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ABSTRACT

The objectives of this study were to establish if
exposure of pregnant dairy cows to high environ-
mental temperatures and humidity during the first
trimester of pregnancy impairs the establishment of
the ovarian reserve (total number of healthy follicles
and oocytes in ovaries) and fertility in their offspring.
Serum anti-Miillerian hormone (AMH) concentrations
and number of follicles >3 mm (antral follicle count;
AFC) were assessed on a random day of the estrous
cycle in 310 sixteen-month-old dairy heifers. Based on
season of their conception and early fetal life, heifers
were separated into 2 groups: summer (mean monthly
temperature-humidity index = 69.33 4+ 2.6) and winter
(temperature-humidity index = 54.91 £ 1.08). The
AMH and AFC were lower in summer (419.27 £+ 22.81
pg/mL and 9.32 + 0.42 follicles, respectively) compared
with winter heifers (634.91 + 47.60 pg/mL and 11.84
+ 0.46 follicles, respectively) and were not influenced
by farm and age at sampling. Heifers born to dams
that were not being milked during gestation had lower
AMH and AFC compared with offspring of cows on
their first lactation, whereas no difference was detected
between offspring of cows on their first and subsequent
lactations. Summer and winter heifers had similar age
at first service and at first calving, and similar number
of services per conception. Regardless of season in early
fetal life, heifers were classified into 3 groups based on
AMH and AFC (low = 20%, intermediate = 60%, high
= 20%). Heifers with the lowest AMH were older at first
service compared with herd mates with intermediate
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AMH, but age at first calving and number of services
per conception were similar among AMH categories. No
difference was detected in any of the fertility measures
among AFC categories. Heifers born to mothers exposed
to high environmental temperatures in early gestation
had smaller ovarian reserves compared with herd mates
conceived in winter, but no association between season
of early fetal life and fertility at first conception was
established. Season of conception and maternal lacta-
tion status affect the size of the ovarian reserve, but not
fertility, at first conception in the progeny.

Key words: anti-Miillerian hormone, antral follicle
count, fetal programming, dairy cow

INTRODUCTION

The ovarian reserve is the total number of healthy
oocytes and follicles in the ovary of a female mammal,
which declines during her reproductive life span and
is never replenished (Evans et al., 2010; Treland et al.,
2011). In cattle, gonadal development occurs during
fetal life, and primordial follicles form between d 70 to
100 of gestation and initiate their irreversible growth
by d 90 to 140 of pregnancy (Riisse, 1983; Yang and
Fortune, 2008; Burkhart et al., 2010; Fortune et al.,
2013). Also, the peak in number of germ cells is reached
within the first 3 mo of gestation (Erickson, 1966),
thus the first trimester of fetal life is a critical window
for the establishment of the ovarian reserve in cattle.
Understanding the regulation of follicular formation is
relevant because the variation in the size of the ovarian
reserve may be among the main factors that contribute
to the high variation in fertility among young, adult
female cattle (Evans et al., 2010; Ireland et al., 2011;
Mossa et al., 2017).

Two markers have been identified to reliably esti-
mate the size of the ovarian reserve in cattle: antral
follicle count (AFC) and circulating concentrations
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of anti-Miillerian hormone (AMH). The AFC is the
total number of ovarian antral follicles equal to or
larger than 3 mm in diameter on both ovaries and is
determined by ultrasonography; AMH is a glycoprotein
exclusively produced by healthy, growing ovarian fol-
licles (Monniaux et al., 2008). Both AFC and AMH
are positively associated with the size of the ovarian
reserve (Burns et al., 2005; Treland et al., 2008; Rico et
al., 2009; Batista et al., 2014; Ribeiro et al., 2014) and
are highly repeatable within the same animal during
the same or multiple estrous cycles (Burns et al., 2005;
Rico et al., 2009; Ireland et al., 2011; Monniaux et al.,
2012; Mossa et al., 2012; Pfeiffer et al., 2014; Souza
et al., 2015). However, they are highly variable among
individuals (Baldrighi et al., 2014; Ribeiro et al., 2014).
Studies conducted using either AFC, AMH, or both
indicate that the ovarian reserve is positively associ-
ated with several measures of fertility (Jimenez-Krassel
et al., 2009; Mossa et al., 2012; Ribeiro et al., 2014;
Martinez et al., 2016; McNeel et al., 2017) and with the
response to ovarian hormonal stimulation (Singh et al.,
2004; Ireland et al., 2007; Rico et al., 2009; Hirayama
et al., 2012; Silva-Santos et al., 2014; Souza et al., 2015;
Santos et al., 2016; Mossa and Ireland, 2019).

Nevertheless, what determines the size of the ovar-
ian reserve in cattle is unclear. While recent studies
report that AFC and AMH are moderately heritable
traits in dairy cattle (Walsh et al., 2014; Nawaz et al.,
2018; Gobikrushanth et al., 2019), evidence also indi-
cates that the ovarian reserve might be influenced by
the environment encountered during fetal life (Sloboda
et al., 2011; Evans et al., 2012; Mossa et al., 2015;
Mossa et al., 2019). Growing evidence indicates that
a ruminant’s maternal nutritional status can influence
the development of the reproductive system in female
(Borwick et al., 1997; Rae et al., 2001; Sullivan et al.,
2009a,b; Mossa et al., 2013; Weller et al., 2016; Smith
et al., 2019) and male offspring (Alejandro et al., 2002;
Kotsampasi et al., 2009; Mossa et al., 2018). Other
environmental conditions may influence the establish-
ment of the ovarian follicular population; for instance,
cows with a chronic mammary gland infection during
gestation gave birth to heifers with reduced AMH con-
centrations (Ireland et al., 2011).

Maternal exposure to high environmental tempera-
tures and humidity may be among the factors that
have an effect on the establishment of the ovarian re-
serve, and evidence indicates that heat stress affects
dairy cows in several parts of Italy. Negative effects
on productive performances (Bernabucci et al., 2014),
metabolic and hormonal acclimation (Bernabucci et al.,
2010), nonreturn rate (Biffani et al., 2016), and mortal-
ity (Vitali et al., 2009) in cattle have been reported in
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Italy. Significant increases in rectal temperature and
respiratory rates, as well as reductions in DMI have
been documented in Italian Holsteins exposed to high
air temperatures (Nardone et al., 1997; Bernabucci et
al., 1999). Moreover, high humidity and temperatures
have been recorded in Sardinia, the region were we con-
ducted this study (Atzori and Cannas, 2011). In dairy
cows, heat stress during gestation adversely affects birth
weight, immunocompetence, and growth of the calves
(Tao and Dahl, 2013; Tao et al., 2014; Monteiro et al.,
2016). Furthermore, heifers born to cows exposed to
heat stress during late gestation require more services
per conception (Monteiro et al., 2016). Recent evidence
suggests that cows exposed to heat stress during the
second and third trimester of gestation produce female
offspring with lower AMH concentrations (Akbarinejad
et al., 2017).

Based on the evidence that identifies the first tri-
mester of gestation as crucial for follicular formation
(Erickson, 1966; Riisse, 1983; Tanaka et al., 2001; Bur-
khart et al., 2010), we tested the hypothesis that high
environmental temperatures during the first trimester
of fetal life are negatively associated with the establish-
ment of the ovarian reserve and fertility in Holstein
Friesian female cattle.

MATERIALS AND METHODS

All animal experiments were performed in accordance
with DPR 27/1/1992 (Animal Protection Regulations
of Ttaly) in conformity with European Community
regulation 86/609, and were approved by the local
Committee for the Animal Welfare of the University
of Sassari.

Animals and Assessment of AFC and Peripheral
AMH Concentrations

This study was conducted on 4 commercial dairy
farms located in Sardinia, Italy (farm 1: 39°44’ N, 8°34’
E; farm 2: 39°44" N, 8°31" E; farm 3: 40°35" N, 8°53' E;
farm 4: 39°44' N, 8°34' E). The herds ranged in size
from 90 to 480 cows, with an average annual milk yield
of 8,800 to 9,900 kg/cow. All animals (both cows and
heifers) were housed in freestall barns with roofs and
open side walls. No cooling systems operated in the
farms during the study. Holstein Friesian heifers (n =
310) born between February 2016 and May 2017 were
studied from August to September 2017, November
2017 to April 2018, and June to September 2018 (16.1
=+ 1.32 mo of age; mean + SD). To estimate the size of
the ovarian reserve, peripheral AMH concentrations (n
= 310) and AFC (n = 258) were determined. The ani-
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mals subjected to AFC evaluation were less than those
submitted to AMH dosage due to a technical problem
that occurred with the transrectal ovarian ultrasonog-
raphy. On a random day of the estrous cycle, a single
blood sample (10 mL) was collected from the coccygeal
vein using an additive-free tube. Samples were refriger-
ated (4°C) for 24 h and centrifuged at 2,000 x ¢ at
4°C; serum was removed and stored at —20°C until as-
sayed. Serum AMH concentrations were measured with
an AMH (bovine) ELISA commercial kit (Ansh Labs,
Webster, TX) with an analytical sensitivity of 11 pg/
mL. All assays were performed in duplicates, and mean
values were calculated. If a difference greater than 10%
was detected between duplicates of the same samples,
samples were re-analyzed. The intra- and interassay
coefficients of variation were 3.8 and 9.5%, respectively.

