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ABSTRACT

STUDY QUESTION: Has there been variation in semen quality among men applying to be sperm donors (i.e. donor candidates) in
Denmark in recent years (2017-2022)?

SUMMARY ANSWER: The motile sperm concentration and total motile sperm count (TMSC) in ejaculates—both measures of sperm
quality—declined by as much as 22% from 2019 to 2022.

WHAT IS KNOWN ALREADY: Questions remain about whether human semen quality has declined in recent years. Whilst some
studies provide evidence for a decline in human semen quality, these findings have been disputed owing to potential biases in the
populations studied or in the methods used to measure semen quality. Resolution of this issue has important implications for hu-
man fertility, as well as for those involved in the recruitment of sperm donors for use in medically assisted reproduction.

STUDY DESIGN, SIZE, DURATION: We obtained data on the semen quality of ejaculates previously collected from 2017 to 2022 at
sperm bank locations in four cities in Denmark: Aarhus, Aalborg, Copenhagen, and Odense. Our study focuses on the single semen
samples provided by 6758 donor candidates aged between 18 and 45 years old to determine whether their sperm quality met a mini-
mum criterion for them to be accepted as sperm donors.

PARTICIPANTS/MATERIALS, SETTING, METHODS: All ejaculates were analyzed within 1hour of production. Semen volume (ml)
was estimated by weight and both the concentration (10°/ml) of sperm as well as the concentration of motile sperm (World Health
Organization grades a and b) were measured using the same protocols and computer-assisted semen analysis system across all years
at each site. Statistical analyses of the semen variables were controlled for age and donation site, as well as the average monthly
high temperature when the ejaculate was produced.

MAIN RESULTS AND THE ROLE OF CHANCE: From 2017 to 2019, semen volume, sperm concentration, and total sperm count in the
ejaculates of donor candidates increased by 2-12%. Then, from 2019 to 2022, sperm concentration and total sperm count changed by
0.1-5% from year to year, but none of those changes were statistically significant. In contrast, both motile sperm concentration and
TMSC declined significantly, by 16% and 22%, respectively, between 2019 and 2022. Thus, the concentration of motile sperm in donor
candidates declined from 18.4 [95% CL: 17.0, 20.0] million/ml in 2019 to 15.5 [14.4, 16.7] million/ml in 2022, and TMSC declined from
61.4 [55.8, 67.5] million per ejaculate in 2019 to 48.1 [44.1, 52.4] million in 2022.

LIMITATIONS, REASONS FOR CAUTION: We cannot determine from the available data the causes of the decline in semen quality of
donor candidates from 2019 to 2022. However, as this period coincides with lockdowns and changes in work patterns during the coro-
navirus disease 2019 pandemic, it is possible that changes in motile sperm concentration and TMSC were the result of changes in the
lifestyles of the men whose semen was analyzed.

WIDER IMPLICATIONS OF THE FINDINGS: Men providing initial semen samples at sperm banks, when applying to be sperm donors, are a
useful population in which to monitor changes in human semen quality over time. Our results have implications for human fertility and the
recruitment of sperm donors for medically assisted reproduction, where motile sperm concentration is an essential selection criterion because
it influences fertility. We suggest that gathering health and lifestyle data on donor candidates at sperm banks might help to identify causal fac-
tors for the decline of sperm quality that could be addressed and intervention, if desired, could be personalized for each accepted donor.
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Introduction

Whether human semen quality has been declining in recent dec-
ades has been the subject of considerable debate. Most of that
debate has concerned whether testicular output, as measured by
sperm concentration in fresh ejaculates, has declined in recent
decades, with strong arguments being made both for and against
a substantial decline based on a variety of datasets and analyti-
cal procedures (Jgrgensen et al., 2021). Evidence in support of the
pattern of declining semen quality includes data from meta-
analyses of published data, with studies such as Levine et al.
(2017, 2023) concluding that sperm concentration in ejaculates
could have fallen by as much as 2.64% per year from 2000 to
2019. However, other meta-analyses of published data, using
similar methodologies, have not reached the same conclusion
(Cipriani et al., 2023), thus fueling the controversy. Critics of this
meta-analytical approach have suggested that the data simply
demonstrate that human sperm count varies across individual
men, ecologies, locations, and time periods (Boulicault et al,
2022), and that those estimates of sperm concentration are unre-
liable owing to the intrinsic limitations of the published studies
on which those meta-analyses rely (Auger et al., 2022). Thus, de-
spite popular media often reporting that semen quality in
humans has declined in recent decades, the question is still very
much unresolved.

