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ARTICLE INFO ABSTRACT

Keywords: Fluctuating asymmetry (FA), defined as small, random departures away from perfect symmetry, is frequently
Blind data collection recommended as a sensitive and universal indicator of environmental stress imposed by both abiotic and biotic
Betula P’_‘b"'“em factors. However, the stress sensitivities of FA and of other morphological traits are rarely compared directly.
ile':;t:ii:ng asymmetry Here, we tested the hypothesis that leaf FA, rather than leaf size, is more sensitive to simulated herbivory. We

performed blind measurements of FA and length of the same leaves of juvenile mountain birches (Betula
pubescens var. pumila) after removal of 0, 2, 4, 8 and 16% of their leaf area during five consequent years. The leaf
length in defoliated birches was 88% of that in control birches, indicating that simulated herbivory was stressful
for trees. By contrast, leaf FA did not differ significantly between defoliated and control birches, despite a suf-
ficient (91%) power of statistical analysis. Thus, leaf size, rather than leaf FA, was a more sensitive indicator of
stress. This low sensitivity of FA to stress, discovered with the use of blind methods, contrasts a large pool of
earlier studies, many of which have been likely influences by confirmation bias. We urge the publication of

Simulated herbivory
Environmental stress

‘negative’ or inconclusive results which currently remain underreported due to publication bias.

1. Introduction

Grime (1979) defined plant stress as the external constraints which
limit the rate of dry matter production of all or parts of the vegetation.
Consequently, any measure of growth (e.g. leaf size, plant height or
biomass) can serve as an indicator of plant stress, at least in trees. In
addition to these indices, fluctuating asymmetry (FA; i.e. small, random
departures away from perfect symmetry) has frequently been recom-
mended as a sensitive and universal indicator of environmental stress
imposed on both plants and animals by both abiotic and biotic factors
(Valentine and Soulé, 1973; Leary and Allendorf, 1989; Parsons, 1990;
Zakharov and Clarke, 1993; Manning and Chamberlain, 1994; Kozlov
et al., 2002). However, the rare comparisons of the sensitivity of FA to
environmental stress with the sensitivities of other morphological
characters, such as size and biomass, have reported a greater sensitivity
to stress for growth than for FA (Black-Samuelsson and Andersson, 2003;
Fair and Breshears, 2005; Francis and Gilman, 2019). Nevertheless, FA
remains widely used as an index of environmental quality (Guo et al.,
2017; Klisaric et al., 2019; Garcia-Jain et al., 2022), despite the ad-
vantages of FA as an index of stress over the measures of plant growth
are not always evident (Zverev and Kozlov, 2020).
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Plants damaged by herbivores often demonstrate reduced growth
relative to their undamaged neighbours (Nykanen and Koricheva, 2004;
Zvereva et al., 2010; Zvereva et al., 2012; Zvereva and Kozlov, 2012);
therefore, herbivory fits the definition of a stressor introduced by Grime
(1979). Consequently, herbivory has been repeatedly predicted to in-
crease plant FA, but only a handful of studies have tested this prediction
experimentally. The outcomes of these experiments are inconsistent, as
several studies discovered the expected pattern (Zvereva et al., 1997;
Olofsson and Strengbom, 2003; Zvereva and Kozlov, 2001; Kozlov et al.,
2001; Rautio et al., 2002; Puerta-Pinero et al., 2008) whereas other
studies did not detect a statistically significant effect of herbivory on FA.
Importantly, Sandner and Matthies (2017) and Shestakov et al. (2020)
reported significant effects of herbivory on plant growth but not on FA,
whereas Lappalainen et al. (2000) and Gijsman et al. (2021) did not
detect any effect of herbivory on either growth or FA. Furthermore,
Alados et al. (2002) found a non-linear response of plant FA to grazing,
with the lowest FA in the medium-grazed population. Thus, not only the
higher stress sensitivity of FA relative to other traits, but even the overall
suitability of FA as an index of herbivory-related stress, remains
questionable.

The ultimate goal of the present study was to test the hypothesis that
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leaf FA, rather than leaf size, is more sensitive to stress caused by long-
term simulated insect herbivory in mountain birch (Betula pubescens var.
pumila). We also asked whether defoliation effects were dose-dependent
and whether leaf size (which was predicted to decrease with herbivory)
and leaf FA (which was predicted to increase with herbivory) were
negatively correlated to each other.

