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In geometric morphometrics, the extent of variation attributable to non-biological causes (i.e. measurement error) 
is sometimes overlooked. The effects of this variation on downstream statistical analyses are also largely unknown. 
In particular, it is unclear whether specimen preservation induces substantial variation in shape and whether such 
variation affects downstream statistical inference. Using a combination of empirical fish body shape data and realistic 
simulations, we show that preservation introduces substantial artefactual variation and significant non-random 
error (i.e. bias). Most changes in shape occur when fresh fish are frozen and thawed, whereas a smaller change in 
shape is observed when frozen and thawed fish are fixed in formalin and transferred to ethanol. Surprisingly, we also 
show that, in our case, preservation produces only minor effects on three downstream analyses of shape variation: 
classification using canonical variate analysis, permutation tests of differences in means and computations of 
differences in mean shape between groups. Even mixing of differently preserved specimens has a relatively small 
effect on downstream analyses. However, we suggest that mixing fish with different preservation should still be 
avoided and discuss the conditions in which this practice might be justified.

ADDITIONAL KEYWORDS: ethanol – fluid preservation – formalin – freezing – geometric morphometrics – 
measurement error – morphometrics.

INTRODUCTION

Geometric morphometrics has developed into 
a mature, standard set of tools for quantitative 
morphological studies, which combines statistical 
rigour and ease of visualization (Adams et al., 2004; 
Zelditch et al., 2004). As a result of its extreme power 
in detecting even subtle variation in morphology, 
geometric morphometrics is the method of choice 

when investigating variation both among and within 
species (e.g. Cardini, Jansson & Elton, 2007; Fruciano 
et al., 2011a,b, 2016a; Jojić et al., 2012; Tamagnini 
et al., 2017). However, the power of revealing subtle 
biological variation also allows the detection of 
variation that has non-biological causes. In other 
words, part of the variation captured is ‘measurement 
error’. Measurement error (the deviation of a measured 
quantity from its true value) is ubiquitous in science 
and is certain to affect geometric morphometric 
data (for a recent review on the topic, see Fruciano, 
2016). Sources of error are disparate and include, *Corresponding author. E-mail: carmelo.fruciano@ens.fr
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for instance, positioning of the specimens under the 
camera in two-dimensional morphometrics (Arnqvist 
& Mårtensson, 1998; Fruciano, 2016), variation 
attributable to the flexibility of soft tissue (Glasbey 
et al., 1995; Valentin et al., 2008) and variation among 
devices and operators (Fruciano et al., 2017; Daboul 
et al., 2018; Marcy et al., 2018).

An overlooked potential source of measurement 
error is the preservation of hard and soft tissues. 
Studies on the effect of tissue preservation (defined 
here to include a range of techniques, such as short-
term storage by freezing, fixation in formalin, long-
term storage in ethanol or other alcohols) to date 
have produced discordant results. For instance, in the 
specific case of preservation of the external morphology 
of fish, some studies have described significant effects 
of preservation by freezing and/or long-term storage in 
ethanol (e.g. Berbel-Filho et al., 2013; Martinez et al., 
2013; Vergara-Solana et al., 2014), whereas others 
have claimed no effect of preservation (Hood et al., 
2000; Gaston et al., 2013; Larochelle et al., 2016).

The discrepancy among these studies can be 
explained not only by different preservation media 
or interspecific variation, but more worryingly, by 
the use of inappropriate statistical methods. It has 
been noticed (Fruciano, 2016) that many studies on 
measurement error (and on the effect of preservation in 
particular) use methods designed to test for differences 
between independent groups of observations on 
data collected with a repeated-measures design (i.e. 
treatment–control). For instance, a typical approach 
is to use canonical variate analysis/discriminant 
function analysis (CVA/DFA) and permutation tests 
for differences in means based on Procrustes distances 
on the same fish before and after preservation (e.g. 
Berbel-Filho et al., 2013; Martinez et al., 2013). Other 
studies (e.g. Gaston et al., 2013) inappropriately use 
univariate methods to study change in multivariate 
shape data. The effect of preservation has important 
practical implications, because research on the ecology 
and evolution of fish is carried out on fresh specimens 
and, especially in museums, on fish preserved using 
a handful of preservatives, such as formalin, ethanol 
and isopropanol. It is well known that all these 
preservatives can cause shrinkage in fish (Leslie 
& Moore, 1986; Greszkiewicz & Fey, 2018), which 
is particularly pronounced for larval stages but is 
also evident in juveniles and adults (Kristoffersen & 
Salvanes, 1998; Kruse & Dalley, 1990; Paradis et al., 
2007). The first question is then, whether this shrinkage 
is isometric (i.e. the fish is affected uniformly and 
therefore, although its size decreases, its shape is not 
affected) or not (i.e. shrinkage causes a change of both 
size and shape). In general, although not all previous 
studies agree, it is fair to expect that shape is affected 

by preservation. If this reasonable expectation were 
confirmed, the main question would not be whether 
measurement error attributable to preservation is 
present, but how large it is in comparison to other 
biological and non-biological sources of variation and 
whether it affects downstream analyses. This includes 
the topic of whether specimens subjected to different 
preservation can be included in the same analysis 
and whether certain preservation techniques are 
preferable to others.

Here, we use real data of fish photographed before 
and after preservation and digitized by multiple 
operators, in addition to empirically informed 
simulations, to test for and quantify measurement 
error attributable to preservation. More importantly, 
we also test for the effects of this artefactual variation 
on commonly used downstream statistical analyses. 
In particular, we demonstrate that: (1) variation 
associated with preservation is substantial; (2) 
variation induced by preservation can be non-random; 
(3) using a preservative as opposed to fresh fish does 
not diminish correct classification rates in discriminant 
function analysis; (4) mixing fish after different 
methods of preservation produces, in principle, minor 
effects on comparisons between groups of individuals 
(both classification and analyses of differences in 
mean shape); and (5) the lack of effect of preservation 
on downstream analyses can be explained by the 
fact that, in our study system, the variation in shape 
induced by preservation is not parallel to the variation 
in shape between groups.

