevity consistently
decreased from low-stress to high-stress sites. The overall
effect was significant for each of these three traits despite
the magnitudes of these decreases differed depending on the
gradient type and location, species, study year and individual
tree. Replication at spatial, temporal and taxonomic levels
ensured the robustness and reliability of our results that pho-
tosynthetic efficiency, vertical growth and needle longevity
reliably captured a general stress syndrome and may serve
as stress indicators in forest species.

Keywords Environmental stress gradients - Fluctuating
asymmetry - Leaf size - Photosynthetic efficiency - Shoot
length

Introduction

The term ‘stress’ is widely, albeit inconsistently, used to
denote any deviations in an organism’s functioning from
its optimal state caused by the impacts of various stress-
ors (Odum 1985). While the concept of stress is intuitively
understood, plant stress is not clearly delineated (Bussotti
and Pollastrini 2021) and its response-based definitions usu-
ally point to one or more stress indicators (Kranner et al.
2010). These indicators are crucial for assessing ecosystem
health and the vulnerability of ecosystem components to
climate change, land use, pollution and other environmental
stressors (De Marco et al. 2022).
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Environmental gradients are widely utilized to iden-
tify plant traits potentially suitable as indicators of stress.
Pollution, elevation and seashore gradients share common
characteristics, as plant communities typically shift along
these gradients in a consistent and predictable manner,
from dense, tall forests in low-stress sites to sparse, stunted
and low-stature trees in high-stress sites (Ruotsalainen
et al. 2009). The morpho-physiological changes in plant
traits along these gradients could be shaped by both com-
mon (e.g., increased wind speed) and specific stressors
(e.g., UV-B in elevation gradients, heavy metals in pollu-
tion gradients, salt in seashore gradients), suggesting that
some of the observed changes may be gradient-specific.

In plant ecology, the best-known concept of stress was
introduced by Grime (1979), who characterised stress as
a reduction in the rate of dry matter production caused
by an external constraint. This rate is largely determined
by the intensity of photosynthesis (Nowicka et al. 2018),
which is significantly impaired by various environmental
stressors (Lichtenthaler 1998; Brestic and Allakhverdiev
2022). Such impairment has made the maximum quan-
tum yield of photosystem II (F,/F,,) a widely used stress
indicator (Daley 1995; Odasz-Albrigtsen et al. 2000). The
trust in the suitability of chlorophyll fluorescence for plant
stress assessment is so strong that devices for its measure-
ment are sometimes called ‘plant stress meters’ (https://
www.adc.co.uk/products/os30p-plant-stress-meter/). How-
ever, the published evidence on the impact of stressors
on measures of photochemical efficiency is mixed, and
interpretation remains complex (Bussotti and Pollastrini
2021). Several studies have reported a decline in chlo-
rophyll fluorescence in plants growing in polluted areas
(Odasz-Albrigtsen et al. 2000; Andreucci et al. 2006), at
higher elevations (Miszalski et al. 2000) and near sea-
shores (Naumann et al. 2008), while other studies did not
detect decreases in F,/F, under the impacts of respective
stressors (pollution: Kozlov et al. 2009; elevation: Bansal
and Germino 2010; Reinhardt et al. 2011; salinity: Jime-
nez et al. 1997). Consequently, the question of whether
a decrease in photosynthetic activity could be seen as a
universal stress indicator remains unresolved.

Several morphological traits associated with plant growth
and productivity, including (but not limited to) vertical and
radial increments, shoot length, leaf size, needle longevity
and crown defoliation, have been proposed as indicators
for the non-destructive assessment of plant stress (Déssler
1976; Schubert 1985; Kullman 1996; Zarnoch et al. 2004;
Kozlov et al. 2009). Tree growth is particularly widely
used as an indicator of responses to various environmen-
tal stressors (Dobbertin 2005). It is typically assessed by
repeatedly measuring tree diameter and/or height, which
strongly correlate with wood volume and biomass (Bow-
man et al. 2013). Tree growth is significantly hampered with
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increases in pollution (Zvereva et al. 2010) and elevation
(Kullman 1996), whereas no data are available from sea-
shore gradients.

Changes in leaf/needle size and shoot length along envi-
ronmental gradients are also variable. The meta-analysis of
published data demonstrated a significant decrease in both
traits with increasing industrial pollution (Zvereva et al.
2010), although several case studies failed to support this
pattern (Kozlov et al. 2009). Leaf size showed no significant
elevational variation (Midolo et al. 2019), whereas shoot
length demonstrated variable elevational patterns, from
decline (Gottardini et al. 2016; Wang et al. 2018) to the
absence of changes (Cory et al. 2017) and even increase at
higher elevations (Keles 2020).

Needle longevity in conifers is considered as an important
ecophysiological trait related to both carbon and nutrient
balances (Aerts 1995). The effects of pollution on needle
longevity have been known for decades (Treshow 1984),
and a decrease in the number of needle age classes has often
been suggested as one of the vitality indices for bioindica-
tion of pollution impact on forests (Déssler 1976; Schubert
1985). However, in environments with lower growing season
temperatures (e.g., at higher latitudes and elevations), coni-
fers tend to compensate for lower photosynthesis by higher
longevity of needles (Ewers and Schmid 1981; Schoettle
1990). Effects of other stressors on needle longevity remain
insufficiently known.

Among plant characteristics that are not functionally
linked to productivity, fluctuating asymmetry (FA)—small,
non-directional deviations from perfect symmetry in mor-
phological traits (Zakharov 1990; Freeman et al. 1993)—is
most widely used in environmental studies as an indicator
of stress (Maldonado-Ldpez et al. 2019; Zakharov and Tro-
fimov 2022), regardless of a steady accumulation of non-
supportive evidence (Sandner and Matthies 2017; Gavrikov
et al. 2023; M4jekova et al. 2024). Variation in plant FA is
well-studied along pollution gradients (Kozlov et al. 2009)
but has been rarely explored along elevational gradients
(Wilsey et al. 1998; Hagen et al. 2008) and seashore gradi-
ents (Cornelissen and Stiling 2011).

Despite the widespread use of the stress indicators
listed above in forestry and environmental sciences, their
responses to different stressors and across different tree spe-
cies are quite variable. This variability may be at least partly
explained by differences in research methodology in studies
of plant stress that commonly address the responses of a sin-
gle species to a single stressor (De Marco et al. 2022), rais-
ing uncertainty regarding whether the same indicator will
work in other plant species or show a response to another
stressor. This approach hinders the revelation of a universal
indicator that would similarly respond to most, (if not all), of
the stressful impacts in a majority of plant species. Compar-
ing putative indicators, stressors and plant species within the
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same study, while ensuring the use of consistent techniques
for data collection and processing, is crucial for identifying
a universal indicator.

The ultimate goal of this study is to test whether six
morpho-physiological plant traits frequently used as stress
indicators respond consistently across species to various
environmental stressors, with the aim of detecting universal
stress indicators in forest trees. We compared changes in
vertical increment, leaf size, shoot length, needle longevity,
F./F,, and FA along three types of environmental gradients
(elevation, pollution and seashore) in three forest-forming
species widely distributed in Europe: mountain birch (Betula
pubescens var. pumila (L.) Govaerts), Norway spruce (Picea
abies (L.) Karst.) and Scots pine (Pinus sylvestris L.).

Materials and methods
Study region and species

This study was conducted on the Kola Peninsula in north-
western Russia (Fig. 1). The region’s climate is highly sea-
sonal, with mean midwinter (January) temperatures rang-
ing from —11 °C to —14 °C, midsummer (July) temperatures
from+ 11 °C to+ 14 °C and annual precipitation between
450 and 560 mm. The summer is short, lasting for 2 to
3 months, with occasional snowfall even in midsummer,
especially at high elevations.