On the same day of blood sampling, AFC was as-
sessed (n = 258) by transrectal ovarian ultrasonogra-
phy (MyLabOne, Esaote, Genova, Italy) performed by
the same operator. Each ultrasonography was recorded,
and the number of antral follicles >3 mm in diameter
was counted (Burns et al., 2005; Ireland et al., 2008;
Mossa et al., 2010a; Mossa et al., 2012) on farm and
on video.

Reproductive Management and Measures

Heifers were inseminated either during the same
estrous cycle in which AMH concentrations and AFC
were assessed or in a subsequent cycle. Heifers were ar-
tificially inseminated by the same technician following
detection of estrus. Animals detected in estrus before
morning milking (0630 h) were inseminated that after-
noon, whereas heifers detected later in the day were
inseminated the following morning. Pregnancy diagno-
sis was performed using ultrasonographic examinations
of the reproductive tracts at approximately 25 to 36
and 60 to 66 d post-Al. The following reproductive
variables were calculated: age at first insemination, age
at first conception, age at first calving, and number of
services per conception.

Climate During the First Trimester of Fetal Life

Dates of conception of each heifer were retrieved from
farm records. Based on the season from conception to
the end of the first trimester of their fetal life, heifers
were placed into 2 groups: heifers born to mothers that
conceived and spent the first trimester of pregnancy
during May through August of 2015 and 2016 (summer
group) or November 2015 through March 2016 (winter
group). To test whether exposure of dams to high envi-
ronmental temperatures during early gestation resulted
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in diminished AFC and AMH and impaired fertility in
their progeny (as young adult heifers), climatic condi-
tions during the months of interest were determined
using data collected from 2 weather stations of the Sar-
dinian Regional Agency for the Environment Protection
(Agenzia Regionale per la Protezione dell’Ambiente
della Sardegna, ARPAS) for the years 2015 to 2016.
The first climatic station was located within 10 km of
farms 1, 2 and 4; the second climatic station was ap-
proximately 54 km away from farm 3. Daily minimum
and maximum air temperature (Ta; expressed as °C)
and relative humidity (RH; expressed as percentage)
were used to calculate the mean monthly temperature-
humidity index (THI; °C) using the following formula
(Johnson et al., 1964):

THI = [1.8 x Ta — (1 — RH/100)
x (Ta — 14.3)] + 32.

A THI >68 was considered an indicator of high en-
vironmental temperatures and potential heat stress
(Zimbelman et al., 2009; De Rensis et al., 2015). The
experimental protocol is summarized in Figure 1.

Statistical Analysis

All data were analyzed with MiniTab and SAS Uni-
versity Edition version 3.6 (SAS Institute Inc., Cary,
NC). The normal distribution of data was investigated
by Kolmogorov-Smirnov normality test with MiniTab.
As most of the data were not normally distributed,
data were log-transformed, but natural numbers are
reported in the text. Relations among variables were
analyzed with Pearson Correlation with SAS.

To investigate the effect of the environmental con-
ditions during gestation on the establishment of the
ovarian reserve, serum concentrations of AMH, AFC,
number of services per conception, age at first service,
and age at first conception in the heifers were ana-
lyzed with a mixed model (Proc MIXED procedure of
SAS) considering the main effects of season during the
first trimester of fetal life (summer vs. winter), age at
sampling and ultrasonography, maternal lactation sta-
tus (nonlactating heifers vs. lactating cows), lactation
number of the dam (0, 1, or >2), and their interaction.
The farm (1, 2, 3 or 4) was included as a random factor.
Tukey test was used for comparisons in all the models.
To test the hypothesis that cattle with a high ovarian
follicular population are more fertile than herd mates
with a smaller ovarian reserve, heifers were ranked into
3 groups (low = 20%, intermediate = 60%, high = 20%)
based on AMH concentrations and AFC, respectively.
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Differences among groups in age at first service, number
of services per conception, and age at first conception
were analyzed with ANOVA. Differences with P < 0.05
were considered significant. All results are expressed as
mean + standard error.

RESULTS

The AFC and Peripheral AMH Concentrations
in Young Adult Heifers

The mean circulating AMH concentrations per
heifer (£SEM) were 512.48 + 25.01 pg/mL, ranging
from 16.83 to 3909.44 pg/mL per animal (n = 310).
The mean AFC was 10.61 £ 0.32, and individual AFC
ranged from 3 to 36 (n = 258). Distributions of heifers
by AMH concentrations (panel A) and AFC (panel B)
are presented in Figure 2. Serum AMH concentrations
and AFC were highly positively correlated (R = 0.70;
P < 0.0001; Figure 3).

The THI During Summer and Winter

The mean monthly THI during the months of the
study are reported in Figure 4. During the first tri-
mester of fetal life of heifers in the summer group, the
average monthly THI was 69.78 £ 2.58 from May to
August 2015 and 68.89 £+ 2.63 from May to August
2016, respectively. During the season of conception of
the winter group, the mean monthly THI was 54.91 +
1.08.
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Influence of Season on AFC and Peripheral AMH
Concentrations in Offspring

Both serum AMH concentrations (Figure 5, panel A)
and AFC (Figure 5, panel B) were lower (P < 0.0001)
in summer compared with winter heifers. Neither AMH
nor AFC were influenced by farm and by age at sam-
pling and ultrasonography.

Influence of Lactation Status of Dams on AFC
and Serum AMH Concentrations in Offspring

Heifers born to dams that were not being milked dur-
ing gestation had lower AMH concentrations and AFC
compared with offspring of cows on their first lactation
(P < 0.05), whereas no difference was detected with
daughters of cows on second or greater compared with
first lactation (Table 1). The AMH and AFC were simi-
lar between offspring of cows on their first and second
or greater lactation (Table 1).

Influence of Season on Offspring Fertility

Heifers in the summer and winter groups had a simi-
lar age at first service (summer 15.40 + 0.16; winter
14.43 + 0.15 mo), at first conception (summer 16.13
+ 0.20; winter 15.29 £+ 0.19 mo), and at first calving
(summer 25.18 £ 0.18; winter 24.43 + 0.20 mo). No
difference was observed between groups in the number
of services per conception (summer 1.48 + 0.07; winter
1.54 £+ 0.08).

Pregnant dams

Season of conception,
THI in 15t trimester of gestation

Single female offspring

16.1+ 1.3 mo. of age

7 R
Summer group R Ovarian follicular Fertility
population
\_ J . L.
age at 15t insemination
- ~ AMH and AFC age at 15t conception
age at 1t calving
Winter group — no. services/conception
L J K

Figure 1. Experimental protocol. Based on the season from conception to the end of the first trimester of their fetal life, young adult heif-
ers were placed into 2 groups: heifers born to mothers that conceived and spent the first trimester of pregnancy during May through August
(summer group) or November through March (winter group), and the mean monthly temperature-humidity index (THI) was determined. To
test whether exposure of dams to high environmental temperatures during early gestation resulted in diminished ovarian follicular population in
their progeny (as young adult heifers), the total number of follicles >3 mm in diameter (antral follicle count; AFC) and anti-Miillerian hormone
(AMH) peripheral concentrations were determined. Reproductive parameters were recorded to test the hypothesis that high environmental tem-
peratures during the first trimester of fetal life are negatively associated with fertility in Holstein Friesian female cattle.
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Fertility, AFC, and AMH

When they were inseminated for the first time, heif-
ers with low AMH concentrations were older compared
with herd mates with intermediate AMH concentrations

(Table 2), but no difference was detected between the
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low and high AMH group in age at first service. Age at
first conception and at first calving, and the number of
services per conception were similar among heifers with
different AMH concentrations (Table 2). No difference
was detected in any of the fertility measures among
AFC groups (data not shown).
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Figure 2. Frequency distribution of anti-Miillerian hormone (AMH) peripheral concentrations (panel A; n = 310) and the total number of
follicles >3 mm in diameter (antral follicle count; AFC) detected using ovarian ultrasonography (panel B; n = 258) on a random day of the

estrous cycle in 16-mo-old Holstein heifers.
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Figure 3. Association between anti-Miillerian hormone (AMH) peripheral concentrations and the total number of follicles >3 mm in diam-
eter (antral follicle count; AFC) detected with ovarian ultrasonography on a random day of the estrous cycle in 16-mo-old Holstein heifers (n =
258). Serum AMH concentrations and AFC were highly positively correlated (r = 0.70; P < 0.0001).

