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Abstract. Pseudoreplication occurs in many behavioral studies of odonates, because a few
unmarked individuals are sampled repeatedly and are used as estimators of the species’
behavior. This can confound individual differences with species differences. Here, we tal-
lied perches of marked and unmarked male libellulids on artificial perches of seven heights
(10-120 cm). We estimated the effect of pseudoreplication on species-level contrasts of mean
male perch height by comparing the results of four different analyses: 1) a nested ANOVA
(analysis of variance) evaluating individual and species effects on perches by marked indi-
viduals; 2) a one-way ANOVA comparing species using mean perch heights of the same
marked individuals; 3) a one-way ANOVA comparing species without regard to individuals
(pseudoreplication of these marked individuals); and 4) a one-way ANOVA using perches by
unmarked individuals observed at the same time (pooling across pseudoreplicated individu-
als in a larger independent data set). Species differences were qualitatively similar across all
analyses, and mean perch heights computed on individual means, pooled (pseudoreplicat-
ed) data on marked individuals, and data on unmarked individuals were highly correlated.
Pseudoreplication altered patterns slightly, but these effects were overcome in the larger data
set on unmarked individuals.
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Introduction

In many studies of habitat use, perch selection, or foraging behavior by different
dragonfly species, the behaviors or abundances of unmarked individuals are tallied
(OSBORNE & SAMWAYS 1996; RAAB et al. 1996; DE MARCO & RESENDE 2002; MAY &
BAIRD 2002; DE MARCO & RESENDE 2004; WORTHEN & PATRICK 2004; WORTHEN &
JoNEs 2007; REMSBURG et al. 2008; S1LvA et al. 2010; WORTHEN & MORROW 2016).
Each observation is treated as an independent observation, so five observations of
one individual are treated the same as single observations of five different indi-
viduals. Resampling the same sampling unit - called ‘pseudoreplication’ — conflates
sources of error and confounds treatment effects (HURLBERT 1984). The effect de-
clines as multiple individuals of each species are sampled, but when one species is
disproportionately represented by a few individuals, the degree to which the ‘mean
behavior of a species’ is being described is a function of how representative these
individuals are.
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Because species consist of individuals that vary, differences between species should
be measured against this variation within species. The ideal experimental design
would be completely balanced, in which a standard number of individuals of each
species are sampled a standard number of times (10 individuals within each species,
sampled 10 different times each, for example). If these data meet the assumptions of
parametric tests, then the correct analysis to use is a ‘nested’ ANOVA, which evalu-
ates differences between species as a function of the variation between individuals
within these species (SOKAL & ROHLE 1995).

In order to discriminate between individuals and avoid pseudoreplication, it is
common in odonate behavioral studies to uniquely mark individuals - usually by
numbering a wing with a felt-tipped marker (CORDERO-RIVERA & STOKS 2008; but
see MOORE 1987). However, studying marked individuals may introduce problems,
too. Because dragonflies are mobile and relatively short-lived (the median estimate
of average longevity in the reproductive period for Anisoptera is 11.5 days; CORBET
1999: 302), ‘resighting’ rates of marked individuals can be low (10-30%, FORBEs et
al. 2004; DOLNY et al. 2013; KHELIFA et al. 2016) — drastically reducing sample sizes
and statistical power. In addition, the process of wing-marking may reduce survi-
vorship (PARR & PARR 1979; GRETHER 1997; CORDERO-RIVERA et al. 2002), further
reducing sample size. Marking can also change behavior. Individuals captured and
marked may be more likely to leave the immediate site (CORDERO-RIVERA & STOKS
2008), potentially changing relative abundances and perceived patterns of habitat
use. In addition, wing-marking may inadvertently augment natural wing patterning
and affect a variety of important behaviors, from mate choice and reproductive suc-
cess (GRETHER 1996) to intra- and interspecific aggression (ANDERSON & GRETHER
2010, 2011; ANDERSON et al. 2011). Indeed, recent studies suggest that marking the
abdomen rather than the wing might reduce marking-related mortality and reduce
behavioral effects (ANDERSON et al. 2011).

So, it seems that both methodologies - studying marked or unmarked individu-
als — have their particular pitfalls. Here, we address the primary statistical pitfall
of studying unmarked individuals by asking, “how much do individual differences
matter for species-level contrasts?” We marked individual dragonflies, recorded
their perch heights, and analyzed these data both with and without respect to in-
dividual identity. The results were compared to determine the effects of ‘pooling’
data across individuals on species-level comparisons, and were compared to perch
heights of unmarked individuals perching at the same time.