MATERIAL AND METHODS

Empirical data

The empirical data used here are derived from the 
dataset of Fruciano et al. (2014), originally used for 
a study of phenotypic and genetic variation in brown 
trout (Salmo trutta Linnaeus, 1758/Salmo cettii 
Rafinesque, 1810, sampled at four streams in Sicily, 
Italy; for an overview of nomenclatural complexities, 
please see Kottelat, 1997; Kottelat & Freyhof, 2007). 
Further information on sampling can be found in 
the original study, which was performed on living 
specimens photographed in the field using a copy stand. 
Although some fish were released, others (collected at 
the streams Anapo and Cassibile) were euthanized 
and brought to the laboratory. There, they were first 
frozen, then thawed, fixed in 10% formalin and then 
preserved in 70% ethanol. Fixation in 10% formalin 
followed by preservation in 70% ethanol is a common 
treatment to preserve fish in museums and other 
institutions. Pictures of these fish were taken after 
thawing and after preservation in ethanol. For each 
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of these specimens (Anapo, N = 17; Cassibile, N = 35), 
then, we had pictures at three time points (which will 
be referred to as ‘treatments’ or ‘preservations’): (1) 
fresh in the field; (2) after freezing and thawing; and 
(3) after fixation and preservation. For a subset of 40 
fish, information on sex, obtained via dissection and 
gonadal inspection, was also available (24 females and 
16 males).

On this dataset of pictures, each of the authors except 
C.F. (who will be referred to as ‘operators’), as part of the 
activities of the course in ‘geometric morphometrics’ 
delivered by C.F. (and organized by Physalia Courses, 
http://www.physalia-courses.org), digitized a set of 17 
points (Fig. 1) comprising landmarks, semi-landmarks 
and ‘helper points’ (these are points around the eye, 
which are used to aid generalized Procrustes analysis, 
but are then discarded in the subsequent analyses; 
Zelditch et al., 2004; Fruciano et al., 2016b; Chiozzi 
et al., 2018; Raffini et al., 2018). In total, the full dataset 
comprises 1092 point configurations (52 specimens × 
three treatments × seven operators).

The digitized dataset was iteratively checked by 
C.F. (i.e. an independent observer) for obviously 
misplaced/swapped points, by eye and with the aid 
of the procedure for the identification of outliers 
implemented in MorphoJ (Klingenberg, 2011).

Configurations of points were superimposed using a 
generalized Procrustes analysis with sliding of semi-
landmarks (Bookstein, 1997) in tpsRelW (Rohlf, 2015), 
using the minimization of the Procrustes distance 
as a criterion. As we performed some analyses on 
subsets and composites of the original data, each 
time a statistical analysis was performed on a 
different dataset, a generalized Procrustes analysis 
was repeated on only the specimens included in the 
analysis, using the R package geomorph (Adams & 
Otárola-Castillo, 2013).

corrEction of body arching

Dorsoventral arching in fish is a well-known source of 
measurement error (Glasbey et al., 1995; Valentin et al., 
2008; Fruciano, 2016). For this reason, we performed 

some analyses both before and after correcting for this 
source of error, and some analyses after correction, 
as needed. For correction, we used the procedure 
proposed by Valentin et al. (2008), with functions 
from the R package GeometricMorphometricsMix 
(Fruciano, 2018). This procedure consists of explicitly 
modelling artefactual variation using a few specimens 
purposefully bent to reproduce the artefactual 
variation, then taking the first principal component 
of the variation thus modelled and removing this 
variation from the data using Burnaby’s procedure 
(Burnaby, 1966). To ensure that no specimen influences 
the final model disproportionately, we check that the 
angles between the first principal component obtained 
from each fish model are not too large, and if they are 
not, these models (i.e. the first principal component 
across multiple fish models) are averaged. Here, we 
applied this procedure on the same model fish as in 
the original study (Fruciano et al., 2014), with a few 
variations.

The first variation is the use of ordinary Procrustes 
analysis (Gower, 1975), applied using the R package 
shapes (Dryden, 2018), to each model set using the mean 
of the sample as reference. One of the advantages of this 
approach, in comparison to subjecting both sample and 
models to a common generalized Procrustes analysis, 
is that the configurations of points corresponding to 
the models (i.e. purposefully bent fish) do not influence 
the alignment of specimens in the sample.

As a second variant of the procedure to remove 
body arching, we used common principal component 
analysis (Flury, 1984) across multiple models 
to obtain a general model (i.e. a single common 
principal component) instead of taking averages of 
individual principal components, as done previously 
in other studies (Valentin et al., 2008; Fruciano et al., 
2011a; 2012; 2014; 2016a; Franchini et al., 2014). 
The common principal component across multiple 
models was computed using the stepwise method 
(Trendafilov, 2010), as implemented in the R package 
cpca (Ziyatdinov et al., 2014). This step circumvents 
the need for reverting axes with angles > 90° (the 
direction of principal components is arbitrary), but it 
is otherwise unlikely to affect the procedure.

An overview of the questions addressed in this 
study, the methods used to address them and the main 
results is provided in Table 1.

how doEs prEsErvation comparE with othEr 
sourcEs of variation?

