
rspb.royalsocietypublishing.org
Research
Cite this article: Hurley LL, McDiarmid CS,

Friesen CR, Griffith SC, Rowe M. 2018

Experimental heatwaves negatively impact

sperm quality in the zebra finch. Proc. R. Soc. B

285: 20172547.

http://dx.doi.org/10.1098/rspb.2017.2547
Received: 14 November 2017

Accepted: 18 December 2017
Subject Category:
Ecology

Subject Areas:
ecology, behaviour

Keywords:
avian reproduction, climate change, heatwave,

male fertility, sperm swimming speed,

sperm morphology
Author for correspondence:
Laura L. Hurley

e-mail: laura.hurley@mq.edu.au
Electronic supplementary material is available

online at https://dx.doi.org/10.6084/m9.

figshare.c.3965841.
& 2018 The Author(s) Published by the Royal Society. All rights reserved.
Experimental heatwaves negatively
impact sperm quality in the zebra finch

Laura L. Hurley1, Callum S. McDiarmid1,2, Christopher R. Friesen2,
Simon C. Griffith1 and Melissah Rowe3,4

1Department of Biological Sciences, Macquarie University, Sydney, Australia
2School of Life and Environmental Sciences, University of Sydney, Sydney, Australia
3Natural History Museum, University of Oslo, Oslo, Norway
4Centre for Ecological and Evolutionary Synthesis, Department of Biosciences, University of Oslo, Oslo,
Norway

LLH, 0000-0003-1688-6662; CRF, 0000-0001-5338-7454

For sexually reproducing species, functionally competent sperm are critical

to reproduction. While high atmospheric temperatures are known to influ-

ence the timing of breeding, incubation and reproductive success in birds,

the effect of temperature on sperm quality remains largely unexplored.

Here, we experimentally investigated the impact of ecologically relevant

extreme temperatures on cloacal temperature and sperm morphology and

motility in zebra finches Taeniopygia guttata. We periodically sampled

males exposed to 308C or 408C temperatures daily for 14 consecutive days.

Following a 12-day (238C) recovery period, birds were again exposed to

heat, but under the alternate treatment (e.g. birds initially exposed to 408C
were exposed to 308C). Elevated temperatures led to an increase in cloacal

temperature and a reduction in the proportion of sperm with normal

morphology; these effects were most notable under 408C conditions, and

were influenced by the duration of heat exposure and prior exposure to

high temperature. Our findings highlight the potential role of temperature

in determining male fertility in birds, and perhaps also in constraining the

timing of avian breeding. Given the increased frequency of heatwaves in a

warming world, our results suggest the need for further work on climatic

influences on sperm quality and male fertility.
1. Introduction
Normal sperm function is critical to reproductive success as only functionally

competent sperm are capable of fertilizing eggs. Over the past few decades,

understanding how post-copulatory sexual selection (i.e. sperm competition

and cryptic female choice) shapes sperm morphology and performance has

been a key focus of studies in a wide range of taxa. It is now widely accepted

that sperm competition can drive evolutionary changes in sperm size, mor-

phology, swimming speed, metabolic performance, viability and longevity

[1,2]. By contrast, the impact of external environmental effects on sperm func-

tion has received relatively little attention in the evolutionary and ecological

literature. This is surprising given the considerable body of evidence suggesting

that a range of environmental factors (e.g. temperature, diet) may impact sperm

quality in both externally and internally fertilizing species [3].

Given warming global temperatures and an increasing frequency of heat-

waves [4], it is particularly important to understand the consequences of

temperature variation for sperm function and quality. Environmental tempera-

ture variation affects organisms across all life stages, influencing physiology,

behaviour and global distribution. In birds, ambient temperature influences

breeding phenology [5], incubation behaviour [6] and reproductive success [7].

In some taxa, temperature impacts sperm function and fertilizing ability [3].

For example, mammals exposed to high environmental temperatures exhibit

reductions in sperm motile performance and an increase in sperm morphological
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defects [8,9]. However, studies examining the impact of temp-

erature on sperm quality primarily assess the effects of

temperature variation under in vitro sperm incubation con-

ditions and mostly address seasonal temperature variation

effects or effects due to freeze/thaw conditions associated

with cryopreservation methods [3]. Heat stress and high

environmental temperatures (approx. 32–358C) have also

been linked to male infertility and reduced sperm quality in

domestic poultry [10–12]. The impact of extreme temperatures

(i.e. those experienced during heatwaves) on avian sperm

quality, however, has not been previously considered.

The zebra finch Taeniopygia guttata is a model system for

avian sperm biology and sperm competition [13]. In the

wild, they are opportunistic breeders, capable of breeding

year round given suitable environmental conditions [14].

Breeding activity occurs under average ambient temperatures

ranging from 2.28C [14] to approximately 368C, but maxi-

mum temperatures regularly exceed 408C during breeding

periods [15]. Despite being adapted to the hot, arid interior

of Australia, atmospheric temperatures of over 408C are

likely to be physiologically stressful for zebra finches, and

while mild hyperthermia is tolerated, body temperature of

468C is lethal [16]. To contextualize the ecological relevance

of extreme temperatures, we considered temperature records

for Fowlers Gap, New South Wales (data for 2004–2017, Aus-

tralian Bureau of Meteorology), the site of the longest

running study of wild breeding zebra finches [17]. At Fowlers

Gap, temperatures reached or exceeded 408C, on an average

of 18.31+ 8.32 (s.d.) days per year, with a maximum

recorded atmospheric temperature of 46.88C.