DISCUSSION

The most relevant findings of this study were that (1)
AMH and AFC (2 markers of the number of healthy fol-
licles) were lower in young adult heifers exposed to high
environmental temperatures during the first trimester
of fetal life compared with heifers that were not exposed
to high environmental temperatures and humidity in
their early uterine life, (2) AMH and AFC were lower
in heifers born to nonlactating dams compared with
daughters of lactating cows, and (3) despite the nega-
tive effect of environmental temperature and humidity
and lactation on size of the ovarian follicular popula-
tion, fertility at first conception was not impaired.

In cattle, high temperatures and humidity interfere
with follicular development, peripheral hormonal con-
centrations, and uterine environment, thus impairing
oocyte competence and early embryonic development
(Zeron et al., 2001; De Rensis and Scaramuzzi, 2003;
Dash et al., 2016; Santana et al., 2017). Also, mater-
nal exposure to heat stress during gestation can affect
development of the conceptus with long-term conse-
quences after birth. In dairy cows, maternal heat stress
in late gestation induced low birth weight, reduced to-
tal plasma protein concentrations and hematocrit, and
impaired the immunocompetence of the calves (Tao
and Dahl, 2013; Tao et al., 2014; Monteiro et al., 2016).
For the first time, we provided evidence that high air
temperatures and humidity in the preconception period
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and in the earliest stages of gestation are linked to a
small population of healthy ovarian follicles in the off-
spring of female cattle. The developing gonad may be
highly sensitive to external stimuli during this early
window of exposure because it coincides with the peak
in number of germ cells in the bovine fetus (Erickson,
1966; Riisse, 1983; Tanaka et al., 2001). This finding is
in contrast with recent evidence of the lack of difference
in AMH concentrations between cows born to dams
exposed to heat stress in the first trimester of gesta-
tion compared with unexposed mothers (Akbarinejad
et al., 2017). Such discrepancy between the 2 studies
may be due to the differences in the number of animals
enrolled and in the age at AMH assessment (heifers vs.
cows). Here, AMH and AFC were assessed when ani-
mals were 1.4 yr old, sexually mature, yet nulliparous.
This postpubertal time frame was chosen because AMH
concentrations vary in prepubertal heifers (Monniaux
et al., 2012; El-Sheikh Ali et al., 2017; Mossa et al.,
2017), but are stable during estrous cycles (Ireland et
al., 2011; Monniaux et al., 2012; Ribeiro et al., 2014).
In women, higher AMH concentrations were recently
observed in early postmenarchal girls compared with
adult women with regular, ovulatory cycles (Ortega et
al., 2020), but others report that AMH concentrations
are stable from childhood to early adulthood (Hagen et
al., 2011; Kelsey et al., 2011) In cattle, there is no evi-
dence indicating that AFC or AMH are affected by the
number of estrous cycles since puberty. Also, neither
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Figure 4. Mean (£SEM) monthly temperature-humidity index (THI) recorded in 2 climatic stations (CS1, black bars, and CS2, gray bars)
from March 2015 to December 2016. Heifers were conceived and spent the first trimester of their fetal life during May through August in 2015
and 2016 for the summer group (n = 176), and November 2015 through March 2016 for the winter group (n = 134), respectively. A THI >68
(dashed line) was considered an indicator of high environmental temperatures and potential heat stress (Zimbelman et al., 2009).

AMH nor AFC were influenced by age at sampling and
ultrasonography and by farm in our study, indicating
that the observed differences in the size of the ovarian
follicular population may be attributed to the environ-
mental conditions in early fetal life.

Moreover, a stringent correlation between AMH and
AFC was observed, as previously reported (Ireland et
al., 2008; Rico et al., 2009; Baldrighi et al., 2014; Batis-
ta et al., 2014; Ghanem et al., 2016), providing further
evidence for their reliability as markers of the number
of healthy ovarian follicles and oocytes. Nevertheless,
irrespective of season of conception, AMH peripheral
concentrations in all heifers were highly variable among
individuals and similar to previously reported values
in Holstein cattle (Guerreiro et al., 2014; Ribeiro et
al., 2014), whereas the mean AFC was lower compared
with other reports (Mossa et al., 2012; Martinez et al.,
2016). Indeed, in our previous studies the mean AFC
ranged from 4 to 61 per cow, whereas in the present
work AFC varied from 3 to 36 follicles per heifer. The
reason for this narrow AFC range is unclear. It could
be due to (1) an inherent variation in the AFC among
genetic strains (Baldrighi et al., 2014; Batista et al.,
2014), similar to the racial and ethnic differences ob-
served in women (Schuh-Huerta et al., 2012; Tal and
Seifer, 2013), (2) differences in the detection of the
antral follicles by ultrasonography among operators,
or (3) the presence of numerous early follicles with a
reduced diameter that, although producing AMH, may
not be visualized by ultrasonography.

Journal of Dairy Science Vol. 103 No. 12, 2020

The biological pathways by which high air tempera-
tures and humidity may have negatively influenced fe-
tal follicular development were beyond the scope of this
study. Nevertheless, we speculate that high THI during
summer may have increased the body temperature of
pregnant dams, resulting in hyperthermia. Cattle ex-
posed to heat stress reduce their feed intake (Ominski
et al., 2002), and we have previously demonstrated that
heifers born to nutritionally restricted mothers during
the first trimester of gestation had a diminished ovarian
population of healthy follicles and oocytes (Mossa et
al., 2013). This is demonstrated by consistently lower
circulating AMH concentrations from 4 mo to 1.8 yr
of age, lower AFC (number of antral follicles growing
during follicular waves) from 7 wk to 1.6 yr of age,
and increased follicle-stimulating hormone concentra-
tions, a phenotypic characteristic of cattle with a low
AFC (Burns et al., 2005; Ireland et al., 2007; Jimenez-
Krassel et al., 2009; Mossa et al., 2010b). Thus, it is
plausible that the exposure to high air temperatures
and humidity may have impaired feed intake in the
mothers during early gestation, thus reducing the en-
ergy supply during fetal gonadal development. Indeed,
other factors associated with summer may have influ-
enced fetal follicular development. Dietary ration may
have been different in summer versus winter, as the
TMR was composed of home-grown forage crops, which
were harvested once a year and either ensiled (corn)
or stored as hay. Silage storage may have influenced
the nutritional quality of the ration offered to dams
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Table 1. Effect of lactation number of the dam at conception on the mean (+=SEM) peripheral concentrations
of anti-Miillerian hormone (AMH) and total number of follicles >3 mm in diameter (antral follicle count; AFC)

detected on a random day of the estrous cycle in 16-mo-old Holstein heifers

Ttem Lactation 0 Lactation 1 Lactation >2 P-value
Number of heifers 147 76 86
AMH (pg/mL) 441.53 + 28.63" 612.75 + 63.05" 543.99 + 48.91* <0.01
Number of heifers 124 63 74
AFC 9.64 + 0.43" 11.79 + 0.80 11.22 + 0.54" <0.05

*PDifferent superscripted letters within the same row indicate statistical differences (P < 0.05).

and offspring in the different seasons (Bernardes et al.,
2018), and moderate variations in ration formulation
may have occurred during the duration of the study as
part of the routine herd management practices. Other
management practices, such as number and time of
milking, were constant through the summer and winter.
Nevertheless, because the experimental design of this
study did not allow to control for several managerial
and environmental variables, the observed differences
in the ovarian follicular population of the offspring
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Figure 5. Mean (£SEM) peripheral concentrations of anti-Miille-
rian hormone (AMH; panel A) and total number of follicles >3 mm in
diameter (antral follicle count; AFC; panel B) on a random day of the
estrous cycle in 310 sixteen-month-old Holstein Friesian dairy heifers
that were conceived and spent the first trimester of their fetal life in
May through August (summer; n = 176) or November through March
(winter; n = 134). Different letters a,b indicate a significant difference
(P < 0.0001).
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cannot be exclusively attributed to the environmental
conditions in early pregnancy.