To address this question, we performed a series 
of Procrustes ANOVAs (Klingenberg & McIntyre, 
1998; Klingenberg et al., 2002), using ‘treatment’, 
‘specimen’ and ‘river’/‘sex’ as factors. This allowed us 
to gauge the relative contribution of various sources of 

Figure 1. Configuration of points used in the morphometric 
analyses of body shape. Blue circles represent landmarks, 
green squares semi-landmarks and red pentagons ‘helper’ 
points.
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biological and non-biological variation. In addition, we 
computed repeatability (Arnqvist & Mårtensson, 1998; 
Fruciano, 2016) using the mean squares from single-
factor Procrustes ANOVA, as suggested by Fruciano 
(2016). Repeatability is a measure of the variability of 
repeated measures of the same specimens relative to 
variation among specimens (i.e. biological variation). 
Repeatability takes values between zero and one; the 
closer to one, the more similar the repeated measures, 
hence the smaller the measurement error relative 
to biological variation (Arnqvist & Mårtensson, 
1998; Fruciano, 2016). We performed these analyses 
both before and after correction for body arching, in 
order to gauge whether this correction substantially 
influenced the relative contribution of other sources of 
measurement error.

To explore the variation attributable to preservation 
relative to biological variation, we also performed 
a principal component analysis (PCA) and a plot of 
shape differences between rivers. To perform this 
analysis, we first averaged by specimen–preservation 
combination (thereby removing variation between 
operators), then we regressed the configuration of 
points thus obtained on body centroid size and used 
the residuals in the PCA. This is the level of analysis 
most similar to a typical biological study, where 
allometric variation is often not of interest. To plot the 
average shape of one river against the other, we first 
averaged by specimen (thereby removing variation 
between operators and preservation), then performed 
a regression on body centroid size, and finally, used the 
residuals to compute the average shape.

doEs prEsErvation introducE bias?

To test whether preservation introduces bias (non-
random variation in mean shape), unlike many previous 
studies, which incorrectly used methods designed for 
independent groups of observations (see discussion 
by Fruciano, 2016), we performed tests of differences 
in mean shape based on repeated-measures designs. 
Specifically, we tested for differences in mean shape 
between pairs of treatments using Hotelling’s T2, as 
typically applied to repeated measures (i.e. testing the 
null hypothesis that the difference between repeated 
measures is zero and using a transformation to an 
F-statistic to compute significance) and implemented 
in GeometricMorphometricsMix (Fruciano, 2018).

To explore variation between preservations, we 
also performed a PCA on the data obtained by first 
averaging across operators and then computing 
residuals from specimen means. This approach 
(Fruciano et al., 2017) removes biological variation, 
meaning that variation attributable to error can be 
visualized better in exploratory plots. On the same 
data, we also computed the average shape for each of 

the treatments in order to visualize variation between 
preservations.

Finally, we also address the question of whether the 
shape changes attributable to preservation are the 
same for different preservations and the same as the 
variation in shape between rivers. To address this, we 
computed the pairwise angles of the vectors of shape 
differences between preservations. For instance, the 
vector of shape differences between fresh and frozen/
thawed fish can be compared with the vector of shape 
differences between frozen/thawed and formalin/
ethanol treatments by computing the angle between 
them. We also computed the angle between each of 
the vectors of differences between preservations and 
the vector of differences between rivers, obtained as 
described at the end of the previous subsection. Given 
that angles of multivariate vectors tend to become large 
as dimensionality increases (Cai et al., 2013), we use a 
test of significance (Li, 2011; Klingenberg & Marugán-
Lobón, 2013), which takes into account dimensionality 
(in this case, a ‘significant’ test means that the two 
vectors are similar enough to be considered parallel).

arE thErE diffErEncEs in corrEct 
classification attributablE to opErator or 

prEsErvation?

To investigate whether variation among operators 
or preservation media could affect the results of a 
common downstream analysis, canonical variate 
analysis/discriminant function analysis (CVA/DFA), 
we used cross-validated correct classification (i.e. 
the percentage of cases correctly classified by the 
CVA/DFA) as a measure of performance. For this 
analysis, we split the complete dataset into individual 
subsets for each unique combination of operator and 
preservation (seven operators × three treatments = 21 
subsets containing the same fish from two sampling 
sites). For each of these datasets, we performed a 
separate generalized Procrustes analysis followed 
by a CVA/DFA with leave-one-out cross-validation 
in the R package Morpho (Schlager, 2017). This 
analysis returns, then, 21 values of percentage correct 
classification (one per subset), whose variation can 
then be visualized and assessed using an ANOVA 
(with ‘operator’ nested within ‘treatment’) to gauge the 
relative importance of operator and preservation on 
this downstream analysis. We performed this analysis 
using as grouping factors ‘river’ and, for the subset of 
sexed specimens, ‘sex’.

To explore the effect of preservation on correct 
classification further, we took averages by treatment 
across all operators (therefore removing variation 
attributable to operator) and performed separate 
CVAs/DFAs with cross-validation. We performed this 
analysis both simply using CVA/DFA with either ‘river’ 
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or ‘sex’ as a grouping factor, and first correcting for 
variation attributable to sex and then performing the 
CVA/DFA using river, as in the original study (Fruciano 
et al., 2014). Given that not all fish were sexed, here, as 
in the original study, to remove variation attributable 
to sex we first computed a vector of differences between 
sexes (using a between-group PCA in Morpho) and then 
projected data for all fish (both sexed and unsexed) to 
the subspace orthogonal to this vector. This is the same 
approach used to remove body arching (see above).

doEs mixing spEcimEns from diffErEnt 
trEatmEnts affEct corrEct classification?