2. Materials and methods
2.1. Experimental design

The mountain birch, the northern variety of downy birch
(B. pubescens), is a keystone species in the boreal forests of Eurasia. Due
to its ecological and environmental importance, this species has served
as a model object for multiple studies of insect herbivory impacts on tree
growth and physiology and on the structure and functions of birch-
dominated ecosystems (Ruohomaki et al., 1997; Zvereva et al., 2012;
Ryde et al., 2021; Meyer et al., 2022; and references therein).

The present experiment was conducted at two northern taiga forest
sites located near Apatity (67°36'31” N, 32°38'38” E and 67°32'10” N,
33°56'55" E) in the Murmansk region of Russia. Sixty naturally growing
juvenile mountain birches (16-60 cm high) were tagged at each site in
June 2005 and randomly assigned to undergo removal of 0, 2, 4, 8 or
16% of their leaf area, implemented annually by punching small (2 to
4.5 mm in diameter) holes in the leaf lamina to mimic insect herbivory.
The first half of the damage was applied in early summer (22 June to 12
July) and the second half during the late summer (24 July to 15 August).
In our study area, insects usually consume ca. 1% of the birch tree leaf
area (Kozlov, 2008); therefore, even our smallest treatment significantly
exceeded the regional level of background insect herbivory. For more
details, consult Zvereva et al. (2012).

2.2. Data collection

Two leaves were haphazardly collected of each of 60 saplings on 29
June - 1 July 2010 (i.e. after five years of defoliation treatments). We
randomly selected these 60 saplings from 91 birches which had more
than 30 leaves by that date. The person who collected the leaves was not
aware of either the hypothesis being tested or the treatments that had
been applied to the designated trees; this person was instructed to collect
two undamaged leaves of average size from short vegetative shoots of
each selected birch. The leaves were press-dried and then mounted on
strong paper (Images S1-54 in supplementary materials).

We used a ruler to measure (to the nearest 0.5 mm) the length of the
lamina and the width of its left and right sides from the midrib to the leaf
margins (at the midpoint between the base and the tip) perpendicular to
the midrib. Each leaf was measured twice by different persons who had
no knowledge of either the hypothesis being tested or the leaf origin.
When the two measurements differed by 2 or more mm, a third mea-
surement was conducted by a third person to exclude an occasional
error. We preferred to make the measurements by ruler rather than to
analyse landmark positions because the latter method was previously
demonstrated to yield the same conclusions as measurements of leaf
half-width (Sandner et al., 2019).

2.3. Data analysis

We quantified FA as follows: FA = 2 x abs(WL — WR)/(WL + WR),
where WL and WR are the widths of the left and right halves of leaf
lamina. We explored the repeated measurements of the width of leaf
halves for the presence of FA and directional asymmetry (DA = WL —
WR) using mixed-model ANOVA, with the leaf side (right or left) as a
fixed factor and the individual leaf as a random factor. We compared the
DA value with the FA4a index (FA4a = 0.798,/var (WR — WL)) to
assess the potential effect of DA on the analysis of FA, and we assessed
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the reproducibility of the measurements by the index ME5 = (MSi —
MSm)/(MSi + MSm), where MSi and MSm are the interaction and error
mean squares from a side x individual ANOVA for two measurements of
WL and WR in each leaf (Palmer and Strobeck, 2003). Finally, we
averaged the two measurements of the same leaf to minimize the ad-
ditive error, and we used SAS UNIVARIATE procedure (SAS SAS Insti-
tute, 2009) to test for normality of the distribution of the signed
difference in width between left and right leaf halves and to calculate
kurtosis of this distribution.

Prior to the analyses of the effect of herbivory on leaf size and FA, we
square root-transformed the FA values to normalise the distribution of
the residuals and we averaged the leaf length and FA for tree-specific
values. We explored the among-treatment variations in these values
by one-way ANOVA (SAS GLIMMIX procedure, type 3 tests; SAS SAS
Institute, 2009), and we calculated Pearson product-moment correlation
coefficients between leaf length and FA across leaves and across trees.
The post hoc statistical power of ANOVA was calculated using the online
tool at https://clincalc.com/stats/Power.aspx.

3. Results

We detected the presence of both FA (side x individual interaction:
F119, 240 = 3.31, P< 0.0001) and DA (side effect: Fl, 119 = 6.63, pP= 0.01)
in the width of birch leaves (Data S1 and Images S1-54 in supplementary
materials). Although the DA was significant, its value (0.25 mm) was
much smaller than the FA4a index (0.84 mm), suggesting that the
contribution of the DA to the total variation has little effect on the
analysis of FA. The distribution of the signed difference in width be-
tween left and right leaf halves did not differ significantly from a normal
one (Shapiro-Wilk statistics = 0.98, P = 0.06). Combined with low
kurtosis (0.015), this result suggests absence of antisymmetry. The
repeatability of our measurements of the widths of leaf halves (0.537)
was sufficiently high.