While heatwaves have been defined in many ways [18],

we consider a heatwave to be any period when atmospheric

temperature exceeds 408C on two or more consecutive days.

Heatwaves occur regularly in the Australian arid zone. For

example, at Fowlers Gap, between one and seven heatwaves

occur each year between November and March (with the

highest frequency of heatwaves in January). Such heatwaves

can last for 2–8 days, when temperatures can exceed 408C
for up to 10 h per day with cooler conditions at night (see

electronic supplementary material, S1). Thus, Australian

birds are regularly exposed to extreme ambient temperatures

[4,19] during late Austral spring through summer. For

numerous bird species in the Australian arid zone (including

the zebra finch), breeding activity appears to be suppressed

during the hottest summer months [20]. One of the potential

costs of breeding during periods of extreme heat may be the

negative effect of this heat on sperm quality, similar to the

effects observed in mammals [8,9].

Using domesticated zebra finches, we investigated the

impact of extreme environmental temperatures on avian

sperm function. The specific nature of the potential damage

to sperm is difficult to predict because avian studies consid-

ering extreme temperature conditions (i.e. 408C or more) are

lacking and because many studies use a composite measure

of sperm quality (i.e. SQI or sperm quality index, e.g. [12]).

However, based on findings in other taxa (e.g. mammals)

[8,9], we predicted that extreme temperatures would nega-

tively impact sperm motile performance and reduce the

number of morphologically normal sperm in samples. We

also examined how the duration of heat exposure and prior

exposure to high (but not extreme) temperatures might

affect potential temperature related changes in sperm func-

tion. In mammals, sperm quality is not immediately
affected by testicular heat treatment because damaged

sperm do not enter the ejaculates for some time after heat

stress [8]. In the current study, however, predictions concern-

ing the impact of heat treatment duration based on

mammalian taxa are inappropriate, because of the major

differences in reproductive anatomy and physiology between

mammals and birds; passerine birds store sperm prior to eja-

culation in the distal region of the ductus deferens, a site

some distance from the testes [21], and spermatogenesis is

much faster in birds than it is in mammals [22]. Finally, we

examined whether sperm function was restored when birds

were returned to milder ambient temperature conditions.
2. Methods
(a) Experimental design
In 2016, 20 male zebra finches from a captive population at

Macquarie University (Sydney, Australia) were housed indoors

in single-sex cages (dimensions 0.7 � 0.5 � 1.3 m, 5 males per

cage) under standardized, baseline climate-controlled conditions

(238C, approximately 50% humidity, 12 L : 12 D cycle) with ad

libitum food and water. All birds were sexually mature (15–18

months of age), hatched under the same conditions, and were

previously maintained under identical housing conditions in

outdoor aviaries. Birds were randomly selected from a single

similar-aged cohort, leading to the inclusion of some siblings (3

sets of 2 siblings, 1 set of 3 siblings, and 11 individuals from

unique families; controlled for in analysis). Throughout the

experiment, males were kept in visual and vocal contact with

females; five female zebra finches were housed in cages posi-

tioned immediately adjacent to the male cages, such that two

cages of five males were each separated by a cage of females at

all times.

Birds were held for a three-week acclimation period at base-

line conditions. Following this period, males were randomly

allocated to one of two heat treatment groups: (i) 308C and

(ii) 408C (approx. 50% humidity for both treatments). We

choose these temperatures as they are representative of (i) rela-

tively normal maximum daily temperatures experienced during

active breeding periods (308C) and (ii) extreme heat conditions

experienced intermittently during active breeding periods

(408C). We choose not to exceed 408C temperature treatments

in order to minimize the likelihood of birds dying, as death

has been shown to occur if sustained body temperatures reach

45–468C [14]. Immediately prior to the treatment (07.00–08.00

on day 1), we collected sperm (see below), measured tarsus

length and body mass and measured cloacal temperature by

gently inserting an internal probe thermometer (QM1601, Digi-

tech, TechBrands, Australia) into the cloacal opening. We chose

this approach as it is relatively non-invasive and because it is

likely to be representative of the core and testis temperature of

males; in other species, cloacal temperature is correlated with

core body temperature [23], which in turn is correlated with

testis temperature [24]. Birds were then exposed to the heat treat-

ment (30 or 408C) for an 8 h period (08.00–16.00) each day for 14

consecutive days; we chose a 14-day treatment period as some

studies suggest changing climatic conditions may lead to

longer lasting heatwaves, as well as more intense and frequent

heatwaves (e.g. [25]). Outside of these periods, birds were main-

tained under baseline conditions (238C). While, the experimental

conditions did not perfectly mimic more variable wild con-

ditions, they accurately reflect the general pattern of heat

exposure during natural heatwaves (i.e. individuals are exposed

to conditions exceeding 408C for multiple hours but get some

respite at night). More specifically, in an exemplar heatwave in

the wild the average daily minimum temperature was 22.68C,
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while average maximum was 42.88C, and the 24 h average

temperature was 33.68C (electronic supplementary material,

S1). In our experiment the daily minimum was 238C, the maxi-

mum 408C and the 24 h average was 28.78C+8.2 (s.d.). Thus,

our experimental conditions were ecologically relevant.

