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Abstract
Sperm cells are variable both within and among species. To be able to accurately measure sperm cells and understand their 
function, it is important that sperm cells are preserved in a manner that maintains their structural integrity. Formalin is a 
widely used fixative and storage medium for sperm cells, but few studies have examined the effect of fixation and long-
term storage on their morphological integrity. Ethanol is also a common fixation and storage agent for tissue samples, and 
here we examine if fixation and storage in formalin or ethanol alters sperm cell size and structural integrity. We found no 
significant effects of the fixation process on fresh sperm cells fixed in formalin or ethanol. Further, there were no consistent 
length changes in sperm cells stored in formalin or ethanol over a period of 227 days, or in sperm cells stored in formalin 
for three years. A comparison across 13–14 years of storage time showed a small but significant reduction in sperm cell 
length of 0.93%. Furthermore, sperm cells initially fixed in formalin remained quite stable in dry storage on glass slides for a 
minimum of six months (we found a mean reduction in sperm cell length of 0.18% after 6 months). The proportion of sperm 
cells with head damage was, however, much higher for samples stored in ethanol than for those stored in formalin. Overall, 
70% of sperm cells had acrosome damage in ethanol versus only 3% in formalin. Finding intact sperm cells for measuring 
length, therefore, required greater effort in ethanol samples than in formalin samples. Our findings indicate that use of sperm 
cells from long-term storage for the study of sperm morphometrics is justified for either fixative, although formalin clearly 
preserves the sperm cells better.
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Zusammenfassung
Auswirkungen von Fixiermitteln und Aufbewahrungsdauer auf die Morphologie von Vogelspermien
Samenzellen sind sowohl innerhalb der Arten als auch zwischen ihnen unterschiedlich. Um Spermien genau vermessen und 
ihre Funktion verstehen zu können, ist es wichtig, die Samenzellen so zu konservieren, dass ihre strukturelle Integrität erhalten 
bleibt. Formalin ist ein weit verbreitetes Fixier- und Aufbewahrungsmittel für Spermien, aber nur wenige Studien haben die 
Auswirkungen der Fixierung und langfristigen Aufbewahrung auf ihre morphologische Integrität untersucht. Auch Ethanol 
ist ein gängiges Mittel zur Fixierung und Lagerung von Gewebeproben, und wir untersuchen, ob die Fixierung und Lagerung 
in Formalin oder Ethanol die Größe und strukturelle Beschaffenheit von Spermien verändert. Wir fanden keine signifikanten 
Auswirkungen des Fixierungsprozesses auf frische, in Formalin oder Ethanol fixierte Samenzellen. Weiterhin gab es keine 
einheitlichen Längenveränderungen bei Spermien, die über einen Zeitraum von 227 Tagen in Formalin oder Ethanol gelagert 
wurden oder bei Spermien, die drei Jahre lang in Formalin aufbewahrt wurden. Ein Vergleich über eine Lagerungszeit von 
13–14 Jahren ergab eine geringe, aber signifikante Verringerung der Spermienlänge von 0,93%. Darüber hinaus blieben 
die ursprünglich in Formalin fixierten Spermien bei trockener Lagerung auf Objektträgern für mindestens sechs Monate 
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recht stabil (nach sechs Monaten fanden wir eine durchschnittliche Verringerung der Spermienlänge von 0,18%). Der Anteil 
der Spermien mit Schäden an den Samenköpfen war jedoch bei den in Ethanol gelagerten Proben wesentlich höher als bei 
den in Formalin aufbewahrten. Insgesamt wiesen 70% der Spermien in Ethanol einen Akrosomschaden auf, während es in 
Formalin nur 3% waren. Daher war das Auffinden intakter Spermien für die Längenmessung bei Ethanolproben wesentlich 
aufwendiger als bei Formalinproben. Unsere Ergebnisse deuten darauf hin, dass die Verwendung von Spermazellen aus der 
Langzeitlagerung für die Untersuchung der Spermienmorphometrie für beide Fixierungsmittel gerechtfertigt ist, obwohl 
Formalin die Spermazellen eindeutig besser konserviert.

Introduction

Sperm cells are among the most diverse cell types known, 
showing a large variation in size and shape across the ani-
mal kingdom (Pitnick 2009; Kahrl et al. 2021). Not only are 
sperm traits variable among species and higher-level taxa, 
there is also diversity in sperm traits, especially size, at vari-
ous intraspecific levels. That is, sperm sizes vary among 
populations of the same species, among males within a pop-
ulation, among ejaculates from the same male, and among 
individual sperm within the same ejaculate (Ward 1998; 
Laskemoen et al. 2007, 2013; Pitnick 2009; Gohli et al. 
2013; Hogner et al. 2013). The documentation and analysis 
of this diversity and variability at all levels of organization 
is fundamental to our understanding of the biology of sperm. 
We need to know the structure of this diversity before we can 
fully understand the functional and developmental processes 
shaping various sperm traits, as well as how and why these 
traits evolve and diversify. A prerequisite for this research 
is access to reliable measurements of sperm traits. It is also 
scientifically valuable to have preserved reference samples 
that can be re-analyzed when necessary, like specimens in 
natural history collections (Shaffer et al. 1998; Joseph 2011; 
Holmes et al. 2016; Lifjeld 2019).

The study of sperm cells dates back to the invention of the 
microscope, and Antonie van Leeuwenhoek (1632–1723) 
described the flagellate sperm of insects, dogs and humans 
as early as 1677. The older literature is rich in detailed draw-
ings of sperm morphology in many taxa. Sperm morphol-
ogy traits have been extensively used as diagnostic traits 
in zoological taxonomy (Wirth 1984; Jamieson and Leung 
1991; Jamieson et al. 1995). In more recent years, following 
the developments in high-resolution microscopy and digi-
tal imaging, the quantitative measurements of sperm traits 
(morphometrics) have become more common and have 
facilitated more comparative, large-scale statistical analy-
ses of sperm traits (e.g. Kahrl et al. 2021). This is also true 
for birds. Recent advances in this field, in combination with 
better phylogenetic reconstructions, have shown how sperm 
size and components may evolve at different rates in differ-
ent clades and lineages (Omotoriogun et al. 2016; Supriya 
et al. 2016), and that the risk of sperm competition can be an 
important driver in the evolution of sperm traits (Eberhard 
1996; Briskie et al. 1997; Immler et al. 2012; van der Horst 