For this analysis, we focus on the three datasets (one per 
treatment) obtained by averaging data across operators 
and only on the comparison between rivers (because 
more data were available for them). To mimic mixing 
of samples from the same biological populations with 
different preservations, we generated random samples 
using stratified sampling. In particular, each random 
sample contained all of the specimens, and each specimen 
was present only once. This, in addition to avoidance 
of unrealistic replication of the same specimens, has 
the benefit of maintaining the relative sample sizes of 
the two locations (rivers). Specimens were also taken 
for each two-preservation combination in approximate 
proportions of one-third, one-half and two-thirds (e.g. 
one-third field and two-thirds formalin/ethanol; half and 
half; two-thirds field and one-third formalin/ethanol). For 
each combination of proportions and preservation (three 
preservation combinations × three proportions = nine 
different combinations), we generated 1000 random 
samples. Each random sample was subjected to 
generalized Procrustes analysis, a regression on body 
centroid size (a preliminary analysis revealed non-
significant interactions of body size and river/sex) and 
a CVA/DFA with leave-one-out cross-validation on the 
residuals. In other words, on each random sample we 
performed a typical analysis aimed at classification in 
studies of ecology and evolution. For all these samples, 
we also repeated the same analyses including a step 
where the sexed specimens in the sample were used to 
remove variation attributable to sex (see above) before 
the CVA/DFA between rivers.

doEs mixing spEcimEns from diffErEnt 
trEatmEnts affEct diffErEncEs in mEans?

Testing whether the mean shape is different between 
two groups (i.e. whether two groups are different), 
what is the difference in mean shape between two 
groups (i.e. how two groups differ), and whether we 
can classify individuals in two groups reliably are 
three distinct, but related, questions. The previous 

section covers whether mixing specimens from 
different preservation affects correct classification. 
This section covers the other two questions, using 
the same random samples as in the previous section 
(both correcting for sex and not). For simplicity, only 
the datasets where two preservations were mixed in 
equal proportions are considered here. The question 
of whether two groups are different is investigated 
by subjecting each of the random samples (after 
alignment and obtaining residuals of the regression 
on body size) to a test of difference in means based 
on Procrustes distance, as implemented in Morpho. 
Given that the original comparisons between rivers 
are significant for each of the preservation modes 
separately (as in the original study based on a larger 
sample size), computing the proportion of significant 
tests (at the 5% significance threshold) in the mixed 
samples equates to asking whether mixing fish with 
different treatments appreciably influences the 
statistical power of the test.

To investigate whether the difference in mean 
shape between groups (here, rivers) is affected by 
mixing specimens from different preservations, we 
use between-group PCA (Boulesteix, 2005) and tests 
of the angle between multivariate vectors (Li, 2011), 
as implemented in Morpho. Between-group PCA is 
an ordination technique that has gained popularity 
in geometric morphometrics (e.g. (Firmat et al., 2012; 
Franchini et al., 2014, 2016; Fruciano et al., 2014, 
2016b, 2017; Schmieder et al., 2015; Chiozzi et al., 
2018; Raffini et al., 2018) because of its properties, 
such as the fact that it does not exaggerate the 
degree of separation between groups, as CVA scores 
do (Mitteroecker & Bookstein, 2011). However, 
given that we have only two groups, between-group 
PCA here is merely a convenient way to compute 
vectors of differences in means between rivers. We 
can then compare the direction of these vectors 
(which describe how the shape changes between the 
rivers): (1) between datasets obtained under different 
preservations; and (2) between each random dataset 
obtained by mixing fish from two preservations 
and the original datasets with fish from a single 
preservation. As above, we use a test of significance 
(Li, 2011; Klingenberg & Marugán-Lobón, 2013), 
which takes into account dimensionality.

RESULTS

how doEs variation attributablE to 
prEsErvation comparE with othEr sourcEs of 

variation?

Computing repeatability with the mean squares from 
a Procrustes ANOVA (as suggested by Fruciano, 2016) 
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performed using the individual fish as the only factor 
(therefore pooling all variation attributable to both 
treatment and operator as residual variation), results 
in a low repeatability of 0.46 in the analysis without 
correction for body arching and 0.45 when accounting 
for body arching. Performing a Procrustes ANOVA 
with multiple factors reveals, without correction for 
body arching, that ~32.8% of variance is accounted for 
by preservation (treatment) and ~19.1% by operator. 
Biologically based variation among rivers accounts for 
a mere 4.3% of total variance (Supporting Information, 
Table S1). Restricting this analysis to sexed fish does not 
substantially alter the conclusions, because sex accounts 
for only 2.5% of total variance, much less than the 
variance explained by measurement error (Supporting 
Information, Table S1). Correcting for body arching 
does not substantially change the picture, with similar 
levels of variance attributable to preservation (28.8%) 
and inter-operator variation (23.8%) in digitization 
(Supporting Information, Table S1). The reduction in 
variance explained by preservation, going from the 
original dataset to data corrected for body arching, 
suggests that some of the variation among pictures of the 
same specimen at different time points/preservations is 
simply produced by variation in dorsoventral arching.

Performing these analyses separately for each 
preservation/time-point results in higher repeatability 
(0.65–0.71; Supporting Information Table S2). This 
is unsurprising because variation among different 
preservations was the largest factor in the combined 
analysis (Supporting Information, Table S1). Hence, 
elimination of variation attributable to preservation 
(by analysis of each preservation separately) reduces 
the variation attributable to measurement error 
(only variation among operators is left). However, it is 
interesting to notice that the three preservations had 
similar levels of repeatability (Supporting Information 
Table S2).

The exploratory analyses of variation in body shape 
attributable to preservation relative to variation due to 
sampling site (river) visually confirms the numerical 
results of Procrustes ANOVAs. In fact, a PCA on the data 
obtained after removing variation between operators 
and accounting for allometry (Fig. 2A) shows a clear 
tendency for the two rivers to differ in their score along 
the second principal component, but also some level of 
separation between preservations (that tend to differ 
in their scores along the second principal component). 
Plotting differences in mean shape after accounting for 
variation between operators and preservations, and for 
allometry (Fig. 2B), reveals that fish from Anapo have 
overall a more elongated shape than fish from Cassibile, 
and that this elongation affects most of the body, except 
for the portion posterior to the dorsal and anal fins 
and part of the frontal profile, which do not vary much 
between rivers.

doEs prEsErvation introducE bias?