There have been many attempts to investigate changes in the
semen quality of men living in Denmark, including studies of
men from specific birth cohorts (Rasmussen et al., 1997), men ap-
plying to be sperm donors (Gyllenborg et al., 1999), men recruited
from the general population (Carlsen et al., 2005; Jgrgensen et al.,
2012), and young men being assessed for military service (Bonde
et al., 2011; Priskorn et al.,, 2018). In each case, although a large
number of men have been shown to have poor semen quality (up
to 35% in some cases), there is little evidence within each study
to suggest that semen quality has declined over the years.
Indeed, in the most recent study by Priskorn et al., (2018), there
was no significant decline in the semen quality of 6386 young
men (median age 19years) over a 21-year period from 1996
to 2016.

Here, we used data from a large sperm bank (Cryos
International) to examine temporal changes in semen quality of
men living in Denmark in 2017-2022, using consistent methodol-
ogy to assess all samples. Cryos International was established in
1981 and now has a high throughput of men volunteering to be
sperm donors (Pacey et al., 2023) whose motivations are well
characterized (Pennings et al., 2021). We consider these men to be
a reasonable sample of men in the general population because
their semen quality prior to application is unknown and they are
not providing semen samples because they are concerned about
their own fertility. Thus, we hypothesized that, if semen quality
had varied in recent years, it might be clearly evident in the pop-
ulations of men applying to Cryos to be sperm donors.

Materials and methods

Study population

The focal study population consisted of men living in Denmark
who were applying to become sperm donors (henceforth “donor
candidates”) at Cryos International sperm bank from 2017 to
2022. Donor candidates lived in or close to one of the four largest
cities of Denmark (Copenhagen, Aarhus, Odense, and Aalborg).
In each of those cities, Cryos has a facility where semen samples
were produced and analyzed. The recruitment process at Cryos
has recently been described by Pacey et al. (2023). To be

considered as a donor candidate and be invited to produce a se-
men sample for analysis, men had to be between the ages of 18
and 45years old. We also examined data from all donor candi-
dates who were then accepted to be donors (henceforth
“accepted donors”), each of whom provided multiple subsequent
semen samples. The analysis of repeated samples from accepted
donors allowed us to check for variation that might have been
caused by undocumented changes or drift in analytical techni-
ques and to examine patterns within individual men.

Semen analysis

All semen samples were obtained by masturbation in a private
room at each donation site and collected into a sterile plastic cup
(Sarstedt, Hounisen Laboratory equipment A/S, Skanderborg,
Denmark) after a recommended 2-5days of sexual abstinence.
Ejaculates were initially kept at room temperature (21°C) to al-
low liquefaction and then weighed to estimate ejaculate volume
(1.0g/ml) as recommended by the World Health Organization
(WHO, 2010, 2021). An aliquot of each ejaculate was then exam-
ined by computer-assisted semen analysis (CASA) 30-60 min af-
ter production to determine sperm concentration and motility.
The CASA system used was a Sperm Class Analyzer® (SCA®
CASA, Microptic, Barcelona, Spain) with semen samples observed
using a CX-41 upright light microscope (OLYMPUS, Microptic,
Barcelona, Spain) and a Makler Counting Chamber (Sefi Medical
Instruments Ltd, Haifa, Israel). Grades of sperm motility were
classified according to the definitions in WHO (2021): grade a
(rapidly progressive, >25um/s), grade b (slowly progressive, 5 to
<25um/s), grade c (nonprogressive, >0 to <5um/s), and grade d
(immotile). All equipment and protocols were identical at each
site throughout the study period.