Exposure to the different conditions was achieved by moving

cages between separate environmental chambers set at 238C,

308C and 408C, and thus exposure to elevated temperatures

was immediate. However, to avoid temperature shock, birds in

the 408C treatment were acclimatized for 30 min at 308C before

being placed in 408C conditions. We collected sperm and

measured cloacal temperature and body mass at regular intervals

throughout the experiment (days 3, 7, 11 and 14); in these

instances all samples were collected after birds had been exposed

to experimental temperatures for several hours (14.00–16.00).

Following sample collection on day 14, birds were returned to

baseline conditions for 12 days (day 14–26), and sperm collected

and cloacal temperature measured on day 26. We chose a 12-day

recovery period because it approximates the duration of a sper-

matogenic cycle in birds and we observed a qualitative

improvement in sperm quality at this time. While the exact dur-

ation of spermatogenesis is unknown for the zebra finch, studies

of Japanese quail (Coturnix coturnix) suggest that spermatogen-

esis (from initial division of spermatogonia to spermiation)

takes 12.77 days [22,26], and there is some (albeit limited)

evidence that spermatogenesis occurs more rapidly in passerine

species [27].

On day 26, we repeated the experiment, exposing birds to a

second heat exposure period in order to test the impact of

prior exposure to environmental temperatures. During this

second period, sample collection and environmental conditions

were identical to those described above, but this time birds

were exposed to the alternate temperature treatment (i.e. birds

that experienced 408C in the first exposure were subject to con-

ditions of 308C in the second exposure period and vice versa).

The one exception to this is that we collected samples on day

21, 7 days after birds were returned to baseline conditions. This

additional sampling point was included because we observed a

recovery of sperm quality after 12 days at baseline conditions

during the first experimental period, and thus we aimed to

gain additional information in the second experimental period

in order to understand how quickly sperm quality recovered

from potential temperature-dependent damage.
(b) Sperm quality analyses
Sperm samples were obtained by cloacal massage [21], and

sperm swimming speed was quantified immediately using stan-

dard methods [28]. Briefly, fresh sperm were collected and

immediately diluted in a small volume (approx. 50 ml) of pre-

heated (408C) Dulbecco’s Modified Eagle Medium (DMEM, Invi-

trogen Ltd); though samples visibly contaminated with faecal

matter were discarded. Following this dilution, we then immedi-

ately loaded 6 ml into a pre-heated slide chamber (depth 20 mm;

Leja, Netherlands) and sperm videos were captured at 400�
magnification using a phase contrast scope (CX41, Olympus,

Japan) fitted with a heated stage plate (TP-S, Tokai Hit, Shizuoka,

Japan) and connected to a digital camera (Legria HF G25, Canon,

Japan). The media, heat stage plate and counting chambers were

all maintained at 408C (the approximate physiological tempera-

ture of zebra finches [16]). For each sample, we standardized

recordings by capturing six unique fields of view for 5 s, for a

total recording time of 30 s.

To quantify sperm swimming speed and the proportion of

motile sperm, sperm videos were analysed at a later date using

computer-assisted sperm analysis (CASA; Sperm Class Analyzer

5.4.0.0, SCA Motility, Microptic, Barcelona, Spain). Sperm were

tracked for 0.5 s in each field of view (frame rate 50 frames s21).
To control for the effects of drift, sperm cells with an average

path velocity of less than 30 mm s21 or a straight line velocity

of less than 25 mm s21 were considered immotile. In addition,

sperm tracked for less than 10 frames were excluded and we

set a minimum cell detection size of 10 mm2. We also visually

inspected each analysis in order to delete rare cases where two

sperm crossed paths and CASA switched sperm mid-track.

Similarly, when a sperm track was interrupted, and thus two

non-independent tracks were recorded, the earlier track was

deleted (the remaining track was still required to fit the above cri-

teria). Finally, this visual inspection of sperm videos also allowed

us to identify debris (i.e. non-sperm particles, such as the occasional

red blood cell or faecal particle) incorrectly identified as a sperm,

so we could exclude them from the analysis. These analyses were

performed blindly with respect to treatment group by CSM.

Using only sperm tracks that passed these criteria, we quan-

tified sperm swimming speed as curvilinear velocity (VCL; see

[28] for VCL use justification) and the proportion of motile

sperm (i.e. number of motile sperm tracks divided by the total

number of cells). For VCL, samples with less than 10 motile

sperm tracks were excluded from all analyses of sperm swim-

ming speed (see electronic supplementary material, S2 for

cut-off justification). We calculated the mean VCL for each

sample for statistical analysis. Finally, a small aliquot of the

sperm suspension was fixed in 5% buffered formaldehyde

solution to quantify the proportion of morphologically normal

sperm. To do this, we assessed 100 randomly chosen sperm on

each of two replicate slide smears (200 sperm cells examined in

total) and scored sperm as having either normal (i.e. no obvious

damage to the entire sperm cell or visible morphological

abnormalities) or abnormal morphology (see electronic sup-

plementary material, S2). All scoring of sperm morphology

was done blind to experimental treatment by L.L.H.
(c) Statistical analysis
Statistical analyses were run using R (v. 3.3.2, R Core Team), and

all proportion data (i.e. proportion of motile sperm and

morphologically normal sperm) were normalized by logit trans-

formation. We tested for differences between the two treatment

groups at the start of the experiment (day 1), using a two-

sample t-test, in the following traits: body mass, body condition

(i.e. the residuals from the regression of body mass on tarsus

length, both log-transformed), cloacal temperature, sperm swim-

ming speed (VCL), and both the proportion of motile sperm and

normal sperm.