The study encompasses three native species (moun-
tain birch, Norway spruce and Scots pine), which together
account for over 99% of the timber stock in the study region
(faolex.fao.org/docs/pdf/rus155960(1).pdf). Mountain birch,
a medium-sized deciduous species (Fig. 2¢), is prevalent in
the subarctic regions of Europe, particularly in Scandinavia
and Iceland. It grows to 12—15 m tall with serrated leaves,
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Fig. 1 Locations of environmental gradients on the Kola Peninsula,
north-western Russia. For coordinates of study sites see Table S1

20-50 mm long, that turn yellow in autumn. This species
is well adapted to harsh climates, demonstrating a high tol-
erance for cold temperatures and poor soils. Birch forests
constitute 28% of the total forested area in the study region.

Norway spruce, a large evergreen conifer (Fig. 2a) native
to Europe, grows in a range extending from northern Norway
to the Carpathian Mountains. In the study region, it can grow
up to 20 m in height with a conical crown, short, dark green
needles and distinctive hanging cones. Spruce forests make
up 29% of the total forested area in the study region.

Scots pine, an evergreen coniferous species (Fig. 2e),
is native to Europe and Asia and is recognised by its tall,
straight trunk and distinctive orange-red bark. It can reach
heights of 25 m and has long blue-green needles. As a highly
adaptable species, Scots pine grows in diverse habitats, rang-
ing from coastal dunes to mountainous regions. It is a crucial
timber species valued for its strong, durable wood, and pine
forests account for 43% of the total forested area in the study
region.

Environmental gradients

We investigated the environmental gradients imposed by:
(1) differences in elevations in mountainous regions, (2) the
effects of aerial pollution from copper-nickel smelters, and
(3) proximity to the shores of the White Sea. Each environ-
mental gradient was studied at four locations (Fig. 1) and
included three sites representing high, moderate and low
levels of environmental stress. For all gradients, the high-
stress sites were located near the elevation, pollution and
seashore tree lines, respectively, where sparse trees were
spaced dozens of meters apart and exhibited stunted growth
(Fig. 2b, d, f). The low-stress sites were chosen in con-
tinuous undisturbed forests closest to the high-stress sites
(Fig. 2a, c, e), while the moderate-stress sites represented
conditions intermediate between the high- and low-stress
sites. Thus, plant community characteristics (independent
of stressor type) rather than specific measures of individual
stressors were used as diagnostic features of high-, moder-
ate- and low-stress sites within each type of environmental
gradient.

Altitudinal differences between high- and low-stress
sites in our elevation gradients ranged from 115 to 325 m
and horizontal distances between these sites ranged from
1 to 4 km Table S1). These gradients are primarily driven
by the temperature of the growing season but also include
increases in other stressors such as wind and UV-B (Paulsen
and Korner 2014). The high-stress sites 455 to 615 m a. s.
1. had sparser ground vegetation, with a higher proportion
of lichens compared to low-stress sites at 140 to 355 m a.
s. I. (Fig. 2a, b). One of the elevational gradients (Hipik)
located close to Monchegorsk was moderately polluted, with
concentrations of nickel (the main metal pollutant emitted
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Fig. 2 Growth form of study
trees on high-stress and low-
stress sites: a, b Norway spruce;
¢, d mountain birch; e, f Scots
pine; a, ¢, e low-stress sites; b,
d, f high-stress sites. Locations:
a Raswumchorr; b Hipik; ¢, d
Monchegorsk; e, f Lodochnyi.
For locations, see Fig. 1

by study smelters) in birch folage declining from 104 pg g™
in low-elevational sites to 57 pg g™ in high-elevation sites
(Ruotsalainen et al. 2009). Excluding this moderately pol-
luted gradient from the analyses did not alter the observed
elevational patterns (data not shown).

Pollution gradients (Fig. 2c, d) extended from indus-
trial barrens near the smelters in Monchegorsk and Nikel
to nearly undisturbed forests 15 to 45 km away at similar
elevations (Table S1). These gradients have evolved from
pristine forests due to the toxic impacts of smelter emis-
sions, mainly sulphur dioxide and trace elements. At high-
stress barren sites, nickel concentrations in birch foliage
ranged 103-172 pg g”!, whereas at low-stress sites it reached
13-24 pg g7! (Ruotsalainen et al. 2009). High-stress barren
sites were characterised by bare ground, stunted and sparsely
distributed trees, and occasional patches of dwarf shrubs,
contrasting continuous dwarf shrub cover in low-stress forest
sites (Kozlov et al. 2009).

Seashore gradients (Fig. 2e, f; Table S1) were much
shorter than the elevation and pollution gradients. In
two of the seashore gradients (Turij and Kashkarantsy),
high-stress sites were 3—10 m wide sandy belts along the
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shoreline, and featured sparse and diverse vegetation,
including dwarf shrubs and herbaceous plants. In the
other two gradients (Olenitsa and Lodochnyi), the high-
stress sites were 20—-50 m wide and covered by tundra-
like vegetation dominated by dwarf shrubs. The low-stress
sites were located in mixed forests 150-300 m from the
shoreline and exhibited much lower sodium concentra-
tion in birch foliage than high-stress sites (22-148 and
233-1066 pg g~', respectively: Ruotsalainen et al. 2009).
The average elevational difference between high- and low-
stress sites in seashore gradients was approximately 4 m
(Table S1).

All three of the studied types of environmental gra-
dients—two natural and one anthropogenic—demon-
strated similar changes in tree growth form (Fig. 2) and
were characterised by strong increases in wind velocity
(Ruotsalainen et al. 2009). The anthropogenic pollution
gradients differed from the other two natural gradients
by substantial increases in deposition of sulphur dioxide
and trace elements, whereas seashore gradients showed
an eightfold increase in sodium (and possibly other ele-
ments found in seawater). No consistent within-gradient
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variation was found in soil pH, soil water potential, or
soil nitrogen concentrations (Ruotsalainen et al. 2009).

Traits related to productivity

In early summer 2003, we selected three individuals
of each tree species at each of the 36 sites. Spruce was
absent from the Nikel pollution gradients, and pine from
the Raswumchorr elevation gradient, and this affected
the total number of trees (297). These differences, along
with the death and cutting of a few trees by 2005, explain
the variations in the degrees of freedom among our sta-
tistical models. We selected relatively young individuals
(30 years-old for birch and spruce and 20 years-old for
pine) with a median height of 115-165 cm. These trees
were located 10-50 m apart and displayed growth forms
and vigour typical of their respective sites.

Height, length of lateral shoots, size of leaves/needles,
maximum needle age (only in spruce and pine), chloro-
phyll fluorescence (only in birch and pine), and FA (see
below for details) were assessed in late summer (mid-
August in the study area) from 2003 to 2005 (Data S1-
S5). The vertical increment was calculated from heights
measured in 2003 and 2005 with a ruler to the nearest
10 mm. The lengths of 10 haphazardly selected current-
year shoots (long shoots in birch) located up to 2 m above
the ground at different sides of the crown were measured
with a ruler to the nearest 1| mm. Leaf length in birch
and needle length in pine were measured from samples
collected for FA measurements (see below). Ten spruce
needles from the measured shoots (one needle per shoot)
were dried at 105 °C for 24 h and weighed to the nearest
0.1 mg. Maximum needle age was assessed by counting
the annual nodes that bore at least one live needle in two
first-order branches (i.e., branches arising from the stem)
located on opposite sides of the crown.