Data collection and data analysis

Data on semen quality from all donor candidate (Supplementary
Data File S1) and accepted donor (Supplementary Data File S2)
ejaculates collected between 5 January 2017 and 30 December
2022 were extracted retrospectively from the sperm bank data-
base at Cryos International and anonymized before analysis. No
samples were collected from 15 March to 31 May 2020 when
Cryos was temporarily closed at all sites owing to the coronavirus
disease 2019 (COVID-19) pandemic. All data were checked for
anomalies and those with impossible values were assumed to be
data entry errors and were removed from the datasets before sta-
tistical analyses (Supplementary Materials and Methods).

For each ejaculate, the dataset included the date and city
where the sample was produced as well as the man’s age, ejacu-
late volume (ml), sperm concentration (10%/ml), and the concen-
trations of grade a and grade b sperm (millions of spermatozoa
per ml). We calculated total sperm count, total motile sperm
count (TMSC), and the total counts of grades a and b sperm as
the product of ejaculate volume and sperm concentrations.
Motile sperm are defined by WHO (2021) as comprising grade a
and grade b sperm, thus the TMSC is the number of grades a
and b sperm in an ejaculate and motile sperm concentration is
the total number of grades a and b sperm per ml. Monthly mean
temperatures (average of daily highs, means, and lows;
Supplementary Data File S3) were obtained from the Danish
Meteorological Institute (Copenhagen, Denmark) and were used
to control statistically for variation in ambient temperature as
this is known to affect sperm quality (Yun et al., 2020; Wang et al.,
2020; Hoang-Thi et al., 2022). Danish law does not require ethical
approval for the secondary analysis of anonymized data, but eth-
ical approval for this study was obtained from The University of
Manchester (ref: 2023-18428-31578).
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Statistical analysis

Data analysis was performed using R 4.3.3 (R Core Team, 2024).
For regression models to predict ejaculate volume, total sperm
count, sperm concentration, and measures of sperm motility
(motile sperm concentration and TMSC), we entered the man’s
age, monthly mean high temperature, city of donation, and date
of semen production as predictors. Exploratory analyses indi-
cated that all these variables influenced semen quality and that
monthly average high temperature was most often the best sin-
gle temperature variable to use as a predictor (Supplementary
Table S1). The use of monthly mean or low temperatures had no
effect on our conclusions as these three temperature variables
are highly correlated (r>0.84 for each city across all years).
For the analyses of donor candidate data, we used linear models;
for the accepted donor data we used linear mixed models (with
random slopes and intercepts) with anonymized male identity as
a random effect to control statistically for multiple measures per
accepted donor (Supplementary Materials and Methods).

In all models, age was entered as a categorical variable as
there was some nonlinearity in its relationship to response varia-
bles. All measures of semen quality were logl0-transformed to
normalize residuals and better satisfy other statistical assump-
tions (Supplementary Figs S1 and S2 and Table S1). From each
statistical model, the semen quality measures for different years
were compared using the Tukey post hoc test analyzed with the
emmeans function in the emmeans package (version 1.8.5). Thus,
we usually report the marginal means of sperm quality meas-
ures, calculated from the regression models. Marginal means are
the mean values adjusted statistically for city, age, and monthly
mean high temperature in each statistical model and thus
are comparable to one another (Supplementary Materials
and Methods).

Results

Study populations

The donor candidates (n=6758 men) were a sample from the
populations of men living near each of the four cities in
Denmark, whereas the accepted donor population (n = 1839 men)
was a selected subset of donor candidates who had applied to be
sperm donors, sometimes prior to 2017 (Supplementary Table
S2). As a result, the means of semen quality measures are differ-
ent between these two samples (Table 1, Fig. 1) by design
(Materials and Methods). Donor candidates also averaged
~9months younger than accepted donors (at their first donation
after 1January 2017; Table 1), largely due to a lower proportion of
men <25years old being accepted to be sperm donors (Fig. 2D).
Median age was 23 years in donor candidates and 24 years in ac-
cepted donors, meaning that about half of the semen samples
were from men in the 18-24 years age group with the other half

of the samples gradually decreasing in numbers for each age up
to 45years (Fig. 2D).