Investigation of how the effect of temperature was influenced

by both the duration of exposure (i.e. number of days in heat

treatment) and previous exposure to elevated ambient tempera-

tures was done using linear mixed models (LMMs). For these

analyses, the change in trait value (i.e. value at dayx – value at

day 1, where x is day 3, 7, 11 or 14) was the dependent variable.

Thus, our models considered the effect of temperature at 308C
and 408C relative to trait values measured under baseline con-

ditions (i.e. 238C) for the following traits: cloacal temperature,

VCL, proportion motile sperm and proportion normal sperm.

In these models, temperature (308C versus 408C), experimental

exposure period (1 versus 2) and experimental day (hereafter

referred to as exp-day; i.e. day 3, 7, 11, 14), together with their

three-way interaction (and all constituent pairwise interactions),

and body condition were included as fixed effects. For the

three sperm traits, we also ran models including cloacal tempera-

ture as a fixed effect covariate, but in all cases sperm quality was

not influenced by the individual’s cloacal temperature (all p .

0.17). The results of the final models were similar (data not

shown), and thus cloacal temperature was not included in the

final analysis. Male identity was included as a random effect in

all models. We also ran models that included cage number and



Table 1. Reduced LMM examining the change in the proportion of sperm
with normal morphology with heat treatment, exposure period,
experimental day (exp-day) and male body condition as fixed factors (see
electronic supplementary material, S3 for full models).

predictor Fdf p

temperature F1,132.7 ¼ 2.44 0.12

exposure period F1,132.6 ¼ 5.53 0.02

experimental day F1,131.0 ¼ 44.44 ,0.0001

body condition F1,34.6 ¼ 5.78 0.02

temp�exp-day F1,133.2 ¼ 38.18 ,0.0001

temp�exposure period F1,17.5 ¼ 6.31 0.02

exposure period�exp-day F1,132.9 ¼ 18.97 ,0.0001
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mother’s identity (to control for the potential impact of genetic

background given the inclusion of four sets of siblings, account-

ing for nine birds in total) as random effects, and compared these

models with those with the single random effect (male identity)

with likelihood ratio tests using maximum likelihood estimation.

In all instances, these additional random effects did not signifi-

cantly improve the models, and thus were not included in the

final analysis.

We also assessed whether or not cloacal temperature and

sperm quality recovered from the potential effects of heat

exposure when birds were returned to baseline conditions

(238C) using LMMs. For these models, we included exp-day

(1 versus 26), exposure period (1 versus 2), and heat treatment

(308C versus 408C), together with their three-way interaction

(and all constituent pairwise interactions), as fixed effects, and

male identity as a random effect. Finally, comparisons of

trait values at just two time points were performed using

paired t-tests.

For all LMMs, non-significant interaction terms were

removed in a backwards-stepwise fashion, beginning with the

highest-order interaction [29], and models compared using like-

lihood ratio tests. For post hoc testing, we re-ran models and

iteratively changed the reference level for variables that were in

significant interactions or that had significant main effects. All

final models were fitted with REML, and we summarized results

using an ANOVA (Type III sum of squares). All LMMs were run

using ‘lme4’ [30], graphs were constructed using ‘ggplot2’ [31],

and modelling assumptions (normality and heterogeneity of var-

iance of residuals) were assessed visually (following [29]). All

tests were two-tailed and considered significant at a , 0.05.
3. Results
There were no significant differences in body mass or con-

dition between the treatment groups before the experiment

began (mass: t18 ¼ 20.59, p ¼ 0.56; body condition:

t18 ¼ 20.61, p ¼ 0.55). Similarly, groups did not differ with

respect to sperm quality traits (sperm swimming speed:

t17 ¼ 1.01, p ¼ 0.33; proportion motile sperm: t18 ¼ 0.92,

p ¼ 0.37; proportion normal sperm: t18 ¼ 1.65, p ¼ 0.12) or

cloacal temperature (t18 ¼ 0.78, p ¼ 0.44).

Experimental ambient temperatures strongly affected the

proportion of normal sperm (table 1 and figure 1; electronic

supplementary material, S4). Patterns of change in the pro-

portion of sperm with normal morphology differed

between the two treatment groups, resulting in a significant

temperature by exp-day interaction (table 1). During the

first exposure period, 408C birds showed a significant decline

in the proportion of normal sperm with increasing duration

of heat exposure (t134.0 ¼ 29.97, p , 0.001). Indeed, the

proportion of normal sperm declined quickly; at day 3

the proportion of normal sperm was already significantly

lower than that measured prior to heat treatment (t9 ¼ 4.38,

p ¼ 0.002). There was also a significant, negative relationship

between the proportion of normal sperm and exp-day in

birds exposed to 308C (t131.0 ¼ 22.81, p ¼ 0.006; electronic

supplementary material, table S6, figure S4); however, this

was immediately preceded by a slight increase in the

proportion of normal sperm on day 3 relative to pre-exper-

imental levels (mean+ s.e.; 0.90+0.01 versus 0.84+ 0.02;

t9 ¼ 21.92, p ¼ 0.09) and even at their lowest levels (i.e.