and Maree 2014; Rowe et al. 2015; Durrant et al. 2020). 
Phenotypic divergences in sperm traits have been indicated 
as playing a role in speciation processes (Cramer et al. 2016, 
2021) and in the delimitation of species (Lifjeld et al. 2016). 
However, given the fact that birds represent one of the better-
studied groups of animals, with a wealth of natural history 
information available (Billerman et al. 2020), it is notewor-
thy that there still is a large proportion of bird species whose 
sperm is yet undescribed or unknown. Part of the reason 
is presumably that natural history museums with ornitho-
logical collections have not prioritized preserving sperm as 
part of their regular collection practices. Our institution, the 
Natural History Museum, University of Oslo (NHMO), is 
one of few museums in the world with a special collection 
of preserved samples of avian sperm cells (Lifjeld 2019). 
The collection currently holds more than 13 000 samples 
of sperm from more than 700 species, mostly preserved in 
formalin (= formaldehyde in aqueous solution).

Comparative studies of sperm traits often require com-
paring samples that have been prepared in different fixa-
tives and stored for varying periods of time. Durations range 
from sperm measured fresh to after several years in storage. 
Using a reliable fixative that preserves the cell over time and 
prevents shrinkage, degradation or other changes is there-
fore important (Briskie and Birkhead 1993; Jonmarker et al. 
2006; Schmoll et al. 2016). Commonly used fixatives for 
animal tissues are aldehydes (e.g. formaldehyde and gluta-
raldehyde) and alcohols (e.g. methanol and ethanol). Both 
groups of fixatives penetrate the tissue and harden its compo-
nents by dehydration and crosslinking proteins (aldehydes) 
or denaturing proteins (alcohols). Museum specimens are 
often fixed in formalin and later stored in ethanol. However, 
since formalin-fixed tissues are not ideal for DNA preserva-
tion and extraction (e.g. Thavarajah et al. 2012; Hykin et al. 
2015), most museums have developed special collections 
for genomic research based on cryopreservation of fresh or 
ethanol-preserved tissues. Avian sperm samples have com-
monly been fixed and preserved in formalin for the analysis 
of sperm morphology (Lüpold et al. 2009; Helfenstein et al. 
2010; Schmoll and Kleven 2011; Immler et al. 2012; Albre-
cht et al. 2013; Cramer et al. 2013; Rowe et al. 2015; Kleven 
et al. 2019). However, if such samples are also intended for 
DNA analyses, ethanol might be a preferred fixative and 
storage medium.
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The aim of the present study is to investigate the effects 
of formalin and ethanol on the integrity and morphometrics 
of avian sperm samples. In a previous study, Schmoll et al. 
(2016) found that bird sperm stored in formalin showed no 
detectable length changes for a period of 13–14 months. In 
this study, we expand on their investigations by also includ-
ing ethanol-preserved samples and sperm samples measured 
fresh.

Using a dataset of sperm samples from six passerine bird 
species from four taxonomic families, we addressed the fol-
lowing questions: (1) Fixation: Does the fixation process 
alter the length of sperm cells when sperm are fixed with 
formalin or ethanol? (2) Storage in fixatives: Does length of 
sperm cells fixed in ethanol or formalin change over stor-
age time? (3) Storage on microscope slides: Do sperm cell 
lengths remain consistent on slides stored dry over time? (4) 
Preservation efficacy of fixatives: Does fixation and storage 
in ethanol or formalin preserve the morphological integrity 
of sperm cells equally well?

Methods

Sampling

Sperm samples were collected from Greenfinch Chloris 
chloris (n = 3), Hawfinch Coccothraustes coccothraustes 
(n = 2), Blue Tit Cyanistes caeruleus (n = 2), Great Tit Parus 
major (n = 2), House Sparrow Passer domesticus (n = 3), 
and Fieldfare Turdus pilaris (n = 3), caught in the Botanical 
Garden of the NHMO between April and June 2020. These 
passerine species are common and readily captured in the 
eastern part of Norway, with sperm lengths similar enough 
to allow measurement at the same magnification level (see 
Table 1 for data on sperm length and the coefficient of vari-
ation [CV] of sperm length within and between males for 
these species). Sperm was collected using non-invasive 
cloacal massage (Wolfson 1952; Laskemoen et al. 2013) 
during the early breeding stages. For longer-term questions, 

we examined sperm cells from three Fieldfares and three 
Hawfinches from the sperm collection of the NHMO (birds 
caught and sampled in 2018) and from Blue Tits, House 
Sparrows, Fieldfares, Greenfinches, and Great Tits sampled 
in 2007–2008 (also three samples for each species). All sam-
ples were accessioned to the Bird Collection at the NHMO 
and metadata is available via GBIF.org (2022). The datasets 
are deposited and accessible at Dryad (Grønstøl et al. 2022).

Sample preparation

Upon sampling, in 2020, sperm was diluted using 30 µl of 
Phosphate-buffered saline (PBS) and mixed well before 
being subdivided into three samples: (1) one fresh sample 
with no medium other than the PBS—measured immediately 
after collection (while still motile), (2) one sample fixed 
in 5% formaldehyde solution, and (3) one sample fixed in 
96% ethanol. The latter two samples were fixed in 250 µl 
of medium, in 2 ml tubes with screw-on lids and sealing 
rings, at room temperature. The 2007–2008 and 2018 sam-
ples were collected similarly and stored at room tempera-
ture. Samples remained in their original fixatives throughout 
the course of the study. The 5% formaldehyde solution was 
made by mixing a 37% formaldehyde solution (free from 
acid and stabilized with 10% methanol and calcium carbon-
ate for histology [Merck Millipore 103999]) with PBS.