Methods

Sampling procedure

We sampled dragonflies from 08-vi- till 08-vii-2010 at Furman Lake on the cam-
pus of Furman University in Greenville, SC, USA (34°55°35.99”N, 82°26’27.75"W).
Four perching stations were established along the western shoreline of the lake at
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10 m intervals. At each station, wooden dowels were placed 10 cm apart, 50 cm
from shore, emerging 10, 20, 40, 60, 80, 100, and 120 cm above the water’s surface.
Within each station, the order of perch heights was randomized each day to equal-
ize accessibility of perches over the course of the study - so short perches weren’t
always between two taller perches, for example. Dragonflies were collected from
these perches and surrounding vegetation by aerial net each morning (approxi-
mately 9:00 am to noon, EST), Monday-Friday, as weather permitted. Captured
individuals were weighed, marked (numbered on a wing with a Sharpie® marker),
photographed, and released; the procedure took approximately three minutes.

Perch heights of marked and unmarked individuals were recorded for a two-hour
interval each day, between 1:30 pm-4:00 pm EST (UTC-5), weather permitting. We
separated the capture phase from the observation phase to minimize disturbance
to perching dragonflies. Although 333 individuals from ten species were marked,
only 43 individuals from five species were observed perching in our arrays and
were included in the analyses of marked individuals: Perithemis tenera (Say, 1839),
Erythemis simplicicollis (Say, 1839), Pachydiplax longipennis (Burmeister, 1839), Li-
bellula incesta Hagen, 1861, and Libellula luctuosa Burmeister, 1839.

Statistical analyses

To assess the costs and benefits of pooling data from different individuals on spe-
cies-level comparisons, we analyzed differences in mean perch height between
species four ways. First, we conducted a nested ANOVA (analysis of variance) on
the perch heights of marked individuals, including both ‘species’ and ‘individual
(species)’ effects. The data set was not balanced: there were unequal numbers of
observations among individuals, and unequal numbers of individuals among spe-
cies. MacDONALD (2014) suggests that a Satterthwaite correction is appropriate
in this case, but states that this may increase the probability of a type I error (false
positive); we chose not to employ the correction to maintain a more conservative
test. Second, we calculated mean perch heights for each marked individual, and
compared species using these mean values in a one-way ANOVA. The ‘species’ ef-
fect in this analysis would be the same as in a balanced nested ANOVA, but can be
slightly different in an unbalanced data set like ours (MacDoNALD 2014). Third,
we pooled perch heights of marked individuals, and compared mean perch height
among species in a one-way ANOVA. This evaluates all perch events as indepen-
dent, and mimics the situation where unmarked dragonflies are sampled. Typically,
the benefit of observing unmarked individuals is that more individuals and more
observations are included. So, we also conducted a fourth one-way ANOVA that
compared mean perch heights among these species using observations on differ-
ent, unmarked individuals observed during the same observation periods. The last
three ANOVA were followed by post-hoc Tukey mean comparison tests to compare
mean perch heights among species. (Both the nested ANOVA and ANOVA using
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individual mean values compute species mean comparisons the same way, so only
one is needed.) These mean perch heights, generated by different analyses, were
compared using Pearson product-moment correlations. All statistical tests were
performed using SPSS®, version 21 (IBM Core. 2012).

Results and discussion

Of the 333 individuals that were marked, 75 were observed again: 43 on the experi-
mental arrays and 32 in nearby vegetation. This resighting rate of 22 % is consistent
with previous studies of libellulids, which typically range from ~10-30 % (FORBES
et al. 2004; CHIN & TAYLOR 2009; DOLNY et al. 2013; KHELIFA et al. 2016).