Our analyses unequivocally show that preservation 
introduces bias (i.e. non-random error). In fact, we find 
significant differences in mean shape between pairs 
of treatments (Table 2). Interestingly, we notice that 
most of the change in shape (as measured by Euclidean 
distances between treatment means) is found between 
the field and the two preservations (~0.018–0.022; 
Table 2), whereas the difference in shape between the 
two preservations, although still significant, is much 
smaller (~0.009; Table 2). Furthermore, a careful 
examination of Euclidean distances between treatment 
means reveals how the second stage of preservation 
brings the average shape farther away from the one 
observed in the field.
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Figure 2. Exploratory analysis of variation attributable 
to river and preservation. A, scatterplot of the scores along 
the first two principal components (PC1 and PC2) obtained 
on the dataset after removal of variation attributable to 
operators and allometry. B, variation between rivers (three 
times more extreme than the observed variation between 
means) after accounting for variation attributable to 
operator, treatment and allometry.
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The exploratory analyses based on residuals from 
specimen means visually confirm these general trends. In 
fact, a scatterplot of the scores along the first two principal 
components (Fig. 3A) on the residuals from specimens 
means (obtained after averaging among operators) shows 
a roughly linear trend along the first principal components, 
with field and formalin/ethanol treatments being the 

farthest apart, and with frozen/thawed and formalin/
ethanol fish largely overlapping. The plots of variation in 
shape between preservations (Fig. 3B) show a difference 
between treatments, which tends to be localized around 
the frontal profile (i.e. between the mouth and the first 
ray of the dorsal fin) and in the ventral region, around the 
anal fin. Variation between frozen/thawed and formalin/

Table 2. Pairwise tests of bias between preservation types

Comparison Euclidean distance Hotelling’s T2 F P-value

Field vs. frozen/thawed 0.0177 762.03 7.91 1.2 × 10−5

Frozen/thawed vs. formalin/ethanol 0.0086 240.83 2.5 0.021
Field vs. formalin/ethanol 0.0223 970.7 10.08 1.9 × 10−6

Table 1. Verbal overview of the analyses and main results of the present study

Question Analysis Result

How does preservation compare 
with other sources of vari-
ation?

Procrustes ANOVAs, repeatability Variation attributable to preservation is 
larger than variation attributable to 
digitizing operator and variation attrib-
utable to biological factors (provenance 
and sex). Part of the variation between 
preservations is likely to be attribut-
able to body arching

Does preservation introduce 
bias?

Hotelling’s T2 for paired measures Preservation introduces bias (i.e. 
non-random shape change). The change 
in shape attributable to preservation is 
more pronounced between ‘fresh’ and 
preserved fish than between preserva-
tion media

Is the change in shape induced 
by preservation the same 
across different preservations 
and the same as the change in 
shape between rivers?

Angular comparisons of vectors of dif-
ferences in shape between different 
preservations and between these and 
the difference between rivers

Different preservations induce approxi-
mately the same type of change in 
shape. However, this change in shape is 
significantly different from the change 
in shape between rivers

How is correct classification 
in CVA/DFA affected by 
preservation and digitizing 
operator?

CVA with leave-one-out cross-validation 
on individual subsets of data (e.g. 
preservation/operator combinations)

Larger variation in correct classification 
rates between digitizing operators than 
between preservations

Does mixing specimens from 
different preservations affect 
correct classification in CVA/
DFA?

Generate datasets simulating mixing 
of specimens from two preservations 
and perform CVA with leave-one-out 
cross-validation on these

Mixing specimens from different 
preservations produces similar, albeit 
on average slightly lower, correct clas-
sification rates compared with either 
preservation alone

Does mixing specimens from dif-
ferent preservations affect the 
estimation of differences in 
mean shape?

Generate datasets simulating mixing 
of specimens from two preservations 
and perform tests for differences in 
means. Compute angle of the vector 
of differences in mean shape of these 
simulated datasets with the vector 
obtained with a single preservation

Negligible effect on the power of detecting 
differences in mean shape between two 
groups. The vectors of differences in 
means (i.e. describing how the shape 
changes between two groups) obtained 
by mixing fish from two preservations 
are virtually the same as the ones 
obtained from either preservative alone

Abbreviations: CVA, canonical variate analysis; DVA, discriminant function analysis.
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ethanol fish is subtle; therefore, it had to be plotted as a 
three-times-exaggerated version of the difference between 
means (Supporting Information, Fig. S1), which shows 
roughly the same variation as observed between the other 
treatments. The angular comparisons of multivariate 
vectors of shape differences confirm the exploratory 
results; all comparisons between preservation effects are 
significant (similar enough) and range between 21 and 
69° (Table 3). This means that, although the amount of 
shape change differs between time points in treatment, the 
direction (i.e. ‘how’ the shape changes) is approximately 
the same. Conversely, the angles between the vector of 
differences between rivers and each of the three vectors 
describing variation between preservations are always 
larger and never significant. This means that the variation 
induced by treatment is not the same (i.e. it is not collinear/
parallel) as the variation between rivers.

arE thErE diffErEncEs in corrEct 
classification attributablE to opErator or 

prEsErvation?