day 14) the proportion of normal sperm did not differ from

values obtained under baseline conditions (mean+ s.e.;

0.82+ 0.02 versus 0.84+ 0.02; t9 ¼ 0.92, p ¼ 0.38). Moreover,
the impact of heat was significantly greater in the 408C group

(i.e. the relationship was significantly more negative; elec-

tronic supplementary material, tables S6 and S7). At the

end of the first exposure period and following the 12-day

recovery period, the proportion of normal sperm in a

sample for birds exposed to 308C did not differ significantly

from values collected prior to the experiment (t54.7 ¼ 21.14,

p ¼ 0.26). By contrast, birds in the 408C group had a signifi-

cantly lower proportion of normal sperm relative to

pre-experiment samples (t53.1 ¼ 23.58, p , 0.001), despite

the 12-day recovery period. During the second exposure

period, the treatment groups again showed significant

responses to heat exposure (figure 1; electronic supplemen-

tary material, tables S8 and S9). Specifically, while birds

held at 408C showed a significantly negative relationship

between change in proportion normal sperm and exp-day

(t131.0 ¼ 24.79, p , 0.001), birds held at 308C exhibited a

positive relationship between these variables (t133.5 ¼ 2.27,

p ¼ 0.03). As before, the effect of temperature on the pro-

portion of normal sperm was already apparent at day 3 of

the experimental period (t9 ¼ 2.42, p ¼ 0.04). In addition,

there was a significant interaction between exp-day and

exposure period (table 1), showing that the response to heat

exposure was significantly stronger during the first exposure

period (figure 1; electronic supplementary material, tables

S6–S9). At the end of the second exposure period, birds

held at 408C appeared to recover from heat treatment as the

proportion of normal sperm in samples returned to baseline

levels following the 12-day recovery period (t54.7 ¼ 21.11,

p ¼ 0.27), and even showed partial recovery of sperm on

day 21 (i.e. 7 days into the recovery period; figure 1). Similarly,

in the 308C birds there was no significant difference in the pro-

portion of normal sperm in samples collected at the beginning

of the second exposure period and samples following the

12-day recovery period (t53.1 ¼ 1.28, p¼ 0.21). However, in

this case the proportion of normal sperm remained significantly

lower relative to pre-experimental levels (t9¼ 3.64, p¼ 0.005).

Finally, body condition was negatively associated with the

change in the proportion of normal sperm (table 1), though

we acknowledge that relative body mass estimates of condition

must be interpreted with caution.

Change in sperm swimming speed (VCL) was signifi-

cantly affected by heat treatment (F1,99.5 ¼ 5.85, p ¼ 0.017)

and exposure period (F1,99.1 ¼ 20.92, p , 0.001). However,

these effects were related to the differential response of
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Figure 1. Proportion of normal sperm. Mean+ s.e. of the proportion of
normal sperm on given experimental day (exp-day) over two experimental
heat exposure periods (separated by vertical hatched line). Spacing between
time points is related to sampling on exp-day, not continuous time. Day 1
reflects measurements taken under baseline conditions immediately prior
to heat exposure. Males exposed first to 408C in part 1 of experiment
then to 308C in part 2 (solid line), or 308C then 408C (dashed line). Exper-
imental heat exposure: 308C (circles) or 408C (triangles). During experimental
treatment birds were exposed to heat for 8 h a day and returned to 238C for
16 h (white background). During acclimation and recovery periods birds were
kept continuously at 238C (shaded background).

Table 2. Reduced LMM examining the change in male cloacal temperature
with heat treatment, exposure period, experimental day (exp-day) and male
body condition as fixed factors (see electronic supplementary material, S3
for full models).

predictor Fdf p

temperature F1,136.0 ¼ 19.323 ,0.0001

exposure period F1,136.8 ¼ 0.004 0.95

experimental day F1,136.0 ¼ 0.082 0.78

body condition F1,25.8 ¼ 0.013 0.91

temp � exposure period F1,17.3 ¼ 6.931 0.017

exposure period � exp-day F1,137.3 ¼ 11.291 0.001
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birds exposed to 308C versus 408C (electronic supplementary

material, table S10). Specifically, in the first exposure period

and relative to samples collected under baseline (238C)

conditions, birds exposed to 408C conditions showed a non-

significant tendency towards a reduction in swimming

speed (electronic supplementary material, figure S5), whereas

birds at 308C showed a non-significant tendency towards an

increase in sperm speed (electronic supplementary material,

figure S5) resulting in a significant difference between

groups in terms of the change in sperm swimming

speed (electronic supplementary material, tables S12 and

S13; figure S5). Interestingly, following the 12-day recovery

period, birds in both groups showed an increase in sperm

swimming speed relative to pre-experimental levels; while

this increase was significant in the 308C (t11 ¼ 22.57, p ¼
0.03), it was not significant for 408C birds (t10.8 ¼ 20.48,

p ¼ 0.64). For both treatment groups, sperm swimming

speed showed a significantly greater decline in the second

heat exposure period relative to the first (electronic sup-

plementary material, tables S14 and S15; figure S5).