The leaf length in birches that were repeatedly defoliated over five
consecutive years was reduced to 88% of the length in the control birches
(Fig. 1a; Fy, 53 = 6.28, P = 0.0150). However, this effect did not show any
dose dependence: leaf length did not differ either among the four defolia-
tion treatments (Fig. 1b; F3 46 = 0.71, P = 0.55) or between the low (2 and
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Fig. 1. Effects of simulated herbivory (means and 95% confidence intervals;
sample sizes in parentheses) on leaf length (a, b) and the back-transformed
values of leaf fluctuating asymmetry (c, d): a, ¢ — contrast between control
and damaged trees; b, d — variation among defoliation levels.
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4%) and high (8 and 16%) defoliation levels (F;, 43 = 0.82, P = 0.37).

The FA in birch leaves did not respond to simulated herbivory
(Fig. 1c; Fy, sg = 0.78, P = 0.38); the statistical power of this test was
91%. Similarly, leaf FA did not differ either among the four treatments
(Fig. 1d; F3, 46 = 1.55, P = 0.22) or between low and high defoliation
levels (Fy, 48 = 1.05, P = 0.31). FA was independent of leaf length at the
levels of both an individual leaf (r = —0.10, n = 120 leaves, P = 0.28)
and the whole plant (r = —0.09, n = 60 trees, P = 0.34).

4. Discussion

Following five years of simulated herbivory, the defoliated birch
saplings produced significantly smaller leaves compared to the control
saplings. This result, which parallels the observed adverse effects of
simulated herbivory on multiple performance indices of our experi-
mental trees, and particularly long shoot growth and number of leaves
(described by Zvereva et al., 2012), clearly indicates that the annual
removal of 2-16% of the leaf area imposed stress on birches. Never-
theless, the FA measured from the same leaves did not show a statisti-
cally significant response to this stress. Importantly, the statistical power
of our FA analysis exceeded 80%, i.e. it was sufficient to detect an effect
of herbivory on FA if that effect did exist (Cohen, 1988). Thus, our re-
sults indicate that leaf size, rather than leaf FA, is a more sensitive in-
dicator of stress caused by simulated herbivory. Keeping in mind that the
measurements of leaf size are less laborious and more accurate than the
measurements of FA (Zverev and Kozlov, 2020), our results question the
advantages of using FA as a stress index over the use of plant growth
measurements.

The dominance of confirmatory evidence among the published
studies addressing the effect of different stressors on plant FA (Graham
et al., 2010; Kozlov, 2017) could be caused by confirmation bias, i.e. the
tendency of humans to seek out and interpret information in a way that
confirms their pre-existing views and beliefs (Rosenthal, 1976). For
example, when scientists believed that birch leaves offered to them for
FA measurements had originated from a heavily polluted site, they re-
ported significantly higher values of FA than did scientists who believed
that the same leaves had been collected from an unpolluted site (Kozlov
and Zvereva, 2015). The current study differs from a vast majority of
previously published studies (including our own studies published in
19905—2000s) in the blind procedure adopted for leaf measurements.
The applied protocol, which did not inform the measurers of either the
leaf origin or the hypothesis being tested, excluded the impact of
confirmation bias on our data. We support the suggestion made by
Graham (2021) that all subsequent studies of FA should involve blinding
at the sample collection and processing stages. We also repeat our pre-
vious suggestion (Zverev and Kozlov, 2021) that researchers exploring
FA publish their ‘negative’ and inconclusive results when these are ob-
tained using adequate methodology. Publication of these results, which
are currently buried in laboratory drawers (like the results we present
above), is the only way to mitigate the impact of publication bias on this
research field and to make the publication portfolio more representative
of the actual findings.

An accurate estimation of FA requires the use of labour-intensive and
high-precision measurements, as well as sophisticated statistical
methods (Lajus et al., 2009; Graham, 2021). Furthermore, support for
the existence of a causal link between environmental stress and an in-
crease in FA is mixed (Graham et al., 2010; Kozlov, 2017; Sandner and
Matthies, 2017; Vandenbussche et al., 2018). We therefore urge re-
searchers who are planning to use FA as an index of stress impact on
living beings to consider alternative indices, as the alternatives may
provide higher accuracy regarding the impact of a potentially stressful
agent on the study organisms and/or may require fewer samples and/or
measurements.
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