Correct classification in CVA/DFA varied substantially 
depending on the specific combination of operator 
and preservation (river, 57.7–78.8%; sex, 37.5–75%). 
Surprisingly, plotting correct classification by operator and 

by preservation shows that variation among operators is 
more substantial than variation among preservation 
treatments (Fig. 4). This pattern is more pronounced 
when CVA/DFA is performed using river as a classifier. 
Analysis of variance confirms these exploratory results, 
because preservation accounts for a mere 3.3% (river) or 
16.9% (sex) of the variation in correct classification among 
individual subsets, with most of the variation being 
accounted for by the operator (which, in this analysis, is 
considered as a term nested in preservation).

When taking averages across operators, therefore 
retaining only variation among preservations, we 
obtained different results for the CVA/DFA using 
river and sex as classifiers. When using river, the 
field dataset obtained the highest cross-validated 
correct classification (75%, against 67.31 and 
69.23% for the dataset frozen and thawed and the 
dataset fixed in formalin and preserved in ethanol, 
respectively). However, when using sex as classifier, 
the field dataset performed worst (57.5%, against 
67.5% for the other two datasets). Performing the 
CVA/DFA using river as the grouping variable 
after removing the effect of sex gave slightly better 
correct classification rates (78.8% for the field 
dataset, 73.1% for the formalin/ethanol dataset 
and 69.23% for the frozen/thawed dataset).
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Figure 3. A, scatterplot of the scores along the first two principal components (PC1 and PC2) obtained after averaging 
among operators and taking residuals from specimen means, meaning that variation attributable to preservation appears 
more evident along the first two principal components. B, plot of shape differences between preservations. Each shape 
represents the average shape for that preservation, after removal of variation between operators and between specimens.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/188/1/148/5549767 by guest on 26 N

ovem
ber 2021



156 C. FRUCIANO ET AL.

© 2019 The Linnean Society of London, Zoological Journal of the Linnean Society, 2020, 188, 148–162

doEs mixing spEcimEns from diffErEnt 
trEatmEnts affEct corrEct classification?

We do not find any obvious pattern related to the 
proportion of each preservation treatment in the dataset 
(Fig. 5). Surprisingly, we do not find radically different 
correct classification when mixing specimens from two 
preservations in comparison to either preservation 

alone (Fig. 5). In fact, we obtain (on average) 68.4–
68.7% correct classifications when mixing frozen/
thawed fish and fish that have been treated with 
formalin/ethanol, 66.4–68.1% when mixing frozen/
thawed and field fish and 63.3–69.7% when mixing 
field and formalin/ethanol-preserved fish. Typically, 
however, mixing fish from different preservations 
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Figure 4. Correct classification rates in canonical variate analysis/discriminant function analysis (CVA/DFA) across 
treatment/operator combinations. These are results of individual CVA/DFA analyses with leave-one-out cross-validation, 
classifying by either river or sex. The correct classification rates obtained for individual treatment/operator subsets are then 
grouped by either treatment (A) or operator (B).

Table 3. Pairwise tests of angles between multivariate vectors of shape change

Field vs. 
frozen/thawed

Frozen/thawed vs. 
formalin/ethanol

Field vs. for-
malin/ethanol

Anapo vs. 
Cassibile

Field vs. frozen/thawed  0.018 1.86 × 10−16 0.06
Frozen/thawed vs. for-

malin/ethanol
69.17  5.54 × 10−6 0.37

Field vs. formalin/ethanol 21.17 48  0.14
Anapo vs. Cassibile 74.63 86.75 79.11  

Below the diagonal, angles in degrees; above the diagonal, P-value (a ‘significant’ P-value, in bold, means that two vectors are sufficiently similar to 
each other).
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Figure 5. Effect of mixing fish from different preservations in the same canonical variate analysis/discriminant function 
analysis (CVA/DFA). For each pair of treatments, we plot the effect of mixing fish from the two preservations in different 
proportions on leave-one-out correct classification rates. The solid horizontal line refers to the correct classification obtained 
using only the first of the two preservations being compared (e.g. for panel A, frozen and thawed fish). The dashed line refers 
to the correct classification obtained using only the second of the two preservations being compared (e.g. for panel A, fresh 
fish being photographed in the field).
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results, on average, in correct classifications similar 
to the worst of the two preservations alone (Fig. 5). 
Furthermore, although on average mixing fish from 
two preservations produces similar levels of correct 
classification to either preservative alone, individual 
random samples obtained by mixing fish from two 
different treatments show a wide range of correct 
classification rates (46.1–90.4%), which does not seem 
to be exacerbated by unequal proportion of the two 
preservatives (Fig. 5). We obtain similar results when 
removing variation attributable to sex before the CVA/
DFA (Fig. 5D–F).

doEs mixing spEcimEns from diffErEnt 
trEatmEnts affEct diffErEncEs in mEans?

All tests of difference in mean shape based on 
Procrustes distance after correcting for allometry on 
mixed samples are significant (power = 1), except for 
a single sample mixing fish from the field and from 
the formalin/ethanol treatment in equal amounts 
(power = 0.999). The power is lower, but still extremely 
high, when correcting for sex (power mixing frozen/
thawed and formalin/ethanol 0.959; mixing frozen/
thawed and field fish 0.968; mixing formalin/ethanol 
and field 0.952).

The between-group PCA vectors (interpretable 
as vectors of differences in mean shape between the 
two rivers) computed for each preservation separately 
have small angles (22.8–29.0°), which are always 
significant (in this case, meaning that they are small 
enough to be considered parallel). Surprisingly, all the 
vectors obtained by mixing fish from two preservations 
have significantly small (all P < 0.05) angles with the 
vectors obtained by using either preservation alone.

DISCUSSION

In this study, we examine the effect of preservation 
on fish body shape. In particular, by use of the most 
current and appropriate methods for the analysis 
of measurement error in geometric morphometrics 
(Fruciano, 2016), we: (1) quantified the variation 
introduced by preservation and how that compares 
with other artefactual sources of variation; (2) clarified 
that preservation does introduce bias (i.e. variation 
in mean shape, as opposed to simple random error); 
(3) quantified the effects of preservation on a typical 
downstream analysis (classification); and (4) gauged 
the effect of mixing fish subject to multiple types of 
preservation in a single study.