Preparation of slides

To analyze the effect of fixation, we compared length meas-
urements from fresh (live) sperm to samples recently fixed 
in formalin or ethanol. Fresh samples were prepared first by 
mixing the sperm sample collected in PBS, and then pipet-
ting a drop containing live sperm in 4-chambered Leja slides 
(chamber depth: 20 µm, chamber volume: 5 µl) and photos 
of sperm cells were taken immediately, before the sample 
dried out. For fixed samples, 15 µl of sample was applied on 
a standard glass microscope slide in 5 stripes of 3 µl each. 
Slides were left to dry overnight and gently rinsed with 

Table 1   Overview of average 
sperm cell lengths and CV of 
samples based on samples in 
the Avian Sperm Collection at 
the Natural History Museum 
of Oslo

The CV between males (CVbm) was calculated as: (SD/X) × 100 × (1 + 1/4  N), where X refers to the 
grand mean and SD its standard deviation. Similarly, CV within males (CVwm) was calculated as: 
(SD/X) × 100 × (1 + 1/4 N), where X refers to the mean values of 10 sperm cell measurements for each male 
and SD its standard deviation. The CVwm’s were then averaged over the males within each species

N x sperm cell 
length (µm)

SD CVbm CVwm

Greenfinch Chloris chloris 42 193.0 4.8 2.50 1.44
Hawfinch Coccothraustes coccothraustes 15 67.1 3.3 4.97 2.93
Blue Tit Cyanistes caeruleus 64 106.2 3.1 2.90 2.06
Great Tit Parus major 27 98.4 2.9 2.97 2.20
House Sparrow Passer domesticus 89 100.0 2.7 2.72 1.79
Fieldfare Turdus pilaris 15 86.1 2.2 2.63 1.85
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distilled water before imaging. Cover slips were not used on 
the slides. For the fixed samples, photos for measurements 
were taken within two days of collection.

Digital imaging and sperm cell measurements

All images were taken using a Leica DM6000B microscope 
connected to a digital camera (Leica DFC420). Photos of 
sperm cells deemed complete were taken at 320× magni-
fication, and sperm cell length was measured on the pho-
tos using the SegmentLine tool in Leica Application Suite 
software v4.13. Total sperm length was measured as the 
sum of three separate segment lengths (head, midpiece, and 
tail). For each measurement occasion, we measured the seg-
ments (approximately) to the nearest pixel (0.14 µm) for 10 
sperm cells per male. Measuring 10 sperm cells gives an 
adequate estimate of the mean sperm length for the sample 
(Laskemoen et al. 2007). One to ten photos were taken per 
slide to measure 10 sperm cells. Photo series within slides 
were taken with identical camera and microscope settings 
(e.g. lighting, exposure, and saturation).

The Leica Application Suite software stores the position 
of the photos on the slides as coordinates in the metadata 
information. When remeasuring individual sperm cells for 
assessing the effect of dry storage, this coordinate informa-
tion was used to identify previously measured sperm cells, 
which were then rephotographed and remeasured. This was 
done blindly in the sense that previous length measurements 
were removed from view before doing the second photo and 
measurement round.

In all samples except for one, for each measurement 
round, 10 sperm cells were found and measured on a single 
slide. One of the Great Tit samples (NHMO-BI-103463) 
had a low sperm count. To get 10 measurable cells for this 
sample, we had to make two slides for the fourth ethanol and 
formalin Storage times and three slides for the third formalin 
Storage time. Preparation of slides, digital imaging of sperm 
cells, and measurements of sperm cells was carried out by 
the same person (GG), with the exception of sperm cell 
measurements made in 2007 and 2008, which were meas-
ured by two other persons (one measured the Greenfinches 
and the Fieldfares, and the other person the Blue Tits, Great 
Tits and House Sparrows).

To test intermediate and longer-term effects, repeated 
measurements were performed on both fixatives 45, 146, 
and 227 days after the initial samples were acquired (for 
the samples collected in 2020). A new slide was prepared 
for each of these measurement rounds. We measured the 
length of 10 sperm cells for each of 15 individual males of 
six species in both fixatives at these four time points. Photos 
for measurements of these samples were taken within three 
days of slide preparations.

To test how well sperm cells were maintained in formalin 
over a longer time span, in 2021, we prepared new slides of 
six samples previously measured in 2018 and 15 samples 
previously measured in 2007–2008. These were measured 
and compared with earlier measurements.

To assess the effect of dry storage on microscope slides 
on individual sperm, we remeasured 10 individual sperm 
cells on each of 10 slides that had been measured six months 
earlier (samples from 2021 of two Greenfinches, one Haw-
finch, one Blue Tit, one Great Tit, three House Sparrows, 
and two Fieldfares).

Samples were not blinded with regard to Storage time 
and Fixative. Because live sperm cells in chamber slides 
look different from dry slides, it was impossible to blind 
live versus fixed sperm samples. Further, the sperm sam-
ples were measured shortly after the slides were made at 
each of the four Storage times, so the measurer knew which 
batch he was working on. However, care was taken to meas-
ure each sperm in a standardized way and blind to previous 
measurements.

Scoring of head damage

To estimate how well the sperm cells were preserved, we 
scored the frequency of sperm cells with head damage after 
fixation in samples collected in 2021. The scoring was based 
on photos of sperm cells from 15 samples of six species in 
both preservation media. Photos were taken from the first 
batch of sample slides approximately six weeks after the 
slides were prepared (i.e., head damage may have occurred 
during fixation of the sample and/or during storage on the 
slide for approximately six weeks). Prior to regular meas-
uring of sperm length, sperm cells were (subjectively) 
screened to exclude cells that appear ruptured or deformed. 
However, when taking photos for the head damage assess-
ment, a random sample of sperm cells was selected to obtain 
a representative sample of cell damage. Digital photos of the 
sperm cells to score were taken starting from the upper left 
side of the slide moving right. All sperm cell heads present 
within the microscope view were photographed. When the 
end of the slide was reached, a new line of microscope view 
below and parallel to the previous line was photographed. 
This was repeated until at least 100 sperm cell heads on the 
slide had been photographed (or all cells on the slide, for 
slides with < 100 cells).

The scoring was done starting from the left side of the 
photo, scoring sperm cell heads while moving to the right. 
The number of cells scored in each slide was standardized 
to the number of scorable heads found in the slide with the 
fewest sperm cells, which was 84.

Sperm head damage was based on visible damage and 
scored using three categories: (1) acrosome damage (acro-
some paled, degraded, or missing), (2) nucleus damage 
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(nucleus distended or burst, or acrosome and nucleus both 
missing), or (3) head undamaged. We scored two males for 
each of the species Blue Tit, Great Tit and Hawfinch (i.e., 
168 cells for these species), and three males each for the 
Fieldfare, Greenfinch, and the House Sparrow (i.e., 252 cells 
for each of these species).