All semen samples were collected and analyzed across all six
years of our study and within each month of the year (Fig. 2A and
C, Supplementary Fig. S3). The 1839 accepted donors provided
77 561 ejaculates (Table 1) with the number of samples distrib-
uted approximately as for the donor candidates across years, cit-
ies, months of the year, and male ages (Fig. 2). About half of the
accepted donors (882/1839) provided ejaculates in only one year
of our study; only 14 accepted donors provided semen samples in
all six years.

Donor candidates
Ejaculate volume, sperm count, and sperm concentration

Among the 6758 donor candidates, there was relatively little vari-
ation in average ejaculate volume, sperm concentration, and the
sperm count per ejaculate across years (Fig. 3). Marginal mean
ejaculate volume increased 7% from 2017 to 2019 (Tukey post hoc
test, t=2.84, P=0.05) then declined 6% from 2019 to 2022
(t=3.04, P=0.03; Supplementary Table S3 and Fig. S4).

Neither the marginal means of sperm concentration (F=0.99,
P=0.42) or sperm count (F=2.15, P=0.06) of donor candidates
varied significantly across years, changing 1-12% from one year
to the next, with no clear patterns (Fig. 3B and C; Supplementary
Tables S4 and S5 and Fig. S5). From 2019 to 2022, the marginal
mean sperm concentration of donor candidates decreased by
only 3.3%, from 52.1 to 50.4 million/ml, while the marginal mean
sperm count per ejaculate declined 9%, from 180.9 to 164.7 mil-
lion (Fig. 3B and C).

Motile sperm concentration and count
In contrast to overall sperm concentration and total sperm count
(Fig. 3), the marginal means of motile sperm concentration and
TMSC in donor candidates declined steeply and significantly
from 2019 to 2022 (Fig. 4). Motile sperm concentration declined
16%, from 18.4 [95% CL: 17.0, 20.0] million/ml in 2019 to 15.5
[14.4, 16.7] million/ml in 2022 (Tukey post hoc test, t=3.53,
P=0.006). This decline was independent of variation between cit-
les, ages, and monthly mean high temperatures, all of which
were adjusted for in the linear model (Supplementary Table S6).
Marginal mean TMSC declined 22%, from 61.4 [55.8, 67.5] mil-
lion per ejaculate in 2019 to 48.1 [44.1, 52.4] million in 2022
(Tukey post hoc test, t=4.33, P=0.0002; Fig. 4B). During this same
interval, the marginal mean ejaculate volume decreased by only
5.4% (Fig. 3A), which would have had a small effect on TMSC if
motile sperm concentration had not also declined by 16%
(Fig. 4B). Note also that the marginal mean TMSC per ejaculate
increased significantly by 24% from 2017 to 2019 (Tukey post hoc
test, t=2.87, P=0.05; Fig. 4B, Supplementary Table S7) due to a
9% increase in ejaculate volume (Fig. 3A) and a 14% increase in
motile sperm concentration (Fig. 4A) during that 2-year period.

Table 1. Descriptive statistics for sperm donor candidates and accepted donors in Denmark.