Overall, our results reveal that preservation can 
be a significant source of artefactual variation, 
but that in certain cases the consequences of this 
error can be considered limited. In detail, our 

computations of repeatability and Procrustes ANOVAs 
of our intraspecific dataset show higher variation 
attributable to preservation than to both digitization 
error and biological causes (sexual dimorphism and 
variation between sampling sites). Clearly, our results 
are, in part, specific to the scale of investigation 
carried out in this study. In particular, it is generally 
safe to assume that, as true biological variation 
becomes larger, the effect and relative contribution of 
error becomes lower (Fruciano, 2016; but see Fruciano 
et al., 2017). Therefore, a study investigating the same 
species at a larger geographical scale could have 
found a lower proportion of variation attributable 
to preservation compared with biological variation. 
However, the dependence of results on the scale of 
investigation is largely unavoidable in those studies 
of measurement error which focus on relative error 
(i.e. on artefactual variation relative to biological 
variation). These studies are, nonetheless, more useful 
in biology compared with studies on absolute error 
(Fruciano, 2016), which measure absolute differences 
from a ‘true’ shape (for instance, in millimetres). The 
dataset used here is an intraspecific dataset from a 
limited geographical area and therefore with relatively 
small biological variation. However, both the present 
study and an earlier larger study with more collection 
sites have documented significant differences between 
sampling sites (Fruciano et al., 2014).

On the one hand, when correcting for body arching, 
the proportion of variance explained by preservation 
becomes lower and similar to the variance attributable 
to digitizing operator. On the other hand, the 
proportion of variation attributable to biological 
causes is similar whether one corrects for body arching 
or not. The difference in results between accounting 
and not accounting for body arching reveals that a 
non-trivial part of the variation that otherwise would 
be attributed to preservation per se can be attributed 
to body arching. This is an important point, because 
this variation attributable to body arching can, in 
turn, depend on preservation itself (e.g. preserved 
fish stored in jars tend to bend) or on the effect of the 
operator placing the specimen in a slightly different 
way when taking a new picture. With our dataset, it 
is not possible to tease these two potential sources of 
variation apart, because we have a single picture per 
preservation. Future studies could investigate, both in 
general and specifically with regard to body arching, 
the size of the variation attributable to preservation 
relative to variation attributable to presentation (i.e. 
placement of each specimen under the camera).

We also document how different preservations have 
similar levels of repeatability, when this is computed 
separately for each preservation. This means that 
different preservations do not intrinsically introduce 
different levels of artefactual variation. If anything, 
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we find that repeatability is lowest (although by a 
small margin) for the specimens photographed in 
the field. Given that the only source of variation in 
these analyses is the digitizing operators, this can be 
explained with a certain variability of lighting and 
picture quality for the pictures in the field, which 
induces some variability of interpretation among 
operators. Such variability is absent in the two 
preserved samples, because the laboratory lighting 
was standardized using lamps (which could not be 
used in the field owing to the absence of a reliable 
source of electrical power).

Another important result is that we document 
unequivocally how preservation introduces significant 
bias. This was somewhat controversial, because certain 
studies have documented variation in average body 
shape among preservations of the same fish (Berbel-
Filho et al., 2013; Martinez et al., 2013; Vergara-Solana 
et al., 2014), whereas others have claimed no such 
effect (Hood et al., 2000; Gaston et al., 2013). Provided 
that our results can document only the effect of the 
preservation conditions that we have tested, and there 
might be preservatives that do not produce significant 
bias in body shape, we believe that a potential source 
of discrepancy among previous studies is the fact that 
many studies have used inappropriate statistical 
approaches. In particular, several previous studies 
(e.g. (Berbel-Filho et al., 2013; Martinez et al., 2013) 
have used permutation tests where each observation 
of one treatment could be exchanged with any other 
observation of the other treatment. This approach is 
appropriate for groups of independent observations 
(e.g. two populations of the same species), but incorrect 
for repeated measurements of the same subjects 
(Fruciano, 2016). Here, using parametric testing, 
we find that different preservations have slightly 
different mean shape. In other words, preservation 
induces significant bias. In our case, the largest shift 
in average shape occurs between preserved and fresh 
specimens, whereas differences between preservations 
are smaller. However, the second preservation (formalin 
fixation followed by ethanol preservation) pushes 
shape farther away from the ‘fresh’ shape relative to 
the first preservation (freezing and thawing). Also, our 
tests of the angles between vectors of shape change 
across preservations reveal that variation between 
preservations is approximately the same in direction. 
That is, although the amount of variation in shape 
between fresh and frozen/thawed fish is larger than 
the amount observed between frozen/thawed and 
formalin/ethanol preservations, the way in which the 
shape changes is approximately the same.

Future studies should investigate whether fixation 
and preservation directly from fresh specimens 
without an intermediate freezing step still induces 
smaller changes than freezing and thawing fish. This 

is not obvious, because many factors can play a role in 
the amount of change in shape produced. For instance, 
it has been hypothesized that muscular contractions 
associated with death, rather than freezing per se, 
might be responsible for changes in shape between 
fresh and frozen fish (Valentin et al., 2008).

Both the presence of elevated measurement error 
and the presence of significant bias are, by themselves, 
a reason for concern with regard to the effects of 
preservation on empirical work. However, the mere 
fact that a large amount of variation attributable to 
non-biological causes is present does not necessarily 
imply that this artefactual variation causes problems 
in downstream analyses.