Statistics

For investigations related to length of live and fixed sperm 
cells, we used general linear mixed models assuming Gauss-
ian errors. These analyses were carried out in IBM/SPSS 
Statistics version 27. To compare frequencies of sperm cells 
with head damage we used generalized linear mixed models 
with logit link functions. These analyses were run in R v 
4.1.1 with the package lme4 (Bates et al. 2015). Further, we 
used Cohen’s d-values to estimate effect sizes, and Cohen’s 
benchmarks (Cohen 1988) to evaluate effects sizes. These 
guidelines characterizes effect sizes around d = 0.2 as small, 
around d = 0.5 as intermediate, and around d = 0.8 as large 
effects. Cohen’s d-values were calculated from parameter 
estimates given in the outputs, following procedures given 
by Nakagawa and Cuthill (2007).

We do not specifically report measurement repeatability, 
as measurement repeatability sets an upper bound on the 
other measures of repeatability reported here. Other studies 
have shown that repeatability of such measurements are high 
and measurement error low (Laskemoen et al. 2007, 2010), 
and that measurement repeatability by the same observer is 
high (Lifjeld et al. 2016; Cramer et al. 2021).

Results

Effect of fixation: sperm cell length measurements

To investigate if fixation of sperm cells in ethanol or forma-
lin cause immediate changes in sperm cell length, we com-
pared sperm cell length in seven samples (from four species) 
shortly after fixation in ethanol and formalin with length 
measurements of live sperm cells (Fig. 1). We examined this 
in a general linear mixed models, entering Fixation status as 
a fixed factor and including Species, Male ID (nested within 
Species), and Subsample ID (nested within Male ID and 
Species) as random factors. The Subsample ID described the 
10 measurements made for a male at each sample occasion 
(Male ID by Fixative by Time). This grouping corresponded 
to Slide ID in all except two sampling occasions of a thin 
Great Tit sample, where we needed to make more than one 
slide to find 10 measurable sperm cells. The effect of fixation 
was minimal (F1,12 = 0.70, P = 0.51, and the Cohen’s d esti-
mates from paired comparisons of the levels were low: live 
cells vs. formalin = 0.0053; live cells vs. ethanol = 0.0191; 
formalin vs. ethanol = 0.0138). Overall, there were no clear 
initial effects of fixation on sperm length when compared 
with measurements of live sperm cells.

Effects of storage time in fixative: sperm cell length 
measurements

To estimate effects of Fixative and Storage time on sperm 
cell length, we entered Fixative (Ethanol or Formalin) as a 
fixed categorical factor and Storage time as a fixed covariate 
in a general linear mixed models analysis. Time of measure-
ment was entered with the levels one to four representing the 
four sampling occasions. Species, Male ID (nested within 
Species) and Subsample ID (nested within Male ID and Spe-
cies) were included as random factors. Fixative had a very 

Fig. 1   Sperm lengths before 
and after fixation in ethanol 
and formalin. This figure shows 
length of fresh (live) sperm 
cells and length of sperm cells 
shortly after fixation in ethanol 
or formalin. Individual males 
are represented with different 
colors, and error bars denote 
95% confidence limits around 
the mean length of 10 measured 
sperm cells per treatment per 
male
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small and non-significant effect (t = 1.02, Cohen’s d = 0.003, 
F1,102 = 1.05, P = 0.31). The effect of Storage time appeared 
to differ between Fixatives (Storage time × Fixative interac-
tion: F1,102 = 3.98, P = 0.049). Storage time did not have a 
substantial effect on samples in ethanol (t = 0.03, Cohen’s 
d < 0.001, P = 0.98, when ethanol was the reference level). 
The average change in sperm cell length for the 15 individu-
als over 227 days of Storage time was small: in ethanol it 
increased by 0.13 µm (0.05%; about 1 pixel), SD = 1.07. For 
samples in formalin, Storage time had a very small, though 
significant, effect (t = 2.79, Cohen’s d = 0.004, P = 0.006, 
when formalin was the reference level). This constituted a 
decrease of 0.69 µm (0.56%), SD = 1.0 (Fig. 2).

We further analyzed if sperm cell length of Hawfinch 
and Fieldfare changed over a longer time span of storage in 
formalin. New slides were made of samples measured three 
years earlier, and old and new measurements were compared 
in a general linear mixed model with Time of measurement 
entered as a fixed categorical factor. Including the three ran-
dom terms Species, Male ID (nested within species), and 
Subsample ID (nested within Male ID and Species) led to 
convergence problems. We therefore here report results with 
only Species and Subsample ID as random effects (from 
comparing variance attributable to random effects and com-
paring test statistics, this should be conservative with respect 
to Type I error, and based on AIC, better explained the data). 
There was no discernible effect of Time of measurement on 
sperm length (t = − 0.26, Cohen’s d <  < 0.001 F1,9 = 0.016, 
P = 0.90; Fig. 3a). Results were similar in the slightly less-
well-fit model using Species and Male ID as random effects. 

Hence, the sperm cells seemed to keep well in formalin over 
three years.

We also examined if length of sperm cells changed across 
longer storage times. We compared old and new measure-
ments of three samples of each of five species that had been 
stored in formalin over 13–14 years (i.e., initially measured 
in 2007 and 2008 and remeasured in 2021). Again Time of 
measurement was entered as a fixed categorical factor. Spe-
cies, Male ID (nested within species), and Subsample ID 
(nested within Male ID and Species) were entered as random 
terms. Overall there was a decline in sperm cell length over 
Time (t = 2.835, Cohen’s d = 0.016, F1,14 = 8.04, P = 0.013). 
The average reduction in sperm cell length from 2007/2008 
to 2021 was 0.93%. Though species-level differences were 
not explicitly examined, the length reduction seemed most 
pronounced in the Blue Tit, the Great Tit, and the House 
Sparrow, whereas the Fieldfare and the Greenfinch appeared 
to maintain their sperm cell length across the storage dura-
tion (Fig. 3b). It was, unfortunately, not possible to control 
for between-observer variation in this analysis, so we cannot 
rule out that the observed changes may have been inflated 
by observer differences.