Vitamin D is a steroid hormone whose deficiency
has been associated with a 25% fertility reduction in
rats (Halloran and DeLuca, 1980), and recent evidence
suggests that low vitamin D levels have a negative
effect on the ovarian reserve in women (Shahrokhi et
al., 2018). Cattle synthetize vitamin Dj (cholecalcif-
erol) following exposure to sunlight, and obtain both
vitamin D, (ergocalciferol) and D3 through dietary
sources (Hidiroglou et al., 1985; Hymgller and Jensen,
2010). Although animals enrolled in this study were
permanently housed in freestall barns with a shed, the
increase in the number of hours of daylight during sum-
mer may have led to higher peripheral concentrations
of vitamin D in early gestation in dams of the summer
group. Vitamin D significantly decreased AMH expres-
sion from hen granulosa cells of small growing follicles
and caused a significant increase in the expression of
FSHR (Wojtusik and Johnson, 2012). Because AMH is
considered to reduce premature exhaustion of the ovar-
ian reserve by inhibiting primordial follicular growth
(Dewailly et al., 2014), the AMH decrease in the first
trimester of pregnancy of dams in the summer group
may have resulted in a premature activation of follicu-
lar growth and consequent early follicular depletion in
fetal ovaries.

Another important finding of this work was that
AFC and AMH were lower in heifers born to nonlactat-
ing dams compared with daughters of cows in their first
lactation, irrespective of season of early fetal develop-
ment. This finding is in accordance with evidence from
our previous study conducted on Irish Holstein Friesian
cattle in a pasture-based system, where daughters of
heifers had on average 3 follicles less than daughters
of lactating dams (Walsh et al., 2014). Similarly, AMH
concentrations were greater in Holstein heifers born
to multiparous cows compared with nulliparous heif-
ers (Akbarinejad et al., 2018), and beef heifers born to
cows had more antral follicles than herd mates born to
cows (McNeel et al., 2017). The repeatability of this
finding across independent studies conducted in dif-
ferent countries and farming conditions is remarkable;
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Table 2. Reproductive performance in Holstein heifers (mean + SEM) with low (20%), intermediate (60%), and high (20%) peripheral anti-

Miillerian hormone (AMH) concentrations

AMH category

Ttem Low Intermediate High P-value
Number of heifers 61 186 63

AMH (pg/mL) 155.08 £ 6.37 398.24 + 9.74 1195.8 £ 65.8

Age at first insemination (mo) 15.59 + 0.26" 14.85 + 0.15" 14.73 + 0.26"™ 0.038
Age at first conception (mo) 16.02 £+ 0.32 15.73 £ 0.18 15.62 £+ 0.32 0.65
Age at first calving (mo) 25.29 £+ 0.31 24.82 + 0.18 24.73 £ 0.30 0.28
Number of services per conception 1.45 £ 0.12 1.56 £+ 0.07 1.39 £ 0.12 0.4

*PValues within a row with no common superscript differ (P < 0.05).

thus, it is likely that nutrients are partitioned toward
maternal rather than fetal growth in pregnant heifers
(Scholl et al., 1994), resulting in the impairment of the
ovarian follicular reserve in the progeny. This possi-
bility is further confirmed by the lack of association
between dam milk production before conception and
during pregnancy with daughter AFC in Holstein cows
(Walsh et al., 2014). Nevertheless, in the present study,
heifers born to cows in their second or later lactation
had similar AFC and AMH compared with daughters
of nulliparous and primiparous dams. Thus, the poten-
tial association between lactation number of the dam
and the ovarian follicular population of the progeny is
not clear and warrants further investigation.

The lack of association between season of conception
and fertility contradicted our initial hypothesis. Due to
the project time frame, we only collected reproductive
measurements from the first calving of the progeny, but
the potential decrease in fertility in animals exposed
to heat stress as fetuses may be evident when cows
are lactating, and thus more prone to reproductive
failure. It is also possible that the number of animals
enrolled in this study was insufficient to detect differ-
ences in fertility. Indeed, heifers in the winter group
were on average 22 d younger at first calving compared
with animals in the summer group, yet no statistically
significant difference was observed. It should also be
noted that heifers in the summer group received their
first service during months with higher THI and longer
days (March-September) compared with heifers in the
winter group, which were inseminated for the first time
from September to April, when days were shorter and
air temperatures were lower. It is likely that heifers in
the summer group were exposed to heat stress at the
time of their first service, but because the months at
first insemination partially overlapped between groups,
the potential cumulative effect of heat stress occur-
ring both before and after birth on a heifer’s fertility
may have not been detected. Therefore, it should be
investigated with controlled experiments. Indeed, re-
cent evidence from more than 600,000 lactation records
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indicates that cows conceived in winter were on aver-
age 10 d younger at their first calving compared with
herd mates conceived in summer (Pinedo and De Vries,
2017).

Dairy farmers often use lower-cost semen in summer
because fertility declines when air temperatures and
humidity are high (Collier et al., 2006). This practice
may result in lower genetic merit for heifers conceived
in summer compared with those conceived in winter.
Higher parent-average (estimates of the genetic merit
underlying the survival, fertility, and milk yield of the
cow based on her sire and dam) for milk, fat, protein,
productive life, and net merit have been reported in
cows conceived in winter compared with herd mates
conceived in summer (Pinedo and De Vries, 2017). Yet,
parent-average for daughter pregnancy rate were higher
in cows conceived in summer, and authors suggest that
the lower performance of cows conceived in summer
could not be completely explained by use of lower
quality genetics in summer breedings (Pinedo and De
Vries, 2017). Although we did not collect genetic data,
farmers used the same pool of bull in different seasons;
therefore, it is unlikely that the difference in the AFC
and AMH between summer and winter heifers could
have been influenced by the use of semen with lower
genetic merit during the summer months.

Nevertheless, albeit similar in fertility, cattle exposed
to high temperatures and humidity in early pregnancy
may have a shorter life compared with cattle conceived
in winter. We previously tested the hypothesis that
AMH in heifers was positively linked to productive
herd life (time in herd after calving). Results showed
that cows in the quartile (Q) with the lowest AMH
concentrations as heifers (Q1) completed fewer lacta-
tions compared with Q3 cows and had a 180-d average
shorter productive herd life compared with Q2 and Q3
cows. Moreover, the probability of being culled after
birth of the first calf was higher for the Q1 compared
with Q2, Q3, and Q4 cows, documenting that a single
determination of AMH concentrations in young adult
Holstein heifers is predictive of their future herd lon-
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gevity (Jimenez-Krassel et al., 2015). In the present
study, we were not able to investigate the survival of
heifers in the herd after their first lactation, but we
speculated that animals in the summer group may have
had lower longevity compared with cattle in the winter
group, possibly due to their impaired ovarian follicular
population. Indeed, others report that the odds of sur-
vival to a second calving for cows conceived in winter
were 1.21 times the odds of survival for cows conceived
in summer (Pinedo and De Vries, 2017).

Moreover, we tested the hypothesis that, regardless
of season during early fetal development, cattle with
a high ovarian follicular population are more fertile
than herd mates with smaller ovarian reserve. Age at
first service was greater in heifers with low compared
with intermediate AMH concentrations, but age at
first calving and the number of services per concep-
tion were similar among heifers with different AMH
concentrations. These findings indicate that the size of
the ovarian follicular population in pubertal nulliparous
heifers is not predictive of their fertility at first concep-
tion, and are in accordance with previous studies that
conception rates to first Al, services per conception,
and days open after calving until pregnant were similar
among Holstein heifers in the different AMH quartiles
(Jimenez-Krassel et al., 2015). Further, no association
was previously detected between serum AMH, preg-
nancy outcomes at first service, and pregnancy risk up
to 250 d postpartum (Gobikrushanth et al., 2018). On
the other hand, we previously observed that dairy cows
with a low AFC had a lower conception rate to first Al,
greater number of Al to conceive, and higher calving
interval compared with cows with an intermediate or
high AFC (Mossa et al., 2012). Greater pregnancy rates
and lower incidence of pregnancy loss in dairy cows
with high AMH (Ribeiro et al., 2014), and lower preg-
nancy rates in beef heifers (Cushman et al., 2009) and
dairy cows with low AFC (Martinez et al., 2016) were
also reported. Therefore, the existence of an association
between the size of the ovarian reserve and fertility in
cattle is yet to be established.