Moreover, during the second exposure period, the intercept

for the 408C birds differed significantly from 0

(t86.6 ¼ 23.16, p ¼ 0.002); suggesting that in birds exposed

to 408C conditions, sperm swimming speed decreased signifi-

cantly compared to sperm samples collected under baseline

(238C) conditions prior to the second heat exposure (elec-

tronic supplementary material, table S15). However,

following the 12-day recovery period at 238C, all birds

showed recovery of sperm swimming speed to baseline

levels (i.e. no difference between day 1 and 26 in second

exposure period: 308C: t10.7 ¼ 20.15, p ¼ 0.89; 408C:

t12.1 ¼ 20.12, p ¼ 0.91). The change in sperm swimming

speed was not influenced by the duration of exposure
(i.e. exp-day number; F1,88.4 ¼ 2.15, p ¼ 0.15) or body con-

dition (F1,19.9 ¼ 2.15, p ¼ 0.52) and all interaction terms

were non-significant and removed from the model (electronic

supplementary material, table S11).

The change in the proportion of motile sperm was

also significantly affected by temperature (F1,130.1 ¼ 7.95,

p ¼ 0.006: electronic supplementary material, table S16).

Birds in the two treatment groups showed significantly

different initial responses to elevated temperatures; birds

exposed to 308C temperatures showed a slight tendency

towards an increase in the proportion of motile sperm,

whereas birds in the 408C treatment showed a tendency

towards a slight decrease in the proportion of motile sperm

(electronic supplementary material, tables S18–S21; figure S6).

However, neither group differed significantly from samples

collected under baseline (238C) conditions in either the first

(electronic supplementary material, tables S18–S19) or

second (electronic supplementary material, tables S20–S21)

exposure period. The change in the proportion of motile

sperm was not affected by exp-day number (F1,121.9 ¼ 1.06,

p ¼ 0.31), exposure period (F1,126.2 ¼ 3.21, p ¼ 0.08) or body

condition (F1,28.0 ¼ 0.01, p ¼ 0.92) (all interaction terms were

non-significant and removed from the model; electronic

supplementary material, table S17)).

High ambient temperature also affected male cloacal

temperature (table 2 and figure 2; electronic supplementary

material, S22). In the first exposure period, birds in both treat-

ment groups (308C and 408C) showed an increase in cloacal

temperature, though this increase was significantly greater in

the 408C group relative to birds at 308C (t32.5 ¼ 4.55, p ,

0.001; electronic supplementary material, tables S24 and S25).

In the second exposure period, birds in both the 308C and

408C treatment groups again showed an initial rise in cloacal

temperature, though in this instance there was no significant

difference between the groups (figure 2; electronic supplemen-

tary material, tables S26 and S27). Change in cloacal

temperature varied significantly with exp-day (electronic sup-

plementary material, tables S24–S27; figure S7), though the

pattern of change over exp-day differed by exposure period

resulting in a significant exposure period by exp-day inter-

action (table 2). During the first exposure period, the change

in cloacal temperature increased significantly over exp-day

for both 308C and 408C treatment groups (electronic sup-

plementary material, tables S24 and S25), indicating a

continuous rise in cloacal temperature with continued heat

exposure (figure 2). Cloacal temperatures did not return to
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Figure 2. Male cloacal temperature. Mean+ s.e. of cloacal temperature on
given experimental day over two experimental heat exposure periods (separ-
ated by vertical hatched line). Spacing between time points is related to
sampling on experimental day, not continuous time. Day 1 reflects measure-
ments taken under baseline conditions immediately prior to heat exposure.
Males exposed first to 408C in part 1 of experiment then to 308C in part
2 (solid line), or 308C then 408C (dashed line). Experimental heat exposure:
308C (circles) or 408C (triangles). During experimental treatment birds were
exposed to heat for 8 h a day and returned to 238C for 16 h (white back-
ground). During acclimation and recovery periods birds were kept
continuously at 238C (shaded background).
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pre-experimental levels at the end of the first exposure period,

but remained elevated even though birds were held at 238C for

12 days (308C: t55¼ 8.11, p , 0.001; 408C: t55¼ 4.24, p , 0.001).

During the second exposure period, the change in cloacal

temperature was significantly negatively associated with exp-

day (electronic supplementary material, tables S26 and S23,

figure S7). Thus, after an initial increase in cloacal temperature

upon secondary heat exposure, cloacal temperature for all

birds began to stabilize and decrease towards values obtained

under 238C conditions immediately prior to the second heat

period (figure 2). However, cloacal temperature of the birds

exposed to 308C in the second exposure period again remained

elevated relative to baseline conditions following a 12-day

recovery period at 238C (t55¼ 3.32, p ¼ 0.002). Moreover,

while cloacal temperatures of birds exposed to 408C in the

second exposure period returned to levels at the beginning of

this period (t55 ¼ 20.55, p ¼ 0.58), cloacal temperature follow-

ing the 12-day recovery period was significantly greater than

those recorded pre-experiment (t9 ¼ 23.84, p ¼ 0.004).
4. Discussion
We found that extreme environmental temperatures resulted

in decreased sperm quality and increased cloacal temperature

in male zebra finches. Most notably, when birds were

exposed to 408C temperatures, we observed a strong decline

in the proportion of sperm with normal morphology, and

these proportions declined with continued exposure to 408C
conditions. Birds exposed to 408C during the first exposure

period followed by 308C during the second exposure period

showed incomplete recovery from heat exposure, as the pro-

portion of sperm with normal morphology was significantly
lower at the end of the experiment relative to pre-experimental

levels, even after 12-day recovery at 238C. One explanation

for this pattern is that exposure to extreme heat conditions

(408C) may have long-lasting effects on sperm, as has been

observed in some mammalian species [32]. Interestingly,

however, prior exposure to high temperatures (i.e. birds

exposed to 308C conditions during the first exposure

period) appeared to somewhat mitigate the negative impact

of 408C temperatures on the proportion of normal sperm.