Chlorophyll fluorescence was determined in three
birch leaves and in three groups of pine fascicles from
each tree. For birch, the largest leaf from the chosen short
shoot was consistently selected. In pine, 5—10 current-
year needle fascicles from the middle of the terminal
shoot on first-order branches were collected. A light-
weight leaf cuvette that ensured dark adaptation was
placed on the collected leaves/needles, and the cuvettes
were stored in a plastic box to minimise desiccation. At
15-20 min after sampling, the ratio of variable to maxi-
mum chlorophyll fluorescence (maximum quantum yield
of photosystem II, F,/F,,) yielded under artificial light
(200 pmol photons m™ s~') was measured under field
conditions using a plant stress meter (Biomonitor, S.C.I.
AB, Umea, Sweden).

Fluctuating asymmetry

For birch, the largest undamaged leaf from 10 short shoots
was always sampled. Pine needle bundles (10 per tree) were
collected from the middle of three to five current-year shoots
of first-order branches. Leaves and needles were affixed to
sturdy paper and press-dried similar to standard herbarium
specimens (Kozlov et al. 2009; Kozlov and Zverev 2018).
The FA of spruce shoots was assessed in situ to avoid cutting
shoots and disturbing the growth pattern. For these meas-
urements, 10 apical whorls located on first-order branches
were selected, each consisting of two opposite second-order
lateral shoots (Kozlov et al. 2009).

For birch leaves, the length of the lamina and the width
of its left and right halves halfway between the leaf apex
and the base of the petiole, were determined to the nearest
0.5 mm, ensuring that the ruler was perpendicular to the
midrib (Data S1). In spruce whorls, the lengths of the first-
order shoot and the left and right second-order shoots were
measured to the nearest 1 mm from the point of departure
from the axis to the base of the terminal bud (Data S2). In
pine fascicles, the length of the longer of the two needles
was measured to the nearest 1 mm, and the absolute differ-
ence in length between the two needles was measured to the
nearest 0.025 mm with a stereomicroscope scale (Data S3).
For more details on the measurement protocol, see Kozlov
et al. (2009). Each measurement was performed twice by
different persons. If the absolute difference between the first
and second measurements exceeded the measurement accu-
racy by more than fivefold, a third measurement was carried
out by a different person to correct for occasional errors.

Measurements of birch leaves and pine fascicles were
blinded with respect to the sample origin. In contrast, meas-
urements of spruce whorls in situ, as well as measurements
of tree heights (Data S4) and shoot lengths (Data S5), were
not blinded because the levels of environmental stress at the
study sites were evident from the vegetation characteristics
and tree vigour. In this case, blinding was achieved by not
informing the measurers about the study hypothesis.

The FA values for birch and spruce were calculated using
the formula:

FA = 2 x abs (WL — WR)/(WL + WR), 1)

where WL and WR are the measurements of the left and
right halves of the same leaf or the left and right shoots of
the same whorl. For pine, the equation was modified slightly,
so that:

FA = dL/max (LL, LR), 2)

where dL is the absolute difference in length between the
two needles, and max (LL, LR) the length of the longer
needle in a fascicle. This size correction was used due to the
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weak but highly significant correlation between the absolute
difference in left and right trait measurements and the aver-
age trait size (data not shown). The validation analysis of FA
is described in Text S1.

Data analysis

Variation in plant traits was explored using mixed-model
analysis (SAS GLIMMIX procedure, Type III sum of
squares; SAS Institute 2009), first for each tree species sepa-
rately and then for all tree species combined. In the first set
of models, the type of gradient (elevation, pollution, sea-
shore), stress level (high, moderate, low) and their interac-
tion were treated as fixed effects, while 12 locations nested
within gradient types, individual trees (108 birches, 90
spruces, and 99 pines), study years (2003, 2004, 2005) and
the tree-by-year interaction were treated as random intercept
effects. Models addressing variation in vertical increments
included the same fixed effects, but the random effects were
limited to locations nested within the gradient types. In the
second set of models, which addressed species interactions
with the types of environmental gradients, we employed the
same fixed effects, while treating tree species, study sites,
study years and their interactions as random intercept effects.
For the analysis of vertical increments, the random effects
were limited to tree species. In all models, we adjusted the
standard errors and denominator degrees of freedom accord-
ing to Kenward and Roger (2009).

The sources of variation in the magnitudes of observed
effects were further explored by means of meta-analysis. For
this purpose, Hedge’s d measures of the effect sizes (ESs)
were calculated for each of the 48 trait X tree species X gradi-
ent type combinations as the differences between the mean
values of the parameter in high and low stress sites divided
by the pooled standard deviation and weighted by sample
size. An effect was considered statistically significant if the
95% confidence interval of the bootstrap-corrected mean
ES did not include zero. Variation in ES among classes of
categorical variables was explored by calculating the het-
erogeneity indices (Qp) and testing these against the y* dis-
tribution (Gurevitch and Hedges 2001). All analyses were
performed using random effects models.

Results

Variation among plant traits

The species-specific analyses of six plant traits in different
environmental gradients yielded diverse results, as signifi-
cant variations among stress levels were observed only in

23 of 48 trait X tree species X gradient type combinations
(Fig. 3). Some of these traits exhibited different, sometimes
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opposite, patterns in the same tree species within 3 types of
gradients and 12 gradients. For example, pine in the seashore
gradients attained its maximum annual growth on moder-
ate-stress sites, whereas shoot length and needle length
increased from low-stress to high-stress sites. In contrast,
needle longevity and the F/F, value for pine growing in
seashore gradients decreased from low-stress to high-stress
sites, whereas FA showed no variation among sites with dif-
ferent stress levels.

Overall, the six studied traits responded differently to
stress (Qp=14.49, d.f. =5, P=0.023), and only three traits
(vertical increment, F,/F and maximum needle age) at
high-stress sites were significantly (albeit to a different
extent: Qg =8.29, d.f. =2, P=0.026) reduced relative to
low-stress sites (Fig. 4a).

Variation among stress levels and gradient types

Only three of the 16 statistical models demonstrated signifi-
cant and consistent variation in studied plant traits among
stress levels across three types of environmental gradients
(i-e., the interactions between the stress level and gradient
type were not statistically significant): maximum needle age
in spruce and pine and F.,/F,, in birch (Table 1, Fig. 3). Eight
of the 16 models (Table 1) showed significant interactions
between stress level and gradient type (i.e., changes in plant
traits varied across gradients). For example, shoot length in
pine did not change with elevation but decreased with pol-
lution and increased with proximity to the seashore (Fig. 3).

A meta-analysis of all six plant traits showed signifi-
cant variation in their changes along environmental gra-
dients (Qg=7.95, d.f.=2, P=0.033). However, the traits
that consistently decreased with increasing stress (vertical
increment, F\/F,,, and maximum needle age) were found to
change in a similar way across the gradient types (Fig. 4b;
05=0.01,d£f.=2,P=0.99).

Variation among tree species

Birch, pine and spruce demonstrated idiosyncratic responses
in all studied traits to different levels of environmental stress,
as indicated by significant stress level-by-species interac-
tions (vertical increment: ;(21 =10.4, P=0.0013; leaf/nee-
dle size: y*, =8.62, P=0.0033; shoot length: y* =13.4,
P =0.0002; needle longevity: ;(21 =23.8, P<0.0001; F /F:
2, =4.35, P=0.0370; FA: %, =5.02, P=0.0251). However,
meta-analysis showed similar changes for all these indica-
tors in all study species along environmental gradients
(Og=1.21,d.f.=2, P=0.59). Exclusion of traits showing
no overall response to stress (i.e., leaf size, shoot length and
FA) did not change this observation (Fig. 4b; Qp =2.21,
d.f.=2, P=0.35).
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Fig. 3 Variation in plant traits
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Variation among locations, trees and years Discussion

Seven of the 16 statistical models revealed significant vari-
ation among locations (Table 1). Overall, 11 and 12 of 13
models confirmed significant variation among individual
trees and study years, respectively. In seven models, the
tree-by-year interaction was also significant. Intriguingly,
significant variation was found among locations, trees and
years for FA of all study species, in spite of the absence of
significant variation among either stressors or stress levels.