CONCLUSIONS

This study investigated, for the first time, the poten-
tial long-term effect of high environmental temperatures
and humidity in early pregnancy on gonadal develop-
ment and subsequent fertility in female offspring. We
provided evidence for a negative association between
high THI during the first trimester of fetal life and
the size of the ovarian reserve in young adult heifers,
as assessed by lower serum AMH concentrations and
AFC in heifers conceived in summer compared with
winter months. Results also showed that the size of the
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ovarian reserve was lower in daughters of nonlactating
dams compared with heifers born to lactating cows.
Collectively, these findings indicate that the number
of ovarian follicles and oocytes in cattle can be nega-
tively programmed by high temperatures and humidity
occurring in the first trimester of fetal life. Although
a smaller ovarian reserve did not impair fertility in
heifers, the effects of high environmental temperatures
and humidity in early pregnancy on offspring gonadal
development warrant further research, as the potential
decrease in fertility and longevity in animals exposed
to heat stress as fetuses may be evident later in life,
when cows are lactating and more prone to reproduc-
tive failure.

ACKNOWLEDGMENTS

Research supported by Regione Autonoma della
Sardegna, Legge Regionale 7, Bando 2015. Authors
thank the Sini, Urgu, Garau, and Lasi family members
(owners of the farms involved in the study) and Cocco
(University of Sassari, Italy) for their assistance with
sample collection and processing. We are grateful to
Tola and Conte (Associazione Allevatori della Regione
Sardegna, Italy), and Peana and Fois (Associazione
Regionale per la Protezione dell’Ambiente della Sar-
degna, Italy) for sharing farm and climate data. J. J.
1. acknowledges salary support from Animal and Food
Research Institute Competitive Grant no. 2013-67015-
20962 from the USDA National Institute of Food and
Agriculture, and Michigan State University (East Lan-
sing) AgBioResearch. Authors declare no conflicts of
interest.

REFERENCES

Akbarinejad, V., F. Gharagozlou, and M. Vojgani. 2017. Temporal
effect of maternal heat stress during gestation on the fertility and
anti-Miillerian hormone concentration of offspring in bovine. The-
riogenology  99:69-78. https://doi.org/10.1016/j.theriogenology
.2017.05.018.

Akbarinejad, V., F. Gharagozlou, M. Vojgani, and M. M. Bagheri
Amirabadi. 2018. Nulliparous and primiparous cows produce less
fertile female offspring with lesser concentration of anti-Miillerian
hormone (AMH) as compared with multiparous cows. Anim. Re-
prod. Sci. 197:222-230. https://doi.org/10.1016/j.anireprosci.2018
.08.032.

Alejandro, B., R. Pérez, G. Pedrana, J. T. Milton, A. Lopez, M. A.
Blackberry, G. Duncombe, H. Rodriguez-Martinez, and G. B. Mar-
tin. 2002. Low maternal nutrition during pregnancy reduces the
number of Sertoli cells in the newborn lamb. Reprod. Fertil. Dev.
14:333-337. https://doi.org/10.1071 /RD02046.

Atzori, A.; and A. Cannas. 2011. Delayed effect of heat stress on dry
matter intake and milk yield in dairy cows. J. Dairy Sci. 94(E-
Suppl. 1):104.

Baldrighi, J., M. F. S Filho, E. O. Batista, R. N. Lopes, J. A. Visin-
tin, P. S. Baruselli, and M. E. Assumpcao. 2014. Anti-Mullerian
hormone concentration and antral ovarian follicle population in
Murrah heifers compared to Holstein and Gyr kept under the same


https://doi.org/10.1016/j.theriogenology.2017.05.018
https://doi.org/10.1016/j.theriogenology.2017.05.018
https://doi.org/10.1016/j.anireprosci.2018.08.032
https://doi.org/10.1016/j.anireprosci.2018.08.032
https://doi.org/10.1071/RD02046

Succu et al.: MATERNAL HEAT STRESS AND FETAL OVARIAN RESERVE

management. Reprod. Domest. Anim. 49:1015-1020. https://doi
.org/10.1111/rda.12430.

Batista, E. O., G. G. Macedo, R. V. Sala, M. D. Ortolan, M. F. S&
Filho, T. A. Del Valle, E. F. Jesus, R. N. Lopes, F. P. Renné, and
P. S. Baruselli. 2014. Plasma antimullerian hormone as a predictor
of ovarian antral follicular population in Bos indicus (Nelore) and
Bos taurus (Holstein) heifers. Reprod. Domest. Anim. 49:448-452.
https://doi.org/10.1111/rda.12304.

Bernabucci, U., P. Bani, B. Ronchi, N. Lacetera, and A. Nardone.
1999. Influence of short- and long-term exposure to a hot environ-
ment on rumen passage rate and diet digestibility by Friesian heif-
ers. J. Dairy Sci. 82:967-973. https://doi.org/10.3168/jds.S0022
-0302(99)75316-6.

Bernabucci, U., S. Biffani, L. Buggiotti, A. Vitali, N. Lacetera, and A.
Nardone. 2014. The effects of heat stress in Italian Holstein dairy
cattle. J. Dairy Sci. 97:471-486. https://doi.org/10.3168/jds.2013
-6611.

Bernabucci, U., N. Lacetera, L. H. Baumgard, R. P. Rhoads, B. Ron-
chi, and A. Nardone. 2010. Metabolic and hormonal acclimation to
heat stress in domesticated ruminants. Animal 4:1167-1183. https:
//doi.org/10.1017/S175173111000090X.

Bernardes, T. F., J. L. P. Daniel, A. T. Adesogan, T. A. McAllister, P.
Drouin, L. G. Nussio, P. Huhtanen, G. F. Tremblay, G. Bélanger,
and Y. Cai. 2018. Silage review: Unique challenges of silages made
in hot and cold regions. J. Dairy Sci. 101:4001-4019. https://doi
.org/10.3168/jds.2017-13703.

Biffani, S., U. Bernabucci, A. Vitali, N. Lacetera, and A. Nardone.
2016. Short communication: Effect of heat stress on nonreturn rate
of Ttalian Holstein cows. J. Dairy Sci. 99:5837-5843. https://doi
.org/10.3168/jds.2015-10491.

Borwick, S. C., S. M. Rhind, S. R. McMillen, and P. A. Racey. 1997.
Effect of undernutrition of ewes from the time of mating on fetal
ovarian development in mid gestation. Reprod. Fertil. Dev. 9:711—
715. https://doi.org/10.1071/RI7011.

Burkhart, M. N., J. L. Juengel, P. R. Smith, D. A. Heath, G. A. Perry,
M. F. Smith, and H. A. Garverick. 2010. Morphological develop-
ment and characterization of aromatase and estrogen receptors al-
pha and beta in fetal ovaries of cattle from days 110 to 250. Anim.
Reprod. Sci. 117:43-54. https://doi.org/10.1016/j.anireprosci.2009
.02.010.

Burns, D. S., F. Jimenez-Krassel, J. L. Ireland, P. G. Knight, and
J. J. Ireland. 2005. Numbers of antral follicles during follicular
waves in cattle: Evidence for high variation among animals, very
high repeatability in individuals, and an inverse association with
serum follicle-stimulating hormone concentrations. Biol. Reprod.
73:54-62. https://doi.org/10.1095/biolreprod.104.036277.

Collier, R. J., G. E. Dahl, and M. J. VanBaale. 2006. Major advances
associated with environmental effects on dairy cattle. J. Dairy Sci.
89:1244-1253.  https://doi.org/10.3168/jds.50022-0302(06) 72193
-2.

Cushman, R. A.; M. F. Allan, L. A. Kuehn, W. M. Snelling, A. S.
Cupp, and H. C. Freetly. 2009. Evaluation of antral follicle count
and ovarian morphology in crossbred beef cows: Investigation of
influence of stage of the estrous cycle, age, and birth weight. J.
Anim. Sci. 87:1971-1980. https://doi.org/10.2527 /jas.2008-1728.

Dash, S., A. K. Chakravarty, A. Singh, A. Upadhyay, M. Singh, and S.
Yousuf. 2016. Effect of heat stress on reproductive performances of
dairy cattle and buffaloes: A review. Vet. World 9:235-244. https:
//doi.org/10.14202/vetworld.2016.235-244.

De Rensis, F., I. Garcia-Ispierto, and F. Lépez-Gatius. 2015. Seasonal
heat stress: Clinical implications and hormone treatments for the
fertility of dairy cows. Theriogenology 84:659-666. https://doi
.org/10.1016/j.theriogenology.2015.04.021.

De Rensis, F., and R. J. Scaramuzzi. 2003. Heat stress and seasonal
effects on reproduction in the dairy cow—A review. Theriogenology
60:1139-1151. https://doi.org/10.1016/5S0093-691X(03)00126-2.