Donor candidates Accepted donors
Number of men 6758 1839
Samples: total (per man) 6758 (1) 77 561 (2-448)

Age of subjects (years)

Ejaculate volume (ml)

Sperm concentration (x10%/ml)
Sperm count (x10°)

Motile sperm concentration (x10%/ml)
Total motile sperm count (x10°)

25.4[25.2,25.5] 23, 18-45
3.68 [3.64, 3.72] 3.50, 0.20-14.30
72.3[70.9,73.7] 58, 0.01-668
255.5170.9,73.7] 195.0, 0-2324
30.7 [29.92, 31.49] 20.0, 0-374.0
106.9 [104.1, 109.7] 67.9, 0-1129

26.2 [25.92, 26.51] 24, 18-45
3.66 [3.59, 3.74] 3.40, 0.4-10.5
91.5 [88.8, 94.2] 80, 0-449
320.4 [310.0, 330.9] 264.1, 0-1415
42.4[40.8, 44.1] 33, 0-405
146.4 [140.6, 152.2] 112.2, 0-870

Data shown here are mean [95% CL] median, range, from 2017 to 2022. Statistics for accepted donors are for their first semen donation only.
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Figure 1. Measurements of semen quality in ejaculates from sperm banks in four cities in Denmark. Raw data are shown here for the single semen
samples of all donor candidates (n = 6758), and for the first sample (n = 1839) provided by each accepted donor after 1 January 2017 (right), with mean
values (black dots) calculated from the raw data. TMSC, total motile sperm count.

The patterns of declining sperm motility were the same in the
concentrations of both grade a and grade b sperm per ejaculate,
analyzed separately (Fig. SA and C; Supplementary Tables S8 and
59), suggesting that there was a general decline in motility and
not simply a decline in the concentration of one type of sperm.
The concentration of grade a sperm, in particular, declined
steeply, by 30% from 2019 to 2022 in donor candidates (Fig. SA).
Correlations between the concentrations of grade a and b sperm

within semen samples were strong and statistically significant
(all r>0.72) for all measures of sperm concentration and sperm
count in all years for each city (Supplementary Table S10). Thus,
changes in the concentrations of grade a sperm were usually par-
alleled by changes in the concentration of grade b sperm
within ejaculates.

We also looked at the year-to-year patterns within each quar-
tile of TMSC to see if the general pattern of decline from 2019 to
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on the day that semen samples were produced.

2022 across all donor candidates might be driven by a subset of
men with particularly low or high semen quality. In all quartiles,
TMSC declined from 2019 to 2022 (Supplementary Fig. S6 and
Table S11), a pattern that was clearest and most pronounced in
the lowest three quartiles.

Accepted donors
Semen quality

All measures of semen quality in accepted donors showed the
same patterns as for the donor candidate population (Figs 3, 4,
and 5), albeit with larger ejaculate volumes, higher overall sperm
concentrations and counts, and higher motile sperm concentra-
tions and counts. Such differences are expected because ac-
cepted donors were selected from an applicant pool (i.e. donor
candidates) that included many men with lower semen quality
and response to cryopreservation (see Pacey et al., 2023).

For accepted donors, ejaculate volume varied significantly
across years (Type II Wald chi-square=329.6, P<0.0001), in-
creasing 8% from 2017 to 2019, then decreasing 3% from 2019 to
2022 (analysis of marginal means, Supplementary Table S12).
Sperm concentrations and counts in accepted donors also varied
significantly across years (Supplementary Tables S13, S14, and
S15), with a 9% decline in sperm count, a 6% decline in sperm
concentration, and a 17% decline in motile sperm concentration
between 2019 and 2022.

The TMSC of accepted donors decreased by 21% from 2019 to
2022 (Fig. 4D), from 121.4 to 96.4 millions per ejaculate (marginal
means controlling statistically for city, monthly mean high tem-
perature, and multiple measures per accepted donor). TMSC of
accepted donors declined significantly from 2019 to 2020 and
from 2021 to 2022, but not from 2020 to 2021 (Fig. 4D; Tukey post
hoc tests, Supplementary Table S16).

Individual accepted donors

Ejaculate quality (motile sperm parameters) measured for the
first donation of each accepted donor showed the same
pattern as for the single ejaculates from donor candidates
(Supplementary Table S17). Thus, the marginal mean TMSC of
the first donations made after 1 January 2019 declined from 2019
to 2022 by 23%, from 111.1 [95% CL: 102.6, 120.2] million per ejac-
ulate in 2019 to 85.2 [76.0, 95.6] million in 2022. As with donor
candidates, the concentrations of both grades a and b sperm
showed similar patterns of decline in accepted donors from 2019
to 2022 (Fig. 5B and D; Supplementary Tables S18 and S19).