Experimental 308C and 408C temperatures also lead to an

approximately 28C rise in cloacal temperature, which is

consistent with studies in poultry and other passerine species

[12,33]. In this study, however, we noted that the increase in

cloacal temperature persisted even 12 days after the last heat

exposure, which may partially explain the lasting effects of

our temperature treatment on sperm morphology. In the

current study, we were unable to determine whether

sperm damage was the direct result of high temperatures

(i.e. temperature induced) or the indirect result of systemic

physiological stress induced by high temperatures (i.e.

temperature associated). Future studies are required to tease

out these options and to further investigate both the long-

term effects of heat on sperm and the potential for acclimation

to elevated environmental temperatures. Nonetheless, our

findings indicate that ecologically relevant, extreme tempera-

tures have the potential to impact sperm quality and

function.

We observed a decline in the proportion of sperm with

normal morphology across the duration of each heat

exposure treatment. During the first 7 days of heat treatment,

the proportion of normal sperm was reduced to a similar

level in both exposure periods, whereas further decline in

the proportion of normal sperm on day 11 and 14 was con-

siderably stronger for birds subjected to 408C temperatures

during the first heat exposure. In birds, spermatogenesis is

divided into three major phases: (1) the spermatogonial

stage, involving mitotic cell division; (2) the spermatocyte

stage, involving cell division via meiosis; and (3) the sperma-

tid stage, involving differentiation to produce mature

spermatozoa [22]. In Japanese quail, the duration of sperma-

togenesis has been estimated at 12.77 days, with each

spermatogenic phase lasting roughly 4–4.5 days [26]. In

other non-passerine species, such as the domestic fowl and

Barbary drake, the duration from the onset of meiosis to sper-

miation (phases 2–3) has been estimated at 11–12 days [22].

Sperm are then transported along the ductus deferens to the

seminal glomera, a process that takes approximately 1 day

[22,34]. Studies of passerines are generally lacking; though

one study of the yellow-throated sparrow Gymnoris xanthocol-
lis suggests that spermatogenesis may occur more rapidly in

passerines relative to non-passerine taxa [27]. This may offer

some clue as to the nature of sperm damage in our study.

One explanation for the patterns of sperm damage observed

in this study is that sperm stored in the seminal glomera are

damaged by our treatment, with the continued decline in the

proportion of morphologically normal sperm with prolonged

heat exposure resulting from the accumulation of damaged

sperm. However, an alternative explanation is that sperm

damage may, at least in part, result from temperature effects

on developing sperm cells during spermatogenesis. In mam-

mals, the primary spermatocytes (especially pachytene and

diplotene) of phase 2 and early spermatids of phase 3

appear particularly susceptible to heat stress [35]. Thus, it is
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possible that the observed reduction in the proportion of

normal sperm early in the exposure period (e.g. exp-day 3)

reflects damage to sperm populations in the seminal glomera

and ductus deferens, while the further decline in sperm qual-

ity observed as the treatment continued reflects the

cumulative effects of damage to these same sperm popu-

lations combined with damage to developing sperm cells.

We found that the proportion of sperm with normal mor-

phology was at its lowest at experimental days 11 and 14,

and suggest this may reflect damage inflicted on these cells

while undergoing meiosis (e.g. pachytene and diplotene sper-

matocytes in phase 2) and spermatid development

(spermatids in phase 3). Such a pattern fits well with the

11–12 days taken for sperm to transition from primary sper-

matocytes to mature spermatids (see above) with an

additional day for sperm to be transported along the

ductus deferens.

Interestingly, the fact that we did not observe as strong a

decline in the proportion of normal sperm in birds exposed to

408C temperatures during the second exposure period

suggests that these birds may have become acclimated to

higher ambient temperatures via prior exposure to 308C con-

ditions, and that this may allow them to minimize defects to

spermatogonia, spermatocytes and developing spermatids.

During spermatogenesis, organisms produce a number of

highly conserved proteins, known as heat shock proteins

(HSPs), which play a role in protein folding and transport

under physiological conditions [36]. HSPs are induced in

response to elevated ambient temperatures, a cellular

response referred to as the heat shock response [37,38], and

in response to a range of other stressors, including oxidative

stress and infection [39]. HSPs function as molecular chaper-

ones to mitigate damage by binding to proteins and

preventing protein denaturation and incorrect folding [35].

In mice, acute heat stress has been shown to increase the

expression levels of genes belonging to the HSP family in

testis tissue, attenuating the heat-induced damage to sperm

[40]. In chickens Gallus gallus domesticus high environmental

temperatures elevate the expression of several HSPs (e.g.