Universal indicatory traits

Only three of six commonly used morpho-physiological
indicators of plant stress (photosynthetic efficiency, needle
longevity and vertical increment) showed consistent differ-
ences between trees growing at the opposite ends of the three
types of environmental gradients (elevation, pollution and
seashore) in three common European forest trees (mountain
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Fig. 4 Sources of variation in the magnitude of differences in puta-
tive stress indicators between high-stress and low-stress sites: a
comparison of indicators; b comparisons of gradient types and tree
species based on the three indicators that significantly responded to
stress (marked by asterisks in panel a). Dots represent mean values;
horizontal lines indicate 95% confidence intervals; sample sizes are
shown in parentheses. A negative effect size indicates that the plant
trait had lower values in high-stress sites compared to low-stress sites

birch, Norway spruce and Scots pine), and can therefore be
tentatively regarded as universal indicators of stress. Con-
sequently, comparison of indicatory properties was limited
to these traits, addressing the criteria outlined by Dale and
Beyeler (2001): ease of measurement, sensitivity, predict-
ability, anticipatory, and low variability in response.

Photosynthesis, the process by which plants convert light
energy into chemical energy, is particularly sensitive to envi-
ronmental stress. Under stress, the photosynthetic apparatus
becomes impaired due to oxidative damage, enzyme inhibi-
tion, and/or stomatal closure reducing CO, uptake (Chauhan
et al. 2023). This leads to decreased electron transport and
photochemical efficiency, observed as a reduction in F,/F,,
or CO, assimilation rate (Lichtenthaler 1998; Brestic and
Allakhverdiev 2022).

Declines in F /F,, were consistently observed across
our environmental gradients and tree species; however,
mechanistic explanations of this consistency are lacking.
An increase in wind velocity is the only abiotic stressor
shared by study gradients (Ruotsalainen et al. 2009), but
responses of chlorophyll fluorescence to wind varied from
negative to positive across species (Clark et al. 2000). It is
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therefore suggested that molecular mechanisms leading to
F/F, decrease can be stressor-specific.

Furthermore, using this indicator in field conditions pre-
sents challenges. It requires costly equipment, and modifica-
tions are needed to adapt sensors for short needles of Nor-
way spruce (a task which we were unable to perform with
our instrument). Moreover, comparing locations accurately
may necessitate repeated data collection over multiple grow-
ing seasons to account for tree-specific annual fluctuations in
F/F,, (tree X year interaction in Table 1). Therefore, despite
F,/F,, is a potentially universal stress indicator, its practical
use in field studies remains constrained by these logistical
hurdles and variability of responses.

All woody plants periodically shed their leaves, with
abscission regulated at the level of individual leaves. The
timing of this process is governed by hormonal balance:
ethylene promotes abscission, while auxin delays it (Roberts
et al. 2002). An increase in ethylene production is a typical
physiological response to abiotic stress and is commonly
associated with the hardening or acclimation processes that
plants employ to cope with such stress (Taylor and Whitelaw
2001; Chauhan et al. 2023).

The consistent decrease in needle longevity along all
study gradients appeared somewhat surprising because,
premature needle shedding was previously considered as a
specific response to pollution (Kozlov et al. 2009) result-
ing from acceleration of the needle ageing processes (Wulff
et al. 1996). However, our findings indicate that needle life
span is affected by some stressor common for all our gradi-
ents. This may be wind velocity which was, on average, 3.5-
fold greater in high-stress sites than in low-stress sites across
all study gradients (Ruotsalainen et al. 2009). Strong winds
accelerate needle surface wax erosion, especially in winter
due to blowing snow, and this erosion likely plays a key role
in limiting the elevational distribution of evergreen species
(Hadley and Smith 1989). Measuring the maximum needle
age in a tree with accessible branches takes only 1-2 min,
making it a practical and integrative stress index for conifers,
with an overall effect exceeding responses of other potential
indicators, F,/F, and vertical increment, two- to five-fold
(Fig. 4). However, data from pollution gradients in different
climates suggest that the sensitivity of this indicator may
decrease with rising mean annual temperatures (Kozlov
et al. 2009), and broadleaved species have no equivalent
index, limiting generalisations across species.

The typical trade-off between growth and stress resistance
(Grime 1979) is attributed to limited resource availability.
First, stress conditions reduce a plant’s net carbon assimila-
tion due to damage to the photosynthetic machinery (Chau-
han et al. 2023). Second, stressed plants divert energy away
from growth toward preventing or repairing stress-induced
damage (Zhang et al. 2020). Consequently, stress-induced
shifts in resource allocation—mediated by transcriptomic,
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proteomic, and metabolomics changes in stressed plants
(Shulaev et al. 2008; Cramer et al. 2011)—can alter crown
architecture, particularly by hampering vertical growth of
forest trees (Pearcy et al. 2005; Zverev et al. 2013).
Vertical tree increment showed an overall decrease with
increasing stress (Fig. 3), despite extreme variability of this
trait. This variability is likely attributable to the develop-
ment of multiple leader shoots (Fig. 2b, d, f), which fre-
quently replace each other due to the weakening of apical
dominance in trees growing in high-stress habitats (Kullman
1996; Zverev et al. 2013). As a result, tree height can vary
significantly between years, sometimes even showing nega-
tive vertical increments. Nevertheless, the consistent over-
all decrease in vertical growth with increasing stress levels
across different gradient types suggests that this trait can be
regarded as a universal indicator of stress conditions in trees.

Stressor-specific indicatory traits

In contrast to the traits discussed above, leaf size and shoot
length exhibited stressor-specific changes: they decreased
along pollution gradients, increased along seashore gradi-
ents, and remained unchanged along elevation gradients
(Fig. 3), resulting in no overall effect across gradients
(Fig. 4a). These findings corroborate the conclusion that
changes in leaf size and shoot length in pollution gradients
do not correlate with changes in chlorophyll fluorescence
and needle longevity (Kozlov et al. 2009).

The decrease in leaf size and shoot length in our pollution
gradients is likely driven by excess concentrations of nickel
and copper in plants persisting in high-stress sites because
adverse effects of these metalloids on these traits are well-
known (Treshow 1984; Zvereva et al. 2010; Hassan et al.
2019). The absence of a significant overall effect of eleva-
tion on leaf size aligns with the results of a meta-analysis
(Midolo et al. 2019), while the lack of elevational changes
in shoot length falls within the range of variation reported
in previous case studies (Gottardini et al. 2016; Cory et al.
2017; Wang et al. 2018; Keles 2020). The increase in both
leaf size and shoot length near the seashore is particularly
surprising and counterintuitive, given that coastal areas are
generally stressful for plants due to factors such as wind
exposure, salt spray, soil salinity, dryness, high light inten-
sity and nutrient deficiency (Hesp 1991). The decreases in
vertical increment and chlorophyll fluorescence confirm that
our plants experience stress near the seashore.