Of the accepted donors who made at least eight donations in
the 2019-2022 period, the estimates (slopes) for the effect of date
on those parameters were positive for 425 accepted donors, and
negative for 587 (Supplementary Fig. S7). Thus, significantly
more of them had a linear reduction in sperm quality over time
rather than a linear increase (binomial test, P<0.0001). Looking
at just the significant estimates of changes with time (Fig. 6),
shows the same pattern, as significantly more were negative (85)
than positive (42), with 67% being negative (binomial test
(P=0.0008). We conclude that the average decline in the concen-
tration of motile sperm in accepted donors during the study pe-
riod was caused by two factors: a decline in the motile sperm
concentration in their initial semen sample; and a decline in the
motile sperm concentration in the successive ejaculates of a
larger proportion of individual accepted donors over time.

Discussion

We investigated the semen quality of young men who were ap-
plying to be sperm donors at Cryos International in Denmark
from early 2017 to late 2022. We consider this donor candidate
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accepted donors (n = 1839), calculated from models that accounted for
the man’s age, monthly mean high temperature, and Danish city (see
also Supplementary Tables S3, S4, and S5).

sample to be representative of the populations of men living near
those cities in Denmark each year, but we have no way of know-
ing how random this sample is with respect to those source pop-
ulations. Whilst there was relatively little change in semen
volume, sperm concentration or total sperm count in an ejacu-
late (Fig. 3), the measures of sperm motility—TMSC and motile
sperm concentration (millions per ml)—both declined signifi-
cantly, by 22% and 16%, respectively, from 2019 through
2022 (Fig. 4).

While there was a significant decline in the ejaculate volume
of donor candidates from 2019 to 2022, this decline was not ac-
companied by significant declines in either sperm concentration
or total sperm count (Fig. 3). Indeed, there was no significant var-
iation across years in either sperm concentration or total sperm
count of donor candidates during the study period from 2017 to
2022 (Supplementary Tables S4 and S5), despite the large sample

size and high statistical power to detect even small year-to-year
changes. We conclude that there is no evidence for a change in
sperm concentration or total sperm count in the donor candidate
population but that there is strong evidence for a decline in
sperm quality from 2019 to 2022 as shown by the changes in
means of both TMSC and motile sperm concentration in donor
candidates. The decline in TMSC from 2019 to 2022, for example,
represents a decline of 7.5% per year.

It is also worth noting that, while we did find a significant de-
cline in average sperm motility (TMSC) in donor candidates, our
statistical model can account for only 3% of the variation in
TMSC (Supplementary Table S7) due to year-to-year variation,
the age of donor candidates, and monthly mean high tempera-
tures. Thus 97% of the variation in TMSC is caused by factors
that are unknown and therefore not included in our statistical
model. Indeed, none of the models of measures of semen quality
that we report in this study accounted for more than 9% of the
variation in those measures. Thus, even though we have uncov-
ered some significant year-to-year variation, the distributions of
each sperm parameter almost completely overlap from year to
year (Fig. 1). This means that even large declines in the average
motility (or other sperm parameters) are not accompanied by
year-to-year declines in the sperm quality of all donor candidates
(or accepted donors; Fig. 6).

Although Cryos International was established in 1981, more
than 40years ago, we studied only the data collected since early
2017 as, prior to this date, all semen analyses at Cryos were per-
formed manually. Manual measurements of sperm concentra-
tion (Pacey, 2013) and motility (Cooper and Yeung, 2006) can vary
over time owing to variation in techniques and equipment and
may thus be unreliable for longitudinal studies semen quality.
From early 2017 onward, Cryos used the same protocols and
CASA system at all its donation sites in Denmark, providing a
high level of consistency to data collection from year to year. The
Sperm Class Analyzer® (SCA® CASA, MICROPTIC, Barcelona,
Spain) used by Cryos is validated annually for the measurement
of sperm concentration and has been shown to have less mea-
surement error than manual methods, as well as correlating well
with data from the Improved Neubauer chamber (considered to
be the Gold Standard method of semen analysis; Dearing et al,,
2014). CASA has also been shown to give reliable measurements
of sperm motility, reduce operator subjectivity, and allow a
higher number of sperm to be examined with less measurement
error than the manual equivalent (Dearing et al., 2021).