Dewailly, D., C. Y. Andersen, A. Balen, F. Broekmans, N. Dilaver, R.
Fanchin, G. Griesinger, T. W. Kelsey, A. La Marca, C. Lambalk,
H. Mason, S. M. Nelson, J. A. Visser, W. H. Wallace, and R. A.
Anderson. 2014. The physiology and clinical utility of anti-Mulle-

Journal of Dairy Science Vol. 103 No. 12, 2020

11967

rian hormone in women. Hum. Reprod. Update 20:370-385. https:
//doi.org/10.1093 /humupd/dmt062.

El-Sheikh Ali, H., G. Kitahara, T. Takahashi, S. Mido, M. Sadawy, I.
Kobayashi, K. Hemmi, and T. Osawa. 2017. Plasma anti-Miillerian
hormone profile in heifers from birth through puberty and rela-
tionship with puberty onset. Biol. Reprod. 97:153-161. https://doi
.org/10.1093 /biolre/iox069.

Erickson, B. H. 1966. Development and senescence of the postnatal
bovine ovary. J. Anim. Sci. 25:800-805. https://doi.org/10.2527/
jas1966.253800x.

Evans, A. C. O., F. Mossa, T. Fair, P. Lonergan, S. T. Butler, A. E.
Zielak-Steciwko, G. W. Smith, F. Jimenez-Krassel, J. K. Folger,
J. L. H. Treland, and J. J. Ireland. 2010. Causes and consequences
of the variation in the number of ovarian follicles in cattle. Pages
421-429 in Reproduction in Domestic Ruminants VII. Vol. 67. M.
C. Lucy, J. L. Pate, M. F. Smith, and T. E. Spencer, ed. Cam-
bridge University Press, Cambridge, UK.

Evans, A. C. O., F. Mossa, S. W. Walsh, D. Scheetz, F. Jimenez-
Krassel, J. L. H. Ireland, G. W. Smith, and J. J. Ireland. 2012.
Effects of maternal environment during gestation on ovarian fol-
liculogenesis and consequences for fertility in bovine offspring.
Reprod. Domest. Anim. 47:31-37. https://doi.org/10.1111/j.1439
-0531.2012.02052.x.

Fortune, J. E., M. Y. Yang, J. J. Allen, and S. L. Herrick. 2013.
Triennial reproduction symposium: The ovarian follicular reserve
in cattle: What regulates its formation and size? J. Anim. Sci.
91:3041-3050. https://doi.org/10.2527 /jas.2013-6233.

Ghanem, N., J. I. Jin, S. S. Kim, B. H. Choi, K. L. Lee, A. N. Ha, S.
H. Song, and I. K. Kong. 2016. The anti-miillerian hormone profile
is linked with the in vitro embryo production capacity and embryo
viability after transfer but cannot predict pregnancy outcome.
Reprod. Domest. Anim. 51:301-310. https://doi.org/10.1111/rda
.12681.

Gobikrushanth, M., D. C. Purfield, E. R. Canadas, M. M. Herlihy, J.
Kenneally, M. Murray, F. J. Kearney, M. G. Colazo, D. J. Am-
brose, and S. T. Butler. 2019. Anti-Miillerian hormone in grazing
dairy cows: Identification of factors affecting plasma concentra-
tion, relationship with phenotypic fertility, and genome-wide asso-
ciations. J. Dairy Sci. 102:11622-11635. https://doi.org/10.3168/
jds.2019-16979.

Gobikrushanth, M., D. C. Purfield, M. G. Colazo, S. T. Butler, Z.
Wang, and D. J. Ambrose. 2018. The relationship between serum
anti-Miillerian hormone concentrations and fertility, and genome-
wide associations for anti-Miillerian hormone in Holstein cows. J.
Dairy Sci. 101:7563-7574. https://doi.org/10.3168/jds.2017-13940.

Guerreiro, B. M., E. O. Batista, L. M. Vieira, M. F. S4 Filho, C. A.
Rodrigues, A. Castro Netto, C. R. Silveira, B. M. Bayeux, E. A.
Dias, F. M. Monteiro, M. Accorsi, R. N. Lopes, and P. S. Baru-
selli. 2014. Plasma anti-mullerian hormone: an endocrine marker
for in vitro embryo production from Bos taurus and Bos indicus
donors. Domest. Anim. Endocrinol. 49:96-104. https://doi.org/10
.1016/j.domaniend.2014.07.002.

Hagen, C. P., L. Aksglaede, K. Sgrensen, A. Mouritsen, and A. Juul.
2011. Clinical use of anti-Miillerian hormone (AMH) determina-
tions in patients with disorders of sex development: Importance of
sex- and age-specific reference ranges. Pediatr. Endocrinol. Rev.
9(Suppl. 1):525-528.

Halloran, B. P., and H. F. DeLuca. 1980. Effect of vitamin D deficien-
cy on fertility and reproductive capacity in the female rat. J. Nutr.
110:1573-1580. https://doi.org/10.1093/jn/110.8.1573.

Hidiroglou, M., C. J. Williams, and J. G. Proulx. 1985. Plasma vita-
min Dj response in cattle and sheep exposed to ultraviolet radia-
tion. Int. J. Vitam. Nutr. Res. 55:41-46.

Hirayama, H., S. Kageyama, A. Naito, S. Fukuda, T. Fujii, and A.
Minamihashi. 2012. Prediction of superovulatory response in Japa-
nese Black cattle using ultrasound, plasma anti-Miillerian hormone
concentrations and polymorphism in the ionotropic glutamate re-
ceptor AMPA1/GRIAL. J. Reprod. Dev. 58:380-383. https://doi
.org/10.1262/jrd.11-129S.


https://doi.org/10.1111/rda.12430
https://doi.org/10.1111/rda.12430
https://doi.org/10.1111/rda.12304
https://doi.org/10.3168/jds.S0022-0302(99)75316-6
https://doi.org/10.3168/jds.S0022-0302(99)75316-6
https://doi.org/10.3168/jds.2013-6611
https://doi.org/10.3168/jds.2013-6611
https://doi.org/10.1017/S175173111000090X
https://doi.org/10.1017/S175173111000090X
https://doi.org/10.3168/jds.2017-13703
https://doi.org/10.3168/jds.2017-13703
https://doi.org/10.3168/jds.2015-10491
https://doi.org/10.3168/jds.2015-10491
https://doi.org/10.1071/R97011
https://doi.org/10.1016/j.anireprosci.2009.02.010
https://doi.org/10.1016/j.anireprosci.2009.02.010
https://doi.org/10.1095/biolreprod.104.036277
https://doi.org/10.3168/jds.S0022-0302(06)72193-2
https://doi.org/10.3168/jds.S0022-0302(06)72193-2
https://doi.org/10.2527/jas.2008-1728
https://doi.org/10.14202/vetworld.2016.235-244
https://doi.org/10.14202/vetworld.2016.235-244
https://doi.org/10.1016/j.theriogenology.2015.04.021
https://doi.org/10.1016/j.theriogenology.2015.04.021
https://doi.org/10.1016/S0093-691X(03)00126-2
https://doi.org/10.1093/humupd/dmt062
https://doi.org/10.1093/humupd/dmt062
https://doi.org/10.1093/biolre/iox069
https://doi.org/10.1093/biolre/iox069
https://doi.org/10.2527/jas1966.253800x
https://doi.org/10.2527/jas1966.253800x
https://doi.org/10.1111/j.1439-0531.2012.02052.x
https://doi.org/10.1111/j.1439-0531.2012.02052.x
https://doi.org/10.2527/jas.2013-6233
https://doi.org/10.1111/rda.12681
https://doi.org/10.1111/rda.12681
https://doi.org/10.3168/jds.2019-16979
https://doi.org/10.3168/jds.2019-16979
https://doi.org/10.3168/jds.2017-13940
https://doi.org/10.1016/j.domaniend.2014.07.002
https://doi.org/10.1016/j.domaniend.2014.07.002
https://doi.org/10.1093/jn/110.8.1573
https://doi.org/10.1262/jrd.11-129S
https://doi.org/10.1262/jrd.11-129S

Succu et al.: MATERNAL HEAT STRESS AND FETAL OVARIAN RESERVE

Hymgller, L., and S. K. Jensen. 2010. Vitamin D(3) synthesis in the
entire skin surface of dairy cows despite hair coverage. J. Dairy Sci.
93:2025-2029. https://doi.org/10.3168/jds.2009-2991.