Dry storage on microscope slides: sperm cell length 
measurements

To check whether individual sperm cell lengths on 
microscope slides changed across a six-month period 
of dry storage, we entered Time of measurement as a 
fixed categorical factor, and Species, Male ID (nested 

Fig. 2   Changes in sperm length with time of storage in ethanol and 
formalin. Sperm from the same samples were measured at four time 
points: 1: 0 days after fixation; 2: 45 days, 3: 146 days, 4: 227 days) 
for (A) Blue Tit (B) Greenfinch (C) House sparrow (D) Fieldfare (E) 

Hawfinch (F) Great Tit. Ten cells were measured in each sample at 
each of the time points. Error bars signify 95% confidence limits. 
Individual males are represented with different colors. Note that the 
y-axis scale differs across panels
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within species), and Sperm ID (nested within Male ID 
and Species) as random terms. Overall there was a sig-
nificant decline in sperm cell length over Time (t = 2.75, 

F1,99 = 7.53, P = 0.007). This reduction was, however, 
small: average decrease in sperm length was 0.2 µm or 
0.18%, with a Cohen’s d = 0.005, i.e. a reduction approxi-
mating the measurement precision. ESM 1 shows the first 

Fig. 3   Effect of long-term stor-
age in formalin on sperm length 
after (A) three years of storage 
in formalin (2018–2021), and 
(B) 13–14 years of storage in 
formalin (2007/2008–2021). 
Mean values of percentage 
change over storage time of 10 
measured sperm cells are plot-
ted with 95% confidence limits. 
Three samples were measured 
per species. The dotted line rep-
resents identical values for the 
two measurement occasions

Decrease from Measure 1Decrease from Measure 1Decrease from Measure 1Decrease from Measure 1Decrease from Measure 1Decrease from Measure 1 Increase from Measure 1Increase from Measure 1Increase from Measure 1Increase from Measure 1Increase from Measure 1Increase from Measure 1
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Fig. 4   Effect of fixatives on morphological integrity of sperm cells. 
This panel shows the percentage of damaged sperm cell heads found 
in ethanol and formalin samples. The head damage categories were 
(A) acrosome damage (acrosome paled, degraded, or missing) and 

(B) nucleus damage (nucleus distended or burst, or acrosome and 
nucleus both missing). In total, 1260 sperm cells were scored for head 
damage
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and second measurements plotted against each other for 
the six species.

Preservation efficacy: examining sperm cell head 
damage after fixation in ethanol and formalin

ESM 2 shows examples of damaged and normal heads. 
Sperm cells stored in ethanol had a much higher propor-
tion of damaged heads than sperm cells stored in formalin 
(Fig. 4). We tested this using GLMM with logit link func-
tions. We created one model for nucleus damage and one for 
acrosome damage. Species and Fixative were fixed effects. 
We did not test for an interaction between Species and Fixa-
tive, nor did we treat Species as a random term, because 
attempts to do so caused convergence problems. Similarly, 
a random term of Subsample ID nested within Male ID led 
to convergence problems; we therefore report models with 
only subsample identity as a random effect (since these 
models were conservative with respect to Type I error, 
based on comparing variance attributable to random effects 
and comparing test statistics). Results again were similar 
in a model including Male ID as a random effect. When 
testing the total number of damaged cells by fixative, we 
found highly significant differences in proportions (Table 2; 
nucleus damages comparison z = 3.80, p < 0.001; acrosome 
damages comparison z = 6.05, p < 0.001). Frequencies of 
damaged-to-undamaged cells were far higher in ethanol than 
in formalin: overall, 888 (70.5%) of 1260 sperm cells had 
acrosome damages in ethanol versus 38 (3.0%) in formalin. 
Further, 296 (23.5%) of 1260 sperm cells had nucleus dam-
age in ethanol versus 3 (0.2%) in formalin.

Discussion

We found no significant effects of the fixation process when 
comparing length of fresh (living) sperm cells with cells 
fixed in formalin and ethanol. Nor did we find notable or 
consistent differences in sperm cell length between samples 
stored in formalin and ethanol over a period of 227 days. The 
small differences in sperm length observed between first and 
fourth Storage time point (in ethanol: 0.13 µm or 0.05%, and 
in formalin 0.69 µm 0.56%) may be more related to sam-
pling variation within ejaculates than to systematic changes 
in sperm morphology due to storage and fixatives, as most 
individuals did not show a consistent directional trend 
but rather variation around a mean sperm length (Fig. 2). 
Further, we did not find significant changes in sperm cell 
length in the Fieldfare and the Hawfinch after storage in 
formalin for three years. Sperm cells did however shorten 
significantly over a longer storage duration of 13–14 years, 
with an average reduction of 0.93% across five species. The 
reduction seemed to be more pronounced in the Blue Tit, 
the Great Tit, and the House Sparrow, than in the Fieldfare 
and the Greenfinch. This reduction could have been due to 
shrinkage or tail-tip breakage. As the sperm cell measure-
ments in 2007–2008 and 2021 were made by different peo-
ple, we cannot exclude the possibility that this difference 
to some extent was due to a between-measurer error. The 
consistent differences among males apparent in Fig. 2 sug-
gest that between-observer error might be relatively minor 
compared to biological differences among individual birds.

Our findings are important for meta-analyses and reviews 
that combine data from sources using different procedures 
for sperm measurements, including measurements of fresh 

Table 2   Effect of fixative type 
on sperm integrity

Summary of counts of sperm cell head damage by Species, Fixative and type of head damage scored

Species # males Ethanol Formalin

# heads 
damaged

# heads not 
damaged

# heads 
damaged

# heads 
not dam-
aged

Acrosome damage Blue tit 2 95 73 1 167
Fieldfare 3 186 66 1 251
Great Tit 2 96 72 2 166
Greenfinch 3 176 76 19 233
Hawfinch 2 84 84 11 157
House Sparrow 3 251 1 4 248

Nucleus damage Blue tit 2 3 165 0 168
Fieldfare 3 61 191 3 249
Great Tit 2 3 165 0 168
Greenfinch 3 103 149 0 252
Hawfinch 2 27 141 0 168
House Sparrow 3 99 153 0 252



179Journal of Ornithology (2023) 164:171–181	

1 3

sperm (e.g. Fuentes-Albero et al. 2021; Kahrl et al. 2021). 
The results are in line with those of Schmoll et al. (2016), 
who found no evidence that the total length of sperm cells 
changed following approximately one year of storage in for-
malin. On the other hand, sperm head integrity was much 
better maintained in formalin than in ethanol, implying that 
the latter should be avoided e.g. in studies focusing on sperm 
head morphology (see below).

We also found that sperm cells initially fixed in formalin 
seemed to keep well in dry storage on slides for six months. 
Length of individual sperm cells measured twice with an 
interval of six months showed a significant decrease, but 
the magnitude of the decrease was small and close to the 
measurement precision (0.2 µm or 0.18%, with a Cohen’s 
d = 0.005).