Here, we specifically intended to gauge the effect of 
preservation on comparisons among groups defined 
a priori, more specifically on classification and 
computation of differences in means. On analysis 
of the results of CVA/DFA across operators and 
treatments, we found substantial variation in correct 
classification (~58–78% for classification by river; ~38–
75% for classification by sex). Surprisingly, most of the 
variation in classification rates was attributable to 
variation among operators. This means that different 
operators, digitizing the same pictures, produced a 
wide range of correct classification rates. It is possible 
that variations in the way an operator ‘interprets’ 
landmark definitions interact with small sample sizes 
to either increase or decrease correct classification 
artificially. For instance, if a given operator consistently 
makes the same ‘mistake’ in interpretation for, say, ten 
specimens of one population but only two of another, 
it is possible that this non-biological variation will be 
incorporated into the classification model, artificially 
inflating the apparent correct classification. In this 
case, leave-one-out cross-validation would still detect 
an artificially inflated correct classification, because 
in leave-one-out cross-validation, as the name implies, 
only one observation at a time is removed. Otherwise, 
when the same ‘mistake’ is spread more evenly across 
the two populations, these simply become underlying 
‘noise’, making it harder for the model to work, and 
resulting in lower correct classification rates.

These results and interpretations should induce 
caution when comparing correct classification rates 
across studies and/or when interpreting correct 
classification rates in the presence of small sample 
sizes. Given that the data used here were digitized in 
the context of a course in geometric morphometrics, 
one possible interpretation is that variation among 
operators can be produced by lack of experience. 
However, we think that this interpretation is not 
correct. First, we did not observe any obvious 
pattern of association of correct classification and 
prior experience (some of the participants had prior 
experience in digitizing landmarks, whereas others 
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had no prior experience). Second, we note how in 
the present study the levels of measurement error 
associated with preservation are higher than the 
levels attributable to digitizing operator (see above), 
meaning that this discrepancy is instead specific to 
correct classification rates.

In contrast to the surprising variation in correct 
classification attributable to operator, correct 
classification rates across preservations are relatively 
homogeneous. Removal of variation among operators 
by averaging still produces relatively similar 
classification rates, which are inconsistent across 
analyses (by river and by sex). This means that a 
certain preservation, by itself, does not improve or 
hamper the results of classification.

Another surprising result comes from our analysis 
of how mixing fish from different preservations 
can affect the outcomes of comparisons among 
groups. Considering how large measurement error 
attributable to preservation is relative to biological 
signal, one would expect that mixing fish from 
different preservations would result in much lower 
correct classification. Instead, although we find 
that mixing fish from different preservations does 
indeed deteriorate correct classification relative to 
classification using a single preservative, we also find 
that this effect is not particularly pronounced. We also 
document how the direction of shape change identified 
as the difference of two means (i.e. how the mean shape 
changes between rivers) remains approximately the 
same when mixing fish from different preservations. 
This would suggest that one can mix fish from different 
preservations and suffer no serious consequences in 
terms of the ability to describe how two groups differ 
and only minor loss of ability to classify observations 
in the two groups. However, we also notice a wide 
range of correct classification rates when mixing 
fish from different preservation media. Thus, on 
average mixing fish from different preservations 
might perform slightly worse than using fish from a 
single preservation method, but this practice entails a 
substantial risk of undesirably low (or artificially high; 
see above for an explanation) correct classification 
rates. We also notice how our analyses of the effect 
of mixing fish from different preservations, although 
realistic because they are based on real data, cover the 
situation in which mixing is random with respect to 
the biological grouping variable of interest (river, sex). 
Clearly, given that we have documented a significant 
bias, if the mixing of preservations were not random 
between groups, variation attributable to preservation 
would be included in the computation of means and in 
the classification model.

Finally, our tests of angles between multivariate 
vectors provide an explanation as to why mixing 
fish from different types of preservation does not 

seem to affect the results of downstream analyses 
(classification, difference in mean shape between 
rivers). In fact, our results show that, although 
changes in shape induced by multiple preservations 
are approximately in the same direction, this direction 
is different from the change in shape between the 
two rivers. This means that, although preservation 
affects shape, shape variation between sampling 
sites is largely unaffected by preservation, and this 
direction of shape variation is correctly ‘picked up’ 
by the downstream analyses comparing the two 
rivers. Clearly, such a pattern does not necessarily 
hold for other species or for comparisons across other 
geographical areas. For instance, the total amount of 
fat or, more importantly, its distribution in the body of 
the fish might influence how preservation affects body 
shape (Larochelle et al., 2016). Likewise, variation 
between sites could, for biological regions, be parallel 
to variation induced by preservation.

For these reasons, although our results are somewhat 
reassuring in terms of the potential effect of mixing 
fish preserved using different methods, we strongly 
discourage this practice because of its inherent risks. 
Considering our results more globally, we think that to 
be able to mix specimens from different preservation 
media in the same study aimed at comparing groups 
(classification and tests of differences in group means) 
one would have to: (1) make sure that the mixing is 
random with respect to the biological variable of 
interest; (2) ensure that sample sizes are large enough 
to avoid error interacting with small sample sizes; (3) 
test the effect of preservation on a smaller subsample 
of the same species/clade; and (4) perform multiple 
approaches to cross-validation (e.g. both leave-one-out 
and k-fold cross-validation).

Further studies will be useful to confirm the 
generality of our findings by applying similar 
statistical techniques to different species and 
different preservatives and investigating the issue of 
preservation at a broader phylogenetic scale.
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site:

Figure S1. Difference in shape between frozen/thawed and formalin/ethanol fish plotted as a three-times 
exaggerated version of the difference between means.
Table S1. General Procrustes ANOVAs, relating biological variation with variation among preservations and 
operators.
Table S2. Procrustes ANOVA analyses performed separately for each preservation treatment.
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