HSP25, HSPA2 [38]). In the current study, we observed a sus-

tained increase in male cloacal temperature. While we have

no information on testis gene expression in our study, we

suggest it is plausible that this rise in cloacal temperature

led to the upregulation of genes related to the heat shock

response, which would explain the diminished response to

elevated temperatures we observed during the second

exposure period.

In contrast to sperm morphology, we found that the motile

performance of sperm (i.e. sperm swimming speed/pro-

portion of motile sperm) was relatively unaffected by high

ambient temperatures. Although we did observe an initial

decline in sperm swimming speed in 408C conditions during

the second exposure period, both within-male (across exp-

day) and between-male variability was high and no clear

effects of temperature were apparent, which was also the

case for the proportion of motile sperm in a sample. Although

measures of sperm performance under in vitro conditions

should be interpreted with some caution, sperm motile per-

formance generally exhibits low within-male repeatability in

passerine birds [41,42]. In domestic fowl, sperm swimming

speed is influenced by seminal fluid proteins [43] and the

presence of extracellular ions (e.g. calcium and sodium [44]).

While it is unknown how quickly components of seminal
fluid may change in birds, plasticity in seminal fluid pro-

duction and composition has been reported in rodents [45]

and Drosophila [46], and in fowl sperm swimming speed is

capable of rapid change (i.e. within days) in response to

shifts in social competitiveness [47]. As such, sperm motile

performance may be a relatively plastic trait, and somewhat

buffered from the negative effects of temperature via rapid

changes in the chemical and protein milieu of seminal fluid.

Finally, a potentially important methodological consideration

is that sperm performance was measured using standard

temperature conditions (i.e. the microscope set-up and

media were maintained at a constant 408C). While this

approach is typical of studies in birds (e.g. [28,44]) and other

taxa (e.g. [45]), it is possible that measurements obtained

under conditions perfectly matched to the individual’s body

temperature would provide different results.

Reductions in sperm quality (e.g. sperm motility, viabi-

lity) due to elevated body temperatures have been linked to

infertility in poultry [12,48] and a range of mammalian

species [32]. Our findings suggest extreme environmental

temperatures may result in a limited supply of functional

sperm, and thus may also impact male fertility in passerine

birds. Only morphologically normal sperm appear to be

able to enter the sperm storage tubules (SSTs) of females

[49], and therefore a reduction in the proportion of morpho-

logically normal sperm is likely to impact the total number of

sperm available for fertilizing ova. In zebra finches, there

appears to be a minimum number of sperm required at the

site of fertilization to ensure successful embryonic develop-

ment [50]. Thus, it is plausible that natural selection may

act on males to protect sperm from the detrimental effects

of elevated temperatures in order to maintain sufficient

sperm numbers to ensure reproductive success. In a general

sense, our results might help to explain, at least partially,

the recent finding of constrained avian breeding activity

across the hotter parts of Australia, during the hottest parts

of the year [20], a finding that has yet to be explored in

other regions of the world. More importantly, functional

infertility may be an important selective pressure in systems

where females mate with multiple males. Under conditions

of sperm competition, sperm numbers are an important

determinant of fertilization success [51]. Thus, males that

are best able to mitigate sperm damage resulting from

extreme temperatures are likely to be superior competitors

for the fertilization of ova during hot conditions. Selection

may therefore drive changes in gene expression and sequence

evolution of proteins linked to spermatogenesis (e.g. HSPs),

the composition and plasticity of seminal fluid or male

behaviours (e.g. shade seeking or other thermoregulatory

behaviours) in response to heatwaves. Male functional infer-

tility may also generate selection on females to seek extra-pair

copulations to avoid the potential costs of infertile social

mates [52,53]. Thus, heatwaves may have profound ecological

and evolutionary consequences for the reproductive biology

and behaviour of birds.

An important next step will be to determine if the nega-

tive effects of temperature have consequences for male

fitness and whether similar results are observed in wild

populations under natural heatwave conditions. In our exper-

iments, we found that females also exhibited an increase in

cloacal temperature qualitatively similar to that reported for

males, but how this relates to sperm performance within

the female reproductive tract is unknown. Thus, the effect
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of elevated temperature on female processes also warrants

investigation; for example, whether sperm are prone to temp-

erature-induced damage while residing in female SSTs, and

the implications of this for female reproductive success. In

addition, it would be especially interesting to known if temp-

erature-induced sperm damage is likely in avian species

experiencing high levels of sperm competition for which

sperm quality is particularly important to fertilization suc-

cess. We found an effect of 408C, but not 308C conditions in

this study, and indeed globally numerous species will be reg-

ularly exposed to such high temperatures [7]. However, it

remains to be determined if sperm function in temperate

species or species breeding at high latitudes are similarly

affected by increases in maximum environmental tempera-

tures. Indeed, species in temperate regions may be expected

to show even greater reductions in sperm quality due to elev-

ated temperatures if arid living is associated with adaptations

to high temperatures. In conclusion, we suggest that tempera-

ture-induced or temperature-associated reductions in sperm

quality may be an important biological consequence of the
 7
anthropocene as global temperatures rise and the frequency

of extreme heat events increase.
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24. Beaupré CE, Tressler CJ, Beaupré SJ, Morgan JL,
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