One clear difference between the fixatives was that the 
proportion of sperm cells with head damage was much 
higher in ethanol than in formalin. Overall, 71% of 1260 
sperm cells had acrosome damage in ethanol versus 3% of 
1260 sperm cells in formalin. Hence, more effort had to be 
spent on locating intact sperm cells in ethanol than in for-
malin (i.e., cells that were not ruptured, missing parts of the 
acrosome, or showing other deformities). Sperm cells with 
paled heads were deemed measurable as long as the acro-
some was not otherwise damaged or lost. We have assumed 
that the propensity of cells to degrade was not size related. 
If this was the case, a systematic bias might have been intro-
duced to the length measurements.

It is known that the use of different staining methods 
or fixative types may cause sperm heads to swell by pen-
etrating its membrane and influencing the osmotic balance 
(Czubaszek et al. 2019). Presumably, it was such an osmotic 
effect that caused the sperm cell heads to be more prone to 
swelling and bursting in ethanol than in formalin.

There are incentives to find good alternative fixation 
agents to formalin. Formaldehyde has allergenic, carcino-
genic, and mutagenic properties (e.g. Pandey et al. 2000; 
Aalto‐Korte et al. 2008). Formalin fixation also damages 
DNA (Hykin et al. 2015), and an advantage of using ethanol 
as fixative is that DNA is much more accessible for down-
stream analyses than when using formalin. We found that 
formalin clearly was the best fixative in terms of maintain-
ing the integrity of sperm cell heads. However, the fact that 
there were no consistent differences in sperm cell length 
between the two fixatives, indicates that samples stored in 
both formalin and ethanol can be used for comparisons that 
involves sperm cell length measurements, as long as care is 
taken to avoid measuring sperm cells that appear abnormal.
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Acknowledgements  This work was financially supported by The 
Research Council of Norway (Grant no. 301592). Birds were sampled 
adhering to Norwegian regulations under bird ringing permits issued 
by the Norwegian Environment Agency. We thank two anonymous 
reviewers for constructive comments.

Author contributions  Conceptualization: JTL; methodology: all 
authors; formal analysis and investigation: all authors; writing—origi-
nal draft preparation: GG and MD; writing—review and editing: all 
authors; funding acquisition: JTL.

Funding  Open access funding provided by University of Oslo (incl 
Oslo University Hospital).

Data availability  Data, SPSS syntax and R code for this study have 
been deposited in Dryad as https://​doi.​org/​10.​5061/​dryad.​0k6dj​hb35.

Declarations 

Conflict of interests  We have read and understood Journal of Ornithol-
ogy’s policy on declaration of interests and declare that we have no 
competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Aalto-Korte K, Kuuliala O, Suuronen Ku, Alanko K (2008) Occupa-
tional contact allergy to formaldehyde and formaldehyde releas-
ers. Contact Dermatitis 59:280–289. https://​doi.​org/​10.​1111/j.​
1600-​0536.​2008.​01422.x

Albrecht T, Kleven O, Kreisinger J, Laskemoen T, Omotoriogun TC, 
Ottosson U, Reif J, Sedláček O, Hořák D, Robertson RJ, Lifjeld 
JT (2013) Sperm competition in tropical versus temperate zone 
birds. Proc R Soc B Biol Sci 280:20122434. https://​doi.​org/​10.​
1098/​rspb.​2012.​2434

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67:1–48. https://​doi.​org/​
10.​18637/​jss.​v067.​i01

Billerman S, Keeney B, Rodewald P, Schulenberg T (2020) Birds of 
the world. Cornell Laboratory of Ornithology, Ithaca

Briskie JV, Birkhead TR (1993) A review of the methods used to 
study the anatomy of avian sperm storage. Ornis Scand 24:323–
329. https://​doi.​org/​10.​2307/​36767​95

Briskie JV, Montgomerie R, Birkhead TR (1997) The evolution of 
sperm size in birds. Evolution 51:937–945. https://​doi.​org/​10.​
2307/​24111​67

Cohen J (1988) Statistical power analysis for the behavioral sciences, 
2nd edn. Erlbaum, Hillsdale

https://doi.org/10.1007/s10336-022-02015-x
https://doi.org/10.5061/dryad.0k6djhb35
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1600-0536.2008.01422.x
https://doi.org/10.1111/j.1600-0536.2008.01422.x
https://doi.org/10.1098/rspb.2012.2434
https://doi.org/10.1098/rspb.2012.2434
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2307/3676795
https://doi.org/10.2307/2411167
https://doi.org/10.2307/2411167


180	 Journal of Ornithology (2023) 164:171–181

1 3

Cramer ER, Laskemoen T, Kleven O, Lifjeld JT (2013) Sperm 
length variation in House Wrens Troglodytes aedon. J Ornithol 
154:129–138. https://​doi.​org/​10.​1007/​s10336-​012-​0878-3

Cramer ER, Ålund M, McFarlane SE, Johnsen A, Qvarnström A 
(2016) Females discriminate against heterospecific sperm in a 
natural hybrid zone. Evolution 70:1844–1855. https://​doi.​org/​
10.​1111/​evo.​12986

Cramer ER, Grønstøl G, Maxwell L, Kovach AI, Lifjeld JT (2021) 
Sperm length divergence as a potential prezygotic barrier in a 
passerine hybrid zone. Ecol Evol 11:9489–9497. https://​doi.​
org/​10.​1002/​ece3.​7768

Czubaszek M, Andraszek K, Banaszewska D, Walczak-Jędrzejowska 
R (2019) The effect of the staining technique on morphologi-
cal and morphometric parameters of boar sperm. PLoS ONE 
14:e0214243. https://​doi.​org/​10.​1371/​journ​al.​pone.​02142​43

Durrant KL, Reader T, Symonds MR (2020) Pre-and post-copulatory 
traits working in concert: sexual dichromatism in passerines 
is associated with sperm morphology. Biol Let 16:20190568. 
https://​doi.​org/​10.​1098/​rsbl.​2019.​0568

Eberhard W (1996) Female control: sexual selection by cryptic 
female choice, vol 69. Princeton University Press, Princeton