An increase in wind speed has been experimentally
shown to reduce plant growth in general and leaf area in par-
ticular (Whitehead 1963). Consistently, the leaf size of the
perennial herb Farfugium japonicum (L.) Kitam., naturally
growing in coastal areas of Japan, decreased significantly
with increased wind speed (Shiba et al. 2023). Moreover,
the greatly elevated sodium concentration at high-stress
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seashore sites (Ruotsalainen et al. 2009) typically exerts
adverse effects on plants (Na et al. 2015; Duan and Chang
2017). The adverse effects of the seashore environment on
our study species are further shown by the two-fold greater
mortality rate of mountain birch seedlings at the high-stress
Olenitsa site relative to the low-stress Olenitsa site (Erdnen
and Kozlov 2009). We currently lack plausible mechanistic
explanation for the observed increase in leaf and shoot size
in our seashore gradients. This unexpected pattern chal-
lenges our understanding of plant responses to the multifac-
eted stressors associated with environmental gradients. We
have concluded that the decrease in leaf and current-year
shoot sizes is a specific plant response to stress caused by
pollution, but these traits may not respond to other environ-
mental stressors.

Non-indicatory trait

The developmental stability theory predicts that FA
increases with both environmental and genomic stress
(Mgller and Swaddle 1997; Polak 2003). Over the past dec-
ade, attitudes of plant ecologists towards this putative stress
indicator have shifted from uncritical acceptance to growing
doubts, driven by the steady accumulation of inconclusive
and negative results (Kozlov et al. 2009; Kozlov and Zverev
2018; Méjekova et al. 2024). It is now evident that a signifi-
cant proportion of previously published reports on a positive
association between FA and stress, (or, more specifically, a
measure of stressful impact), have resulted from research,
confirmation and publication biases (Palmer 1999; Kozlov
and Zvereva 2015; Kozlov 2017, 2024, 2025). In line with
this conclusion, a rigorous analysis of our dataset, collected
following best practices in FA studies (Graham 2021) and
field ecology in general (Filazzola and Cahill 2021), clearly
demonstrate that FA does not differ between stunted trees
growing in high-stress open sites and their better-growing
counterparts in low-stress continuous forest sites. The simul-
taneous exploration of several plant species across differ-
ent types of environmental gradients, seen as a conceptual
replication (as defined by Filazzola and Cahill 2021), gives
particular weight to this discovery. Thus, our findings, in
combination with other methodologically sound studies,
fully support the conclusion that FA cannot be considered
an indicator of plant stress (Kozlov 2017, 2025; Méjekova
et al. 2024).

However, FA is not merely statistical noise, as we
revealed significant among-tree variation in birch and
pine FA, whereas spruce FA varied among locations but
not among trees. These findings suggest that FA level may
result from a unique combination of environmental factors
at each tree’s location or from genetic influences that main-
tain consistent FA rankings in trees across different years.
This consistency warrants further investigation, as it may
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facilitate the identification of FA drivers in plants. However,
this work will only be effective if it is directed by a specific
hypothesis, the development of which is currently hindered
by an acute shortage of information on the eco-evolutionary
significance of FA.

Conclusion

Our study is the first to compare changes in multiple traits
of the same tree individuals across different environmental
gradients and species, using uniformly collected multi-year
data to ensure the robustness and reliability of our findings.
The six morpho-physiological traits of study plants demon-
strated variable changes within the explored environmental
gradients. Among these, fluctuating asymmetry showed no
variation among sites with differing levels of environmen-
tal impact across all gradients and species; thus, FA can
not serve as a stress indicator. Leaf/needle size and shoot
length occasionally changed along stress gradients, but the
magnitude and even the direction of these changes varied
by gradient type and species. Therefore, while these traits
may indicate specific shifts in plant performance under cer-
tain conditions, they do not reliably capture a general stress
syndrome defined as ‘the symptoms of which are independ-
ent of the damaging agent’ (Selye 1936). In contrast, the
efficiency of photosynthesis, needle longevity and vertical
tree growth consistently decreased from low-stress to high-
stress sites across the three study species and across both
natural (elevation, seashore) and anthropogenic (pollution)
environmental gradients. Since these traits are functionally
tied to dry matter production by the trees, their decreases
align with Grime’s definition of plant stress (Grime 1979).
Therefore, we consider these traits to represent stress indica-
tors in forest trees that can be used for early detection and
monitoring of forest health across diverse environments and
species, at least in the boreal biome.

Acknowledgements We thank E. Melnikov, A. Vassiliev and A.
Popova for assistance in fieldwork and numerous assistants for meas-
urement of plant modules and preparation of data files.

Funding Open Access funding provided by University of Turku
(including Turku University Central Hospital).

Data availability
tary material.

Data of this study are provided in the supplemen-

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated

otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aerts R (1995) The advantages of being evergreen. Trends Ecol Evol
10(10):402—-407. https://doi.org/10.1016/s0169-5347(00)89156-9

Andreucci F, Barbato R, Massa N, Berta G (2006) Phytosociological,
phenological and photosynthetic analyses of the vegetation of a
highly polluted site. Plant Biosyst Int J Deal Aspects Plant Biol
140(2):176-189. https://doi.org/10.1080/11263500600756462

Bansal S, Germino MJ (2010) Variation in ecophysiological prop-
erties among conifers at an ecotonal boundary: comparison of
establishing seedlings and established adults at timberline. J
Veg Sci 21(1):133-142. https://doi.org/10.1111/j.1654-1103.
2009.01127.x

Bowman DMIJS, Brienen RJW, Gloor E, Phillips OL, Prior LD
(2013) Detecting trends in tree growth: not so simple. Trends
Plant Sci 18(1):11-17. https://doi.org/10.1016/j.tplants.2012.
08.005

Brestic M, Allakhverdiev SI (2022) Photosynthesis under biotic and
abiotic environmental stress. Cells 11(24):3953. https://doi.org/
10.3390/cells11243953

Bussotti F, Pollastrini M (2021) Revisiting the concept of stress in for-
est trees at the time of global change and issues for stress monitor-
ing. Plant Stress 2:100013. https://doi.org/10.1016/j.stress.2021.
100013

Chauhan J, Prathibha M, Singh P, Choyal P, Mishra UN, Saha
D, Kumar R, Anuragi H, Pandey S, Bose B, Mehta B, Dey P,
Dwivedi KK, Gupta NK, Singhal RK (2023) Plant photosynthesis
under abiotic stresses: damages, adaptive, and signaling mecha-
nisms. Plant Stress 10:100296. https://doi.org/10.1016/j.stress.
2023.100296

Clark AJ, Landolt W, Bucher JB, Strasser RJ (2000) How wind affects
the photosynthetic performance of trees: quantified with chlo-
rophyll a fluorescence and open-top chambers. Photosynthetica
38(3):349-360. https://doi.org/10.1023/A:1010909201307

Cornelissen T, Stiling P (2011) Similar responses of insect herbivores
to leaf fluctuating asymmetry. Arthropod Plant Interact 5(1):59—
69. https://doi.org/10.1007/s11829-010-9116-1

Cory ST, Wood LK, Neufeld HS (2017) Phenology and growth
responses of Fraser fir (Abies fraseri) Christmas trees along an
elevational gradient, southern Appalachian Mountains, USA.
Agric for Meteor 243:25-32. https://doi.org/10.1016/j.agrformet.
2017.05.003

Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K (2011) Effects
of abiotic stress on plants: a systems biology perspective. BMC
Plant Biol 11:163. https://doi.org/10.1186/1471-2229-11-163

Dale VH, Beyeler SC (2001) Challenges in the development and use
of ecological indicators. Ecol Indic 1(1):3-10. https://doi.org/10.
1016/S1470-160X(01)00003-6

Daley PF (1995) Chlorophyll fluorescence analysis and imaging in
plant stress and disease. Can J Plant Pathol 17(2):167-173. https://
doi.org/10.1080/07060669509500708