We are, therefore, confident in the accuracy of the sperm mo-
tility measurements obtained in this study and have concluded
that the decline in sperm motility observed from 2019 to 2022 is
not an artifact of changes to analytical methods. Initially, we
planned to look only at the single ejaculate from the 6758 men
who applied to be a sperm donor (i.e. donor candidates).
However, to rule out whether or not there was a long-term
change in the sperm motility of individuals, we also examined
the 77 561 ejaculates of the 1839 accepted donors, men who were
accepted onto the program and donated regularly during 2017-
2022. In this accepted donor subpopulation, the TMSC in their
first donations (i.e. not the semen samples they provided as do-
nor candidates) declined by 21% from 2019 to 2022. In addition,
the motile sperm concentration in 58% of 1012 accepted donors
declined during 2019-2022, though only 8% significantly so.
Thus, our working hypothesis is that between 2019 and 2022
there was a gradual reduction in the baseline motile sperm con-
centrations and motile sperm count (TMSC) in both the donor
candidate and accepted donor populations as well as a gradual
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518, and S19).

decline in these variables within about half of the accepted
donors. Moreover, because this decline was observed in both
grade a and b sperm, it was an overall decline in the population
of motile sperm in ejaculates rather than a reduction in sperm
swimming speed that simply reclassified sperm from grade a to
grade b.

Such a sharp decline in sperm motility to occur over a rela-
tively short length of time suggests that external factors were
likely to have played a role. In this context, we note that the ob-
served decline in sperm motility roughly corresponds to the onset

of the worldwide COVID-19 pandemic. Whilst it had been estab-
lished that severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is not present in semen (Burke et al., 2021), there is
some evidence that SARS-CoV-2 can temporarily reduce sperm
motility in men after infection (Ata et al., 2023). However, it is an
unlikely explanation for our observations since Cryos was closed
and did not process any semen samples for 11 weeks in the spring
of 2020. Moreover, once Cryos reopened, men were asked to re-
port and defer providing semen samples for at least 30days if
they had symptoms or were diagnosed with SARS-CoV-2. As
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SARS-CoV2-2 infections were rare in Denmark (typically <5% of
the population; Espenhain et al., 2021), very few men were asked
to defer. We should be mindful that many other aspects of life
also altered around this time. For example, widespread lock-
downs may have led to changes in working patterns, diet, and
levels of physical activity. Several studies have shown that each
of these factors can impact sperm motility (Povey et al., 2012; Sun
etal., 2019; Tang et al., 2022).

Reductions in sperm motility over time (defined in several dif-
ferent ways) have been documented in other accepted sperm do-
nor populations, although often in association with concomitant
changes in sperm concentration and other measures of semen
quality. For example, Gyllenborg et al. (1999) examined 1927
sperm donor candidates in the Copenhagen area between 1977
and 1995 and found that whilst the percentage sperm motility de-
creased significantly during that time, sperm counts increased. In
the USA, Centola et al. (2016) examined 489 men who applied to
be a sperm donor in the Boston, MA, metropolitan area over a 10-
year period (2003-2013) and found a decline in TMSC as well as
sperm concentration and count, with no significant change in se-
men volume. Finally, in China, Huang et al. (2017) examined the
semen quality of over 30 000 young men who applied to be sperm
donors in Hunan province over a 15-year period (2001-2015) and
found decreases in the progressively motile sperm count (grades
a+b sperm), sperm concentration, and the percentage of sperm
with normal morphology. It is clear from these studies, as well as
the present study, that reductions in sperm motility in popula-
tions of accepted donors and donor candidates do occur from
time to time. However, it is unclear whether these changes are
permanent, caused by transient external factors (disease, changes
in lifestyle), or simply part of natural year-to-year variation.