Fuentes-Albero MdC, Abril Sánchez S, Ros-Santaella JL, Pintus E, 
Luongo C, Ruiz Díaz S, Barros García C, Sánchez Calabuig 
MJ, García Párraga D, García Vázquez FA (2021) Characteriza-
tion of bottlenose dolphin (Tursiops truncatus) sperm based on 
morphometric traits. Biology 10:355. https://​doi.​org/​10.​3390/​
biolo​gy100​50355

GBIF.org (2022) GBIF Occurrence Download. https://​doi.​org/​10.​
15468/​dl.​p7r782

Gohli J, Anmarkrud JA, Johnsen A, Kleven O, Borge T, Lifjeld JT 
(2013) Female promiscuity is positively associated with neu-
tral and selected genetic diversity in passerine birds. Evolution 
67:1406–1419. https://​doi.​org/​10.​1111/​evo.​12045

Grønstøl G, Danielsen M, Cramer ERA, Johannessen LE, Johnsen A, 
Whittington E, Lifjeld JT (2022). Data from: Effects of Fixatives 
and Storage Duration on Avian Sperm Morphology. https://​doi.​
org/​10.​5061/​dryad.​0k6dj​hb35

Helfenstein F, Podevin M, Richner H (2010) Sperm morphology, 
swimming velocity, and longevity in the house sparrow Passer 
domesticus. Behav Ecol Sociobiol 64:557–565. https://​doi.​org/​
10.​1007/​s00265-​009-​0871-x

Hogner S, Laskemoen T, Lifjeld JT, Pavel V, Chutný B, García J, 
Eybert M-C, Matsyna E, Johnsen A (2013) Rapid sperm evo-
lution in the bluethroat (Luscinia svecica) subspecies complex. 
Behav Ecol Sociobiol 67:1205–1217. https://​doi.​org/​10.​1007/​
s00265-​013-​1548-z

Holmes MW, Hammond TT, Wogan GO, Walsh RE, LaBarbera K, 
Wommack EA, Martins FM, Crawford JC, Mack KL, Bloch LM 
(2016) Natural history collections as windows on evolutionary 
processes. Mol Ecol 25:864–881. https://​doi.​org/​10.​1111/​mec.​
13529

Hykin SM, Bi K, McGuire JA (2015) Fixing formalin: a method to 
recover genomic-scale DNA sequence data from formalin-fixed 
museum specimens using high-throughput sequencing. PLoS 
ONE 10:e0141579. https://​doi.​org/​10.​1371/​journ​al.​pone.​01415​79

Immler S, Gonzalez-Voyer A, Birkhead TR (2012) Distinct evolution-
ary patterns of morphometric sperm traits in passerine birds. Proc 
R Soc B Biol Sci 279:4174–4182. https://​doi.​org/​10.​1098/​rspb.​
2012.​1398

Jamieson BG, Leung L-P (1991) Fish evolution and systematics: evi-
dence from spermatozoa: with a survey of lophophorate, echino-
derm and protochordate sperm and an account of gamete cryo-
preservation. Cambridge University Press, Cambridge

Jamieson BG, Guinot D, Richer de Forges B (1995) Phylogeny of the 
Brachyura (Crustacea, Decapoda): evidence from spermatozoal 
ultrastructure. Adv Sperm Phylogeny Taxon 166:265–283

Jonmarker S, Valdman A, Lindberg A, Hellström M, Egevad L (2006) 
Tissue shrinkage after fixation with formalin injection of prosta-
tectomy specimens. Virchows Arch 449:297–301. https://​doi.​org/​
10.​1007/​s00428-​006-​0259-5

Joseph L (2011) Museum collections in ornithology: today’s record of 
avian biodiversity for tomorrow’s world. Emu 111:i–xii

Kahrl AF, Snook RR, Fitzpatrick JL (2021) Fertilization mode drives 
sperm length evolution across the animal tree of life. Nat Ecol 
Evol 5:1153–1164. https://​doi.​org/​10.​1038/​s41559-​021-​01488-y:​
1-​12

Kleven O, Fiske AN, Håvik M, Kroglund RT, Østnes JE, Schmoll 
T (2019) Extra-pair paternity and sperm length variation in 
the socially monogamous fieldfare Turdus Pilaris. J Ornithol 
160:1043–1051. https://​doi.​org/​10.​1007/​s10336-​019-​01687-2

Laskemoen T, Kleven O, Fossøy F, Lifjeld JT (2007) Intraspecific 
variation in sperm length in two passerine species, the Bluethroat 
Luscinia svecica and the Willow Warbler Phylloscopus trochilus. 
Ornis Fennica 84:131–139

Laskemoen T, Kleven O, Fossøy F, Robertson RJ, Rudolfsen G, Lifjeld 
JT (2010) Sperm quantity and quality effects on fertilization suc-
cess in a highly promiscuous passerine, the tree swallow Tachy-
cineta bicolor. Behav Ecol Sociobiol 64:1473–1483. https://​doi.​
org/​10.​1007/​s00265-​010-​0962-8

Laskemoen T, Kleven O, Johannessen LE, Fossøy F, Robertson 
RJ, Lifjeld JT (2013) Repeatability of sperm size and motil-
ity within and between seasons in the Barn Swallow (Hirundo 
rustica). J Ornithol 154:955–963. https://​doi.​org/​10.​1007/​
s10336-​013-​0961-4

Lifjeld J (2019) The avian sperm collection in the Natural History 
Museum, University of Oslo. Alauda 87:93–101

Lifjeld JT, Anmarkrud JA, Calabuig P, Cooper JEJ, Johannessen LE, 
Johnsen A, Kearns AM, Lachlan RF, Laskemoen T, Marthinsen 
G, Stensrud E, Garcia-del-Rey E (2016) Species-level divergences 
in multiple functional traits between the two endemic subspecies 
of Blue Chaffinches Fringilla teydea in Canary Islands. BMC Zool 
1:4. https://​doi.​org/​10.​1186/​s40850-​016-​0008-4

Lüpold S, Calhim S, Immler S, Birkhead TR (2009) Sperm morphol-
ogy and sperm velocity in passerine birds. Proc R Soc B Biol Sci 
276:1175–1181. https://​doi.​org/​10.​1098/​rspb.​2008.​1645

Nakagawa S, Cuthill IC (2007) Effect size, confidence interval and 
statistical significance: a practical guide for biologists. Biol Rev 
82:591–605. https://​doi.​org/​10.​1111/j.​1469-​185X.​2007.​00027.x