Dissler HG (ed) (1976) EinfluB von Luftverunreinigungen auf die
Vegetation. Ursachen, Wirkungen, Gegenmafinahmen. Gustav
Fischer, Jena (in German)

De Marco A, Sicard P, Feng ZZ, Agathokleous E, Alonso R, Ara-
miniene V, Augustatis A, Badea O, Beasley JC, Branquinho C,
Bruckman VJ, Collalti A, David-Schwartz R, Domingos M, Du

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s0169-5347(00)89156-9
https://doi.org/10.1080/11263500600756462
https://doi.org/10.1111/j.1654-1103.2009.01127.x
https://doi.org/10.1111/j.1654-1103.2009.01127.x
https://doi.org/10.1016/j.tplants.2012.08.005
https://doi.org/10.1016/j.tplants.2012.08.005
https://doi.org/10.3390/cells11243953
https://doi.org/10.3390/cells11243953
https://doi.org/10.1016/j.stress.2021.100013
https://doi.org/10.1016/j.stress.2021.100013
https://doi.org/10.1016/j.stress.2023.100296
https://doi.org/10.1016/j.stress.2023.100296
https://doi.org/10.1023/A:1010909201307
https://doi.org/10.1007/s11829-010-9116-1
https://doi.org/10.1016/j.agrformet.2017.05.003
https://doi.org/10.1016/j.agrformet.2017.05.003
https://doi.org/10.1186/1471-2229-11-163
https://doi.org/10.1016/S1470-160X(01)00003-6
https://doi.org/10.1016/S1470-160X(01)00003-6
https://doi.org/10.1080/07060669509500708
https://doi.org/10.1080/07060669509500708

99 Page 12 0of 13

M. V. Kozlov et al.

EZ, Gomez HG, Hashimoto S, Hoshika Y, Jakovljevic T, McNulty
S, Oksanen E, Khaniabadi YO, Prescher AK, Saitanis CJ, Sase
H, Schmitz A, Voigt G, Watanabe M, Wood MD, Kozlov MV,
Paoletti E (2022) Strategic roadmap to assess forest vulnerabil-
ity under air pollution and climate change. Glob Chang Biol
28(17):5062-5085. https://doi.org/10.1111/gcb.16278

Dobbertin M (2005) Tree growth as indicator of tree vitality and of
tree reaction to environmental stress: a review. Eur J for Res
124(4):319-333. https://doi.org/10.1007/s10342-005-0085-3

Duan M, Chang SX (2017) Nitrogen fertilization improves the growth
of lodgepole pine and white spruce seedlings under low salt stress
through enhancing photosynthesis and plant nutrition. For Ecol
Manag 404:197-204. https://doi.org/10.1016/j.foreco.2017.08.045

Erédnen JK, Kozlov MV (2009) Interactions between mountain birch
seedlings from differentiated populations in contrasting environ-
ments of subarctic Russia. Plant Ecol 200(2):167-177. https://doi.
org/10.1007/s11258-008-9441-y

Ewers FW, Schmid R (1981) Longevity of needle fascicles of Pinus
longaeva (Bristlecone pine) and other North American pines.
Oecologia 51(1):107-115. https://doi.org/10.1007/BF00344660

Filazzola A, Cahill JF (2021) Replication in field ecology: Identi-
fying challenges and proposing solutions. Methods Ecol Evol
12(10):1780-1792. https://doi.org/10.1111/2041-210X.13657

Freeman DC, Graham JH, Emlen JM (1993) Developmental stability
in plants: symmetries, stress and epigenesis. Genetica 89(1):97—
119. https://doi.org/10.1007/BF02424508

Gavrikov DE, Zverev V, Rachenko MA, Pristavka AA, Kozlov
MYV (2023) Experimental evidence questions the relationship
between stress and fluctuating asymmetry in plants. Symmetry
15(2):339. https://doi.org/10.3390/sym15020339

Gottardini E, Cristofolini F, Cristofori A, Camin F, Calderisi M,
Ferretti M (2016) Consistent response of crown transparency,
shoot growth and leaf traits on Norway spruce (Picea abies
(L.) H. Karst.) trees along an elevation gradient in northern
Italy. Ecol Indic 60:1041-1044. https://doi.org/10.1016/j.ecoli
nd.2015.09.006

Graham JH (2021) Fluctuating asymmetry and developmental insta-
bility, a guide to best practice. Symmetry 13(1):9. https://doi.
org/10.3390/sym13010009

Grime JP (1979) Plant strategies and vegetation processes. Wiley,
New York

Gurevitch J, Hedges LV (2001) Meta-analysis combining the results
of independent experiments. In: Schneider SM, Gurevitch J
(eds) Design and analysis of ecological experiments. Oxford
Univ Press, Oxford, pp 347-369

Hadley JL, Smith WK (1989) Wind erosion of leaf surface wax in
alpine timberline conifers. Arct Alp Res 21(4):392-398. https://
doi.org/10.1080/00040851.1989.12002752

Hagen SB, Ims RA, Yoccoz NG, Sgrlibraten O (2008) Fluctuating
asymmetry as an indicator of elevation stress and distribu-
tion limits in mountain birch (Betula pubescens). Plant Ecol
195(2):157-163. https://doi.org/10.1007/s11258-007-9312-y

Hassan MU, Chattha MU, Khan I, Chattha MB, Aamer M, Nawaz M,
Ali A, Khan MAU, Khan TA (2019) Nickel toxicity in plants:
reasons, toxic effects, tolerance mechanisms, and remediation
possibilities-a review. Environ Sci Pollut Res Int 26(13):12673—
12688. https://doi.org/10.1007/s11356-019-04892-x

Hesp PA (1991) Ecological processes and plant adaptations on
coastal dunes. J Arid Environ 21(2):165-191. https://doi.org/
10.1016/S0140-1963(18)30681-5

Jimenez MS, Gonzalez-Rodriguez AM, Morales D, Cid MC, Socorro
AR, Caballero M (1997) Evaluation of chlorophyll fluorescence
as a tool for salt stress detection in roses. Photosynthetica
33(2):291-301. https://doi.org/10.1023/A:1022176700857

Keles SO (2020) The effect of altitude on the growth and devel-
opment of Trojan fir (Abies nordmanniana subsp. equi-trojani

@ Springer

[Asch. & Sint. ex Boiss] Coode & Cullen) saplings. Cerne
26(3):381-392. https://doi.org/10.1590/010477602020260
32734

Kenward MG, Roger JH (2009) An improved approximation to the
precision of fixed effects from restricted maximum likelihood.
Comput Stat Data Anal 53(7):2583-2595. https://doi.org/10.
1016/j.csda.2008.12.013

Kozlov MV (2017) Plant studies on fluctuating asymmetry in Russia:
mythology and methodology. Russ J Ecol 48(1):1-9. https://doi.
org/10.1134/S1067413617010106

Kozlov MV (2024) Blind measurements did not confirm effects of
forest fragmentation on fluctuating asymmetry of a tropical but-
terfly Morpho helenor. Naturwissenschaften 111(3):27. https://
doi.org/10.1007/s00114-024-01913-9

Kozlov MV (2025) Fluctuating asymmetry in ecological and environ-
mental research: Quo vadis?Funct Ecol 39(1): 4-8. https://doi.org/
10.1111/1365-2435.14713

Kozlov MV, Zverev V (2018) Temperature and herbivory, but not pol-
lution, affect fluctuating asymmetry of mountain birch leaves:
results of 25-year monitoring around the copper-nickel smelter
in Monchegorsk, northwestern Russia. Sci Total Environ 640—
641:678-687. https://doi.org/10.1016/j.scitotenv.2018.05.328