Ireland, J. J., G. W. Smith, D. Scheetz, F. Jimenez-Krassel, J. K. Fol-
ger, J. L. H. Ireland, F. Mossa, P. Lonergan, and A. C. O. Evans.
2011. Does size matter in females? An overview of the impact of
the high variation in the ovarian reserve on ovarian function and
fertility, utility of anti-Mullerian hormone as a diagnostic marker
for fertility and causes of variation in the ovarian reserve in cattle.
Reprod. Fertil. Dev. 23:1-14. https://doi.org/10.1071/RD10226.

Ireland, J. J., F. Ward, F. Jimenez-Krassel, J. L. Ireland, G. W. Smith,
P. Lonergan, and A. C. Evans. 2007. Follicle numbers are highly
repeatable within individual animals but are inversely correlated
with FSH concentrations and the proportion of good-quality em-
bryos after ovarian stimulation in cattle. Hum. Reprod. 22:1687—
1695. https://doi.org/10.1093 /humrep/dem071.

Ireland, J. L., D. Scheetz, F. Jimenez-Krassel, A. P. Themmen, F.
Ward, P. Lonergan, G. W. Smith, G. I. Perez, A. C. Evans, and J.
J. Treland. 2008. Antral follicle count reliably predicts number of
morphologically healthy oocytes and follicles in ovaries of young
adult cattle. Biol. Reprod. 79:1219-1225. https://doi.org/10.1095/
biolreprod.108.071670.

Jimenez-Krassel, F., J. K. Folger, J. L. Ireland, G. W. Smith, X. Hou,
J. S. Davis, P. Lonergan, A. C. Evans, and J. J. Ireland. 2009.
Evidence that high variation in ovarian reserves of healthy young
adults has a negative impact on the corpus luteum and endome-
trium during estrous cycles in cattle. Biol. Reprod. 80:1272-1281.
https://doi.org/10.1095/biolreprod.108.075093.

Jimenez-Krassel, F., D. M. Scheetz, L. M. Neuder, J. L. H. Ireland,
J. R. Pursley, G. W. Smith, R. J. Tempelman, T. Ferris, W. E.
Roudebush, F. Mossa, P. Lonergan, A. C. O. Evans, and J. J.
Ireland. 2015. Concentration of anti-Mullerian hormone in dairy
heifers is positively associated with productive herd life. J. Dairy
Sci. 98:3036-3045. https://doi.org/10.3168/jds.2014-8130.

Johnson, H. D., H. H. Kibler, and H. Silsby. 1964. The influence of
ambient temperature of 9 degrees C and 28 degrees C on thyroid
function of rats during growth and aging. Gerontologia 46:18-27.
https://doi.org/10.1159/000211232.

Kelsey, T. W., P. Wright, S. M. Nelson, R. A. Anderson, and W. H.
Wallace. 2011. A validated model of serum anti-miillerian hormone
from conception to menopause. PLoS One 6:€22024. https://doi
.org/10.1371 /journal.pone.0022024.

Kotsampasi, B., C. Balaskas, G. Papadomichelakis, and S. E. Chadio.
2009. Reduced Sertoli cell number and altered pituitary respon-
siveness in male lambs undernourished in utero. Anim. Reprod.
Sci. 114:135-147. https://doi.org/10.1016/j.anireprosci.2008.08
.017.

Martinez, M. F., N. Sanderson, L. D. Quirke, S. B. Lawrence, and J. L.
Juengel. 2016. Association between antral follicle count and repro-
ductive measures in New Zealand lactating dairy cows maintained
in a pasture-based production system. Theriogenology 85:466-475.
https://doi.org/10.1016/j.theriogenology.2015.09.026.

McNeel, A. K., E. M. Soares, A. L. Patterson, J. L. Vallet, E. C.
Wright, E. L. Larimore, O. L. Amundson, J. R. Miles, C. C. Chase
Jr., C. A. Lents, J. R. Wood, A. S. Cupp, G. A. Perry, and R. A.
Cushman. 2017. Beef heifers with diminished numbers of antral
follicles have decreased uterine protein concentrations. Anim. Re-
prod. Sci. 179:1-9. https://doi.org/10.1016/j.anireprosci.2017.01
.004.

Monniaux, D., N. Clemente, J. L. Touzé, C. Belville, C. Rico, M.
Bontoux, J. Y. Picard, and S. Fabre. 2008. Intrafollicular steroids
and anti-mullerian hormone during normal and cystic ovarian fol-
licular development in the cow. Biol. Reprod. 79:387-396. https://
doi.org/10.1095 /biolreprod.107.065847.

Monniaux, D., L. Drouilhet, C. Rico, A. Estienne, P. Jarrier, J. L.
Touzé, J. Sapa, F. Phocas, J. Dupont, R. Dalbies-Tran, and S.
Fabre. 2012. Regulation of anti-Miillerian hormone production in
domestic animals. Reprod. Fertil. Dev. 25:1-16. https://doi.org/10
.1071/RD12270.

Journal of Dairy Science Vol. 103 No. 12, 2020

11968

Monteiro, A. P. A.; S. Tao, I. M. T. Thompson, and G. E. Dahl.
2016. In utero heat stress decreases calf survival and performance
through the first lactation. J. Dairy Sci. 99:8443-8450. https://doi
.org/10.3168/jds.2016-11072.

Mossa, F., D. Bebbere, A. Ledda, G. P. Burrai, I. Chebli, E. An-
tuofermo, S. Ledda, A. Cannas, F. Fancello, and A. S. Atzori.
2018. Testicular development in male lambs prenatally exposed to
a high-starch diet. Mol. Reprod. Dev. 85:406-416. https://doi.org/
10.1002/mrd.22974.

Mossa, F., F. Carter, S. W. Walsh, D. A. Kenny, G. W. Smith, J.
L. Ireland, T. B. Hildebrandt, P. Lonergan, J. J. Ireland, and A.
C. Evans. 2013. Maternal undernutrition in cows impairs ovarian
and cardiovascular systems in their offspring. Biol. Reprod. 88:92.
https://doi.org/10.1095/biolreprod.112.107235.

Mossa, F., and J. J. Ireland. 2019. Physiology and endocrinology sym-
posium: Anti-Miillerian hormone: A biomarker for the ovarian re-
serve, ovarian function, and fertility in dairy cows. J. Anim. Sci.
97:1446-1455. https://doi.org/10.1093/jas/skz022.

Mossa, F., F. Jimenez-Krassel, J. K. Folger, J. L. H. Ireland, G. W.
Smith, P. Lonergan, A. C. O. Evans, and J. J. Ireland. 2010a. Evi-
dence that high variation in antral follicle count during follicular
waves is linked to alterations in ovarian androgen production in
cattle. Reproduction 140:713-720. https://doi.org/10.1530/REP
-10-0214.

Mossa, F., F. Jimenez-Krassel, D. Scheetz, M. Weber-Nielsen, A. C.
O. Evans, and J. J. Ireland. 2017. Anti-Miillerian Hormone (AMH)
and fertility management in agricultural species. Reproduction
154:R1-R11. https://doi.org/10.1530/REP-17-0104.

Mossa, F., F. Jimenez-Krassel, S. Walsh, D. P. Berry, S. T. Butler, J.
Folger, G. W. Smith, J. L. Ireland, P. Lonergan, J. J. Ireland, and
A. C. Evans. 2010b. Inherent capacity of the pituitary gland to
produce gonadotropins is not influenced by the number of ovarian
follicles > or = 3 mm in diameter in cattle. Reprod. Fertil. Dev.
22:550-557. https://doi.org/10.1071/RD09100.

Mossa, F., K. E. Latham, J. J. Ireland, and A. Veiga-Lopez. 2019.
Undernutrition and hyperandrogenism during pregnancy: Role in
programming of cardiovascular disease and infertility. Mol. Re-
prod. Dev. 86:1255-1264. https://doi.org/10.1002/mrd.23239.

Mossa, F., S. Walsh, J. Ireland, and A. Evans. 2015. Early nutritional
programming and progeny performance: Is reproductive success al-
ready set at birth? Anim. Front. 5:18-24. https://doi.org/10.2527/
af.2015-0004.

Mossa, F., S. W. Walsh, S. T. Butler, D. P. Berry, F. Carter, P. Lo-
nergan, G. W. Smith, J. J. Ireland, and A. C. Evans. 2012. Low
numbers of ovarian follicles >/=3mm in diameter are associated
with low fertility in dairy cows. J. Dairy Sci. 95:2355-2361. https:
//doi.org/10.3168/jds.2011-4325.