Omotoriogun TC, Albrecht T, Hořák D, Laskemoen T, Ottosson U, 
Rowe M, Sedláček O, Lifjeld JT (2016) Sperm size evolution in 
African greenbuls (Passeriformes: Pycnonotidae). Biol J Lin Soc 
117:337–349. https://​doi.​org/​10.​1111/​bij.​12663

Pandey CK, Agarwal A, Baronia A, Singh N (2000) Toxicity of 
ingested formalin and its management. Hum Exp Toxicol 19:360–
366. https://​doi.​org/​10.​1191/​09603​27006​78815​954

Pitnick S (2009) Sperm morphological diversity. In: Birkhead TR, 
Hosken DJ, Pitnick S (eds) Sperm biology: an evolutionary per-
spective. Academic Press, Oxford

Rowe M, Albrecht T, Cramer ER, Johnsen A, Laskemoen T, Weir 
JT, Lifjeld JT (2015) Postcopulatory sexual selection is associ-
ated with accelerated evolution of sperm morphology. Evolution 
69:1044–1052. https://​doi.​org/​10.​1111/​evo.​12620

Schmoll T, Kleven O (2011) Sperm dimensions differ between two 
Coal Tit Periparus ater populations. J Ornithol 152:515–520. 
https://​doi.​org/​10.​1007/​s10336-​010-​0603-z

Schmoll T, Sanciprian R, Kleven O (2016) No evidence for effects of 
formalin storage duration or solvent medium exposure on avian 
sperm morphology. J Ornithol 157:647–652. https://​doi.​org/​10.​
1007/​s10336-​015-​1321-3

Shaffer HB, Fisher RN, Davidson C (1998) The role of natural history 
collections in documenting species declines. Trends Ecol Evol 
13:27–30. https://​doi.​org/​10.​1016/​S0169-​5347(97)​01177-4

https://doi.org/10.1007/s10336-012-0878-3
https://doi.org/10.1111/evo.12986
https://doi.org/10.1111/evo.12986
https://doi.org/10.1002/ece3.7768
https://doi.org/10.1002/ece3.7768
https://doi.org/10.1371/journal.pone.0214243
https://doi.org/10.1098/rsbl.2019.0568
https://doi.org/10.3390/biology10050355
https://doi.org/10.3390/biology10050355
https://doi.org/10.15468/dl.p7r782
https://doi.org/10.15468/dl.p7r782
https://doi.org/10.1111/evo.12045
https://doi.org/10.5061/dryad.0k6djhb35
https://doi.org/10.5061/dryad.0k6djhb35
https://doi.org/10.1007/s00265-009-0871-x
https://doi.org/10.1007/s00265-009-0871-x
https://doi.org/10.1007/s00265-013-1548-z
https://doi.org/10.1007/s00265-013-1548-z
https://doi.org/10.1111/mec.13529
https://doi.org/10.1111/mec.13529
https://doi.org/10.1371/journal.pone.0141579
https://doi.org/10.1098/rspb.2012.1398
https://doi.org/10.1098/rspb.2012.1398
https://doi.org/10.1007/s00428-006-0259-5
https://doi.org/10.1007/s00428-006-0259-5
https://doi.org/10.1038/s41559-021-01488-y:1-12
https://doi.org/10.1038/s41559-021-01488-y:1-12
https://doi.org/10.1007/s10336-019-01687-2
https://doi.org/10.1007/s00265-010-0962-8
https://doi.org/10.1007/s00265-010-0962-8
https://doi.org/10.1007/s10336-013-0961-4
https://doi.org/10.1007/s10336-013-0961-4
https://doi.org/10.1186/s40850-016-0008-4
https://doi.org/10.1098/rspb.2008.1645
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1111/bij.12663
https://doi.org/10.1191/096032700678815954
https://doi.org/10.1111/evo.12620
https://doi.org/10.1007/s10336-010-0603-z
https://doi.org/10.1007/s10336-015-1321-3
https://doi.org/10.1007/s10336-015-1321-3
https://doi.org/10.1016/S0169-5347(97)01177-4


181Journal of Ornithology (2023) 164:171–181	

1 3

Supriya K, Rowe M, Laskemoen T, Mohan D, Price T, Lifjeld J (2016) 
Early diversification of sperm size in the evolutionary history of 
the old world leaf warblers (Phylloscopidae). J Evol Biol 29:777–
789. https://​doi.​org/​10.​1111/​jeb.​12826

Thavarajah R, Mudimbaimannar VK, Elizabeth J, Rao UK, Rangana-
than K (2012) Chemical and physical basics of routine formalde-
hyde fixation. J Oral Maxillofac Pathol JOMFP 16:400. https://​
doi.​org/​10.​4103/​0973-​029X.​102496

van der Horst G, Maree L (2014) Sperm form and function in the 
absence of sperm competition. Mol Reprod Dev 81:204–216. 
https://​doi.​org/​10.​1002/​mrd.​22277

Ward PI (1998) Intraspecific variation in sperm size characters. 
Heredity 80:655–659. https://​doi.​org/​10.​1046/j.​1365-​2540.​1998.​
00401.x

Wirth U (1984) Die Struktur der Metazoen-Spermien und ihre 
Bedeutung für die Phylogenetik. Verh Naturwiss Ver Hamburg 
27:295–362

Wolfson A (1952) The cloacal protuberance: a means for determin-
ing breeding condition in live male passerines. Bird-Banding 
23:159–165. https://​doi.​org/​10.​2307/​45103​81

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

https://doi.org/10.1111/jeb.12826
https://doi.org/10.4103/0973-029X.102496
https://doi.org/10.4103/0973-029X.102496
https://doi.org/10.1002/mrd.22277
https://doi.org/10.1046/j.1365-2540.1998.00401.x
https://doi.org/10.1046/j.1365-2540.1998.00401.x
https://doi.org/10.2307/4510381

	Effects of fixatives and storage duration on avian sperm morphology
	Abstract
	Zusammenfassung
	Introduction
	Methods
	Sampling
	Sample preparation
	Preparation of slides
	Digital imaging and sperm cell measurements
	Scoring of head damage
	Statistics

	Results
	Effect of fixation: sperm cell length measurements
	Effects of storage time in fixative: sperm cell length measurements
	Dry storage on microscope slides: sperm cell length measurements
	Preservation efficacy: examining sperm cell head damage after fixation in ethanol and formalin

	Discussion
	Acknowledgements 
	References