Kozlov MV, Zvereva EL (2015) Confirmation bias in studies of fluc-
tuating asymmetry. Ecol Indic 57:293-297. https://doi.org/10.
1016/j.ecolind.2015.05.014

Kozlov MV, Zvereva EL, Zverev V (2009) Impacts of point polluters on
terrestrial biota: comparative analysis of 18 contaminated areas.
Springer, Dordrecht

Kranner I, Minibayeva FV, Beckett RP, Seal CE (2010) What is stress?
Concepts, definitions and applications in seed science. New Phy-
tol 188(3):655-673. https://doi.org/10.1111/j.1469-8137.2010.
03461.x

Kullman L (1996) Recent cooling and recession of Norway spruce
(Picea abies (L.) Karst.) in the forest—alpine tundra ecotone of
the Swedish Scandes. J Biogeogr 23(6):843—854. https://doi.org/
10.1111/§.1365-2699.1996.tb00042.x

Lichtenthaler HK (1998) The stress concept in plants: an introduction.
Ann N'Y Acad Sci 851:187-198. https://doi.org/10.1111/j.1749-
6632.1998.tb08993.x

Majekova M, Springer B, Ferenc V, Gruntman M, Tielborger K (2024)
Leaf fluctuating asymmetry is not a reliable indicator of stress.
Funct Ecol 38(6):1447-1457. https://doi.org/10.1111/1365-2435.
14564

Maldonado-Loépez Y, Vaca-Sanchez MS, Canché-Delgado A, Garcia-
Jain SE, Gonzalez-Rodriguez A, Cornelissen T, Cuevas-Reyes P
(2019) Leaf herbivory and fluctuating asymmetry as indicators of
mangrove stress. Wetl Ecol Manag 27(4):571-580. https://doi.org/
10.1007/511273-019-09678-z

Midolo G, De Frenne P, Holzel N, Wellstein C (2019) Global patterns
of intraspecific leaf trait responses to elevation. Glob Chang Biol
25(7):2485-2498. https://doi.org/10.1111/gcb.14646

Miszalski Z, Niewiadomska E, Kepa E, Skawiriski P (2000) Evaluating
the superoxide dismutase activity and chlorophyll fluorescence in
Picea abies leaves growing at different altitudes. Photosynthetica
38(3):379-384. https://doi.org/10.1023/A:1010917403124

Mgller AP, Swaddle JP (1997) Asymmetry, developmental stability,
and evolution. Oxford Univ Press, Oxford

Na XY, Wang XW, Xu HY, Qiao LN, Wang S, Liu GF, Yerzhan K,
Botagoz K (2015) Analyzing and evaluating the salt tolerance of
four kinds of birch seedlings. Bull Bot Res 35(6):873-882. https://
doi.org/10.7525/.issn.1673-5102.2015.06.014(inChinese)

Naumann JC, Anderson JE, Young DR (2008) Linking physiological
responses, chlorophyll fluorescence and hyperspectral imagery
to detect salinity stress using the physiological reflectance index


https://doi.org/10.1111/gcb.16278
https://doi.org/10.1007/s10342-005-0085-3
https://doi.org/10.1016/j.foreco.2017.08.045
https://doi.org/10.1007/s11258-008-9441-y
https://doi.org/10.1007/s11258-008-9441-y
https://doi.org/10.1007/BF00344660
https://doi.org/10.1111/2041-210X.13657
https://doi.org/10.1007/BF02424508
https://doi.org/10.3390/sym15020339
https://doi.org/10.1016/j.ecolind.2015.09.006
https://doi.org/10.1016/j.ecolind.2015.09.006
https://doi.org/10.3390/sym13010009
https://doi.org/10.3390/sym13010009
https://doi.org/10.1080/00040851.1989.12002752
https://doi.org/10.1080/00040851.1989.12002752
https://doi.org/10.1007/s11258-007-9312-y
https://doi.org/10.1007/s11356-019-04892-x
https://doi.org/10.1016/S0140-1963(18)30681-5
https://doi.org/10.1016/S0140-1963(18)30681-5
https://doi.org/10.1023/A:1022176700857
https://doi.org/10.1590/01047760202026032734
https://doi.org/10.1590/01047760202026032734
https://doi.org/10.1016/j.csda.2008.12.013
https://doi.org/10.1016/j.csda.2008.12.013
https://doi.org/10.1134/S1067413617010106
https://doi.org/10.1134/S1067413617010106
https://doi.org/10.1007/s00114-024-01913-9
https://doi.org/10.1007/s00114-024-01913-9
https://doi.org/10.1111/1365-2435.14713
https://doi.org/10.1111/1365-2435.14713
https://doi.org/10.1016/j.scitotenv.2018.05.328
https://doi.org/10.1016/j.ecolind.2015.05.014
https://doi.org/10.1016/j.ecolind.2015.05.014
https://doi.org/10.1111/j.1469-8137.2010.03461.x
https://doi.org/10.1111/j.1469-8137.2010.03461.x
https://doi.org/10.1111/j.1365-2699.1996.tb00042.x
https://doi.org/10.1111/j.1365-2699.1996.tb00042.x
https://doi.org/10.1111/j.1749-6632.1998.tb08993.x
https://doi.org/10.1111/j.1749-6632.1998.tb08993.x
https://doi.org/10.1111/1365-2435.14564
https://doi.org/10.1111/1365-2435.14564
https://doi.org/10.1007/s11273-019-09678-z
https://doi.org/10.1007/s11273-019-09678-z
https://doi.org/10.1111/gcb.14646
https://doi.org/10.1023/A:1010917403124
https://doi.org/10.7525/j.issn.1673-5102.2015.06.014(inChinese)
https://doi.org/10.7525/j.issn.1673-5102.2015.06.014(inChinese)

Searching for a universal indicator of plant stress: a three-year study of three woody species...

Page 13 0of 13 99

in the coastal shrub Myrica cerifera. Remote Sens Environ
112(10):3865-3875. https://doi.org/10.1016/j.rse.2008.06.004

Nowicka B, Ciura J, Szymarnska R, Kruk J (2018) Improving photo-
synthesis, plant productivity and abiotic stress tolerance—cur-
rent trends and future perspectives. J Plant Physiol 231:415-433.
https://doi.org/10.1016/j.jplph.2018.10.022

Odasz-Albrigtsen AM, Tgmmervik H, Murphy P (2000) Decreased
photosynthetic efficiency in plant species exposed to multiple air-
borne pollutants along the Russian-Norwegian border. Can J Bot
78(8):1021-1033. https://doi.org/10.1139/b00-075

Odum EP (1985) Trends expected in stressed ecosystems. Bioscience
35(7):419-422. https://doi.org/10.2307/1310021

Palmer AR (1999) Detecting publication bias in meta-analyses:A case
study of fluctuating asymmetry and sexual selection. American
Naturalis 154:220-233. https://doi.org/10.7939/R3JW86Q0Q

Paulsen J, Korner C (2014) A climate-based model to predict potential
treeline position around the globe. Alp Bot 124(1):1-12. https://
doi.org/10.1007/s00035-014-0124-0

Pearcy RW, Muraoka H, Valladares F (2005) Crown architecture in Sun
and shade environments: assessing function and trade-offs with a
three-dimensional simulation model. New Phytol 166(3):791-800.
https://doi.org/10.1111/j.1469-8137.2005.01328.x

Polak M (2003) Developmental Instability: causes and Consequences.
Oxford Univ Press, Oxford