Although we saw dramatic changes in sperm motility from
2019 to 2022, we did not find any evidence for changes in overall
sperm concentration in donor candidates. This is contrary to
what might be predicted from the meta-analysis published by
Levine et al. (2023) who proposed that sperm concentration has
declined by as much as 2.64% per year in unselected men (which

we consider the donor candidates to be) since the year 2000. In
our donor candidate population this would translate to a 7.6%
decline in sperm concentration from 2019 to 2022, whereas we
found a (nonsignificant) decline of only 3% in the sperm concen-
tration of donor candidates over that period (Fig. 3B). In contrast,
our results for the donor candidates are consistent with the
meta-analysis conducted by Cipriani et al. (2023) who concluded
that no statistical changes in sperm concentration had occurred
between 1993 and 2018. Interestingly, our results for sperm con-
centration are similar to other reports in Danish populations, the
most recent of which (Priskorn et al., 2018) examined the ejacu-
late quality of 6386 young men (median age 19) over a 21-year pe-
riod between 1996 and 2016 and found there was no significant
decline in sperm concentration (although a significant number
had sperm concentrations below WHO (2021) reference ranges).
This does, however, illustrate the need for ongoing prospective
monitoring of well-defined populations if we are to truly describe
and understand any temporal changes in semen quality.

Although there was no evidence for changes in sperm concen-
tration and total sperm count of donor candidates in 2017-2022
(Fig. 3B and C), this was not true for the accepted donor popula-
tion where many of the pairwise differences between years were
significant (Supplementary Tables S13 and S14). Similarly, while
all the significant changes in TMSC and grade a sperm concentra-
tion in donor candidates were declines (Fig. SA), there were some
significantly positive increases in those sperm parameters during
2017-2019 in accepted donors. We have no explanation for those
increases, especially in the absence of lifestyle information on
those accepted donors and no obvious changes in Danish society
during that period. Accepted donors, by design, had higher levels
of sperm motility than donor candidates and thus might be
expected to show greater year-to-year variation in average
sperm motility.

The major strength of this study is the high number of ejacu-
lates examined (>84 000): 6758 from donor candidates and 77 561
from 1839 accepted donors. This means we have the statistical
power to detect small changes in average values of ejaculate
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quality. Also, because Cryos recruited men from four cities in
Denmark, we are able to include a diversity of individuals, rather
than men from just one city or region. In our analyses, control-
ling statistically for age, city, and local temperature, and the use
of CASA, means that we have robust measures of sperm motility.
Conversely, study weaknesses include the relatively short win-
dow of 6 years over which the data was collected. We also lacked
information on lifestyle, occupation, and other factors (e.g. the
precise abstinence period) about individuals, which could have
impacted their semen quality. Data on sperm morphology were
not examined as this is not used by Cryos as a criterion for sperm
donor selection.

In conclusion, we have described a significant reduction in
sperm motility (motile sperm concentration and TMSC) in a pop-
ulation of young men who were applying to be or were accepted
as sperm donors in Denmark between 2017 and 2022. This de-
cline in sperm motility was far greater than changes to other se-
men parameters (e.g. ejaculate volume, total sperm count,
sperm concentration). Such a change in semen quality has impli-
cations for sperm donor recruitment because motile sperm con-
centration is an essential selection criterion (Pacey et al., 2023). It
also has potential implications for human fertility because sperm
motility is correlated with the probability of conception (Bonde
et al., 1998; Larsen et al., 2000). We propose that men applying to
be sperm donors are a useful population in which to monitor
changes in human semen quality over time that might help iden-
tify external causal factors for any decline in sperm quality. This
in turn could lead to bespoke treatments or lifestyle changes per-
sonalized for each donor in order to optimize ejaculate quality
and maximize sperm donor recruitment.
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