There was a highly significant ‘species’ effect (p<0.0001) on mean perch height
in all three analyses using marked individuals, regardless of whether individual
variation was accounted for in the model (Nested ANOVA; Table 1a), averaged per
individual (one-way ANOVA on mean perch height by individuals; Table 1b), or
ignored (one-way ANOVA, pooled across marked individuals; Table 1c). There was
also a highly significant ‘species’ effect (p <0.0001) on mean perch height of un-
marked individuals (Table 1d). In addition, patterns among species in mean perch
height were largely consistent across analyses (Table 2). Using mean perch heights
of marked individuals as sampling units to compute species means (which approxi-
mates the approach of a nested ANOVA), Perithemis tenera and Erythemis simplici-
collis perched significantly lower than the other three species, which did not differ
from one another (Table 2). When perch height values of marked individuals were
pooled (pseudoreplicating without regard to individual), P. tenera and E. simplici-
collis again perched significantly lower than the other species, and the difference
between Pachydiplax longipennis and the two Libellula species was resolved as sig-
nificant, as well (Table 2). The mean perch heights of all species were significantly
different from one another in the largest data set of unmarked individuals (Table 2).

The mean perch heights computed in the two analyses on marked individuals
were strongly correlated (r=0.992, df=5, p<0.0001, one-tailed test), but there were
some differences. In the pooled analysis that pseudoreplicated individual responses,
mean perch height for P. longipennis was >10 cm lower, mean perch heights of the
two Libellula species were 4-7 cm higher, and the rank order of the Libellula species
was reversed relative to the more appropriate analysis using individual means. So,
pseudoreplication introduced some error in the small data set of marked individu-
als.

The species’ mean perch heights of unmarked individuals were perfectly corre-
lated with species means computed on marked individual means (r=1.000, df=>5,
p<0.0001). In addition, the species’ means computed in these two analyses were
remarkably similar, differing by less than 2.5 cm for all species.

These comparisons highlight the costs and benefits of observing marked or un-
marked individuals. When analyses were limited to marked individuals, species
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Table 1. ANOVA describing the variation between species in mean perch height using four
different approaches: a) Nested ANOVA, describing ‘Species’ effects as a function of varia-
tion among marked individuals; b) one-way ANOVA, describing ‘species’ effects using mean
perch heights of marked individuals; c) one-way ANOVA, pooling all data across marked
individuals; d) one-way ANOVA on unmarked individuals.

Effect df MS F p

a) Nested ANOVA

Species 4 112878.71 47.92 0.0001
Ind (Species) 38 2355.32 9.71 0.0001
error 463 242.59

b) One-way ANOVA, Mean Perch Heights per Individual
Species 4 8533.20 22.58 0.0001
error 38 377.99

c) One-way ANOVA, pooled data on marked individuals
Species 4 112878.70 280.21 0.0001
error 501 402.83

d) One-way ANOVA, pooled data on unmarked individuals
Species 4 1280624.06 23137.16  0.0001
error 3546 408.21

Table 2. Comparisons of mean perch heights of libellulid (Odonata) species, using: mean
perch height values of marked individuals (Marked, individual means); all perch height val-
ues, pooled across marked individuals (Marked, pooled); and perch heights of unmarked
individuals (Unmarked, pooled). Means in a column that are followed by the same letter
are not significantly different, p = 0.05, Tukey’s Multiple Comparison tests).

Marked, Marked, Unmarked,
individual means pooled pooled
Species N X+1sd N  X+lsd N X+1sd
Perithemis tenera 2 10.2+0.3 A 36 10.3x1.7 A 368 11.5+3.8 A

Erythemis simplicicollis 7 16.1+43 A 40 15.04¢5.1 A 754 17.5+12.2 B
Pachydiplax longipennis 29 73.7422.4 B 324 62.8424.3 B 1073 73.5£29.0 C
Libellula luctuosa 2 106.819.6 B 39 113.1+9.6 C 819 104.4+18.9 D
Libellula incesta 3 108.6%8.9 B 67 112.319.9 C 537 109.8+16.2 E

level comparisons were constrained by the small sample size and some differences
between species could not be resolved. And, in this small data set, pseudoreplica-
tion had a slight effect on species-level contrasts. Although we could not keep track
of unmarked individuals, we know we sampled more unmarked individuals than
marked individuals. We only resighted two different marked individuals of P. tenera
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and L. luctuosa, but we often observed 4-5 unmarked individuals of these species
at once. By sampling unmarked individuals, we increased the size of the sample,
increased the number of individuals sampled, and reversed the negative effects
of pseudoreplication: species means more closely matched those in the preferred
analysis on marked individuals. So, large samples of unmarked individuals should
minimize the effects of individual variation, overcome the effect of pseudoreplica-
tion, and may be suitable for species-level comparisons of perch selection. Other
behaviors, of course, may show greater individual variation and may be affected by
pseudoreplication to a greater degree.
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