Reinhardt K, Castanha C, Germino MJ, Kueppers LM (2011) Ecophys-
iological variation in two provenances of Pinus flexilis seedlings
across an elevation gradient from forest to alpine. Tree Physiol
31(6):615-625. https://doi.org/10.1093/treephys/tpr055

Roberts JA, Elliott KA, Gonzalez-Carranza ZH (2002) Abscission,
dehiscence, and other cell separation processes. Annu Rev Plant
Biol 53:131-158. https://doi.org/10.1146/annurev.arplant.53.
092701.180236

Ruotsalainen AL, Markkola AM, Kozlov MV (2009) Mycorrhizal colo-
nisation of mountain birch (Betula pubescens ssp. czerepanovii)
along three environmental gradients: does life in harsh environ-
ments alter plant-fungal relationships? Environ Monit Assess
148(1):215-232. https://doi.org/10.1007/s10661-007-0152-y

Sandner TM, Matthies D (2017) Fluctuating asymmetry of leaves is
a poor indicator of environmental stress and genetic stress by
inbreeding in Silene vulgaris. Ecol Indic 79:247-253. https://doi.
org/10.1016/j.ecolind.2017.04.030

SAS Institute (2009) SAS/Stat User’s Guide, Version 9.2. SAS Insti-
tute, Cary, NC

Schoettle AW (1990) The interaction between leaf longevity and
shoot growth and foliar biomass per shoot in Pinus contorta at
two elevations. Tree Physiol 7:209-214. https://doi.org/10.1093/
treephys/7.1-2-3-4.209

Schubert R (ed) (1985) Bioindikation in Terrestrichen Okosystemen.
G Fischer, Stuttgart

Selye H (1936) A syndrome produced by diverse nocuous agents.
Nature 138(3479):32. https://doi.org/10.1038/138032a0

Shiba M, Mizuno T, Fukuda T (2023) Effect of strong wind on laminas
and petioles of Farfugium japonicum (L.) Kitam. Var. japonicum
(Asteraceae). Front Plant Sci 14:1182266. https://doi.org/10.3389/
fpls.2023.1182266

Shulaev V, Cortes D, Miller G, Mittler R (2008) Metabolomics for
plant stress response. Physiol Plant 132(2):199-208. https://doi.
org/10.1111/1.1399-3054.2007.01025.x

Taylor JE, Whitelaw CA (2001) Signals in abscission. New Phytol
151(2):323-340. https://doi.org/10.1046/j.0028-646x.2001.
00194 .x

Treshow M (1984) Air pollution and plant life. Wiley, Chichester

Wang QW, Liu CG, Zhou WM, Qi L, Zhou L, Yu DP, Dai LM (2018)
Mobile carbon supply in trees and shrubs at the alpine treeline
ecotone. Plant Ecol 219(4):467-479. https://doi.org/10.1007/
s11258-018-0809-3

Whitehead FH (1963) Experimental studies of the effect of wind on
plant growth and anatomy. New Phytol 62(1):86-90. https://doi.
org/10.1111/j.1469-8137.1963.tb06316.x

Wilsey BJ, Haukioja E, Koricheva J, Sulkinoja M (1998) Leaf fluctuat-
ing asymmetry increases with hybridization and elevation in tree-
line birches. Ecology 79(6):2092-2099. https://doi.org/10.1890/
0012-9658(1998)079[2092:1faiwh]2.0.c0;2

Waulff A, Ahonen J, Kdrenlampi L (1996) Cell ultrastructural evidence
of accelerated ageing of Norway spruce needles in industrial
areas. New Phytol 133(4):553-561. https://doi.org/10.1111/j.
1469-8137.1996.tb01924.x

Zakharov VM (1990) Analysis of fluctuating asymmetry as a method
of biomonitoring at the population level. In: Krivolutsky D (ed)
Bioindications of chemical and radioactive pollution. Mir Publish-
ers, Moscow, pp 187-198

Zakharov VM, Trofimov IE (2022) Fluctuating asymmetry as an indi-
cator of stress. Emerg Top Life Sci 6(3):295-301. https://doi.org/
10.1042/ETLS20210274

Zarnoch SJ, Bechtold WA, Stolte KW (2004) Using crown condition
variables as indicators of forest health. Can J for Res 34(5):1057—-
1070. https://doi.org/10.1139/x03-277

Zhang H, Zhao Y, Zhu JK (2020) Thriving under stress: how plants
balance growth and the stress response. Dev Cell 55(5):529-543.
https://doi.org/10.1016/j.devcel.2020.10.012

Zverev V, Kozlov MV, Zvereva EL (2013) Changes in crown archi-
tecture as a strategy of mountain birch for survival in habitats
disturbed by pollution. Sci Total Environ 444:212-223. https://
doi.org/10.1016/j.scitotenv.2012.11.084

Zvereva EL, Roitto M, Kozlov MV (2010) Growth and reproduction
of vascular plants in polluted environments: a synthesis of exist-
ing knowledge. Environ Rev 18:355-367. https://doi.org/10.1139/
al0-017

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.rse.2008.06.004
https://doi.org/10.1016/j.jplph.2018.10.022
https://doi.org/10.1139/b00-075
https://doi.org/10.2307/1310021
https://doi.org/10.7939/R3JW86Q0Q
https://doi.org/10.1007/s00035-014-0124-0
https://doi.org/10.1007/s00035-014-0124-0
https://doi.org/10.1111/j.1469-8137.2005.01328.x
https://doi.org/10.1093/treephys/tpr055
https://doi.org/10.1146/annurev.arplant.53.092701.180236
https://doi.org/10.1146/annurev.arplant.53.092701.180236
https://doi.org/10.1007/s10661-007-0152-y
https://doi.org/10.1016/j.ecolind.2017.04.030
https://doi.org/10.1016/j.ecolind.2017.04.030
https://doi.org/10.1093/treephys/7.1-2-3-4.209
https://doi.org/10.1093/treephys/7.1-2-3-4.209
https://doi.org/10.1038/138032a0
https://doi.org/10.3389/fpls.2023.1182266
https://doi.org/10.3389/fpls.2023.1182266
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1046/j.0028-646x.2001.00194.x
https://doi.org/10.1046/j.0028-646x.2001.00194.x
https://doi.org/10.1007/s11258-018-0809-3
https://doi.org/10.1007/s11258-018-0809-3
https://doi.org/10.1111/j.1469-8137.1963.tb06316.x
https://doi.org/10.1111/j.1469-8137.1963.tb06316.x
https://doi.org/10.1890/0012-9658(1998)079[2092:lfaiwh]2.0.co;2
https://doi.org/10.1890/0012-9658(1998)079[2092:lfaiwh]2.0.co;2
https://doi.org/10.1111/j.1469-8137.1996.tb01924.x
https://doi.org/10.1111/j.1469-8137.1996.tb01924.x
https://doi.org/10.1042/ETLS20210274
https://doi.org/10.1042/ETLS20210274
https://doi.org/10.1139/x03-277
https://doi.org/10.1016/j.devcel.2020.10.012
https://doi.org/10.1016/j.scitotenv.2012.11.084
https://doi.org/10.1016/j.scitotenv.2012.11.084
https://doi.org/10.1139/a10-017
https://doi.org/10.1139/a10-017

	Searching for a universal indicator of plant stress: a three-year study of three woody species in three environmental gradients in boreal forests
	Abstract 
	Introduction
	Materials and methods
	Study region and species
	Environmental gradients
	Traits related to productivity
	Fluctuating asymmetry
	Data analysis

	Results
	Variation among plant traits
	Variation among stress levels and gradient types
	Variation among tree species
	Variation among locations, trees and years

	Discussion
	Universal indicatory traits
	Stressor-specific indicatory traits
	Non-indicatory trait