Nardone, A., N. Lacetera, U. Bernabucci, and B. Ronchi. 1997. Com-
position of colostrum from dairy heifers exposed to high air tem-
peratures during late pregnancy and the early postpartum pe-
riod. J. Dairy Sci. 80:838-844. https://doi.org/10.3168/jds.S0022
-0302(97)76005-3.

Nawaz, M. Y., F. Jimenez-Krassel, J. P. Steibel, Y. Lu, A. Baktula,
N. Vukasinovic, L. Neuder, J. L. H. Ireland, J. J. Ireland, and
R. J. Tempelman. 2018. Genomic heritability and genome-wide
association analysis of anti-Miillerian hormone in Holstein dairy
heifers. J. Dairy Sci. 101:8063-8075. https://doi.org/10.3168/jds
.2018-14798.

Ominski, K. H., A. D. Kennedy, K. M. Wittenberg, and S. A.
Moshtaghi Nia. 2002. Physiological and production responses to
feeding schedule in lactating dairy cows exposed to short-term,
moderate heat stress. J. Dairy Sci. 85:730-737. https://doi.org/10
.3168/jds.S0022-0302(02)74130-1.

Ortega, M. T., L. Carlson, J. A. McGrath, T. Kangarloo, J. M. Ad-
ams, P. M. Sluss, G. Lambert-Messerlian, and N. D. Shaw. 2020.
AMH is higher across the menstrual cycle in early postmenar-
chal girls than in ovulatory women. J. Clin. Endocrinol. Metab.
105:€1762—e1771. https://doi.org/10.1210/clinem/dgaa059.


https://doi.org/10.3168/jds.2009-2991
https://doi.org/10.1071/RD10226
https://doi.org/10.1093/humrep/dem071
https://doi.org/10.1095/biolreprod.108.071670
https://doi.org/10.1095/biolreprod.108.071670
https://doi.org/10.1095/biolreprod.108.075093
https://doi.org/10.3168/jds.2014-8130
https://doi.org/10.1159/000211232
https://doi.org/10.1371/journal.pone.0022024
https://doi.org/10.1371/journal.pone.0022024
https://doi.org/10.1016/j.anireprosci.2008.08.017
https://doi.org/10.1016/j.anireprosci.2008.08.017
https://doi.org/10.1016/j.theriogenology.2015.09.026
https://doi.org/10.1016/j.anireprosci.2017.01.004
https://doi.org/10.1016/j.anireprosci.2017.01.004
https://doi.org/10.1095/biolreprod.107.065847
https://doi.org/10.1095/biolreprod.107.065847
https://doi.org/10.1071/RD12270
https://doi.org/10.1071/RD12270
https://doi.org/10.3168/jds.2016-11072
https://doi.org/10.3168/jds.2016-11072
https://doi.org/10.1002/mrd.22974
https://doi.org/10.1002/mrd.22974
https://doi.org/10.1095/biolreprod.112.107235
https://doi.org/10.1093/jas/skz022
https://doi.org/10.1530/REP-10-0214
https://doi.org/10.1530/REP-10-0214
https://doi.org/10.1530/REP-17-0104
https://doi.org/10.1071/RD09100
https://doi.org/10.1002/mrd.23239
https://doi.org/10.2527/af.2015-0004
https://doi.org/10.2527/af.2015-0004
https://doi.org/10.3168/jds.2011-4325
https://doi.org/10.3168/jds.2011-4325
https://doi.org/10.3168/jds.S0022-0302(97)76005-3
https://doi.org/10.3168/jds.S0022-0302(97)76005-3
https://doi.org/10.3168/jds.2018-14798
https://doi.org/10.3168/jds.2018-14798
https://doi.org/10.3168/jds.S0022-0302(02)74130-1
https://doi.org/10.3168/jds.S0022-0302(02)74130-1
https://doi.org/10.1210/clinem/dgaa059

Succu et al.: MATERNAL HEAT STRESS AND FETAL OVARIAN RESERVE

Pfeiffer, K. E., L. J. Jury, and J. E. Larson. 2014. Determination
of anti-Miillerian hormone at estrus during a synchronized and a
natural bovine estrous cycle. Domest. Anim. Endocrinol. 46:58—64.
https://doi.org/10.1016/j.domaniend.2013.05.004.

Pinedo, P. J., and A. De Vries. 2017. Season of conception is associated
with future survival, fertility, and milk yield of Holstein cows. J.
Dairy Sci. 100:6631-6639. https://doi.org/10.3168/jds.2017-12662.

Rae, M. T.; S. Palassio, C. E. Kyle, A. N. Brooks, R. G. Lea, D. W.
Miller, and S. M. Rhind. 2001. Effect of maternal undernutrition
during pregnancy on early ovarian development and subsequent
follicular development in sheep fetuses. Reproduction 122:915-922.
https://doi.org/10.1530/rep.0.1220915.

Ribeiro, E. S., R. S. Bisinotto, F. S. Lima, L. F. Greco, A. Morri-
son, A. Kumar, W. W. Thatcher, and J. E. Santos. 2014. Plasma
anti-Miillerian hormone in adult dairy cows and associations with
fertility. J. Dairy Sci. 97:6888-6900. https://doi.org/10.3168/jds
.2014-7908.

Rico, C., S. Fabre, C. Médigue, N. di Clemente, F. Clément, M. Bon-
toux, J. L. Touzé, M. Dupont, E. Briant, B. Rémy, J. F. Beckers,
and D. Monniaux. 2009. Anti-mullerian hormone is an endocrine
marker of ovarian gonadotropin-responsive follicles and can help to
predict superovulatory responses in the cow. Biol. Reprod. 80:50
59. https://doi.org/10.1095 /biolreprod.108.072157.

Riisse, 1. 1983. Oogenesis in cattle and sheep. Bibl. Anat. 24:77-92.

Santana, M. L. Jr., A. B. Bignardi, R. J. Pereira, G. Stefani, and
L. El Faro. 2017. Genetics of heat tolerance for milk yield and
quality in Holsteins. Animal 11:4-14. https://doi.org/10.1017/
S1751731116001725.

Santos, G. M. G. D., K. C. Silva-Santos, T. R. R. Barreiros, F. Mo-
rotti, B. V. Sanches, F. L. Z. de Moraes, W. Blaschi, and M. M.
Seneda. 2016. High numbers of antral follicles are positively associ-
ated with in vitro embryo production but not the conception rate
for FTAT in Nelore cattle. Anim. Reprod. Sci. 165:17-21. https://
doi.org/10.1016/j.anireprosci.2015.11.024.

Scholl, T. O., M. L. Hediger, J. I. Schall, C. S. Khoo, and R. L. Fisch-
er. 1994. Maternal growth during pregnancy and the competition
for nutrients. Am. J. Clin. Nutr. 60:183-188. https://doi.org/10
.1093/ajcn/60.2.183.

Schuh-Huerta, S. M., N. A. Johnson, M. P. Rosen, B. Sternfeld, M.
I. Cedars, and R. A. Reijo Pera. 2012. Genetic variants and en-
vironmental factors associated with hormonal markers of ovarian
reserve in Caucasian and African American women. Hum. Reprod.
27:594-608. https://doi.org/10.1093 /humrep/der391.

Shahrokhi, S. Z., F. Kazerouni, and F. Ghaffari. 2018. Anti-Miillerian
Hormone: Genetic and environmental effects. Clin. Chim. Acta
476:123-129. https://doi.org/10.1016/j.cca.2017.11.027.

Silva-Santos, K. C., G. M. Santos, C. Koetz Junior, F. Morotti, L. S.
Siloto, T. N. Marcantonio, M. R. Urbano, R. L. Oliveira, D. C.
Lima, and M. M. Seneda. 2014. Antral follicle populations and
embryo production—in vitro and in vivo—of Bos indicus—taurus
donors from weaning to yearling ages. Reprod. Domest. Anim.
49:228-232. https://doi.org/10.1111/rda.12255.

Singh, J., M. Dominguez, R. Jaiswal, and G. P. Adams. 2004. A
simple ultrasound test to predict the superstimulatory response
in cattle. Theriogenology 62:227-243. https://doi.org/10.1016/j
.theriogenology.2003.09.020.

Sloboda, D. M., M. Hickey, and R. Hart. 2011. Reproduction in fe-
males: The role of the early life environment. Hum. Reprod. Up-
date 17:210-227. https://doi.org/10.1093 /humupd/dmq048.

Smith, P., J. L. Stanton, L. Quirke, and J. L. Juengel. 2019. Gesta-
tional nutrition 1: Alterations to gestational nutrition can increase
indicators of fertility in sheep. Reproduction 157:199-213. https:/
/doi.org/10.1530/REP-18-0357.

Souza, A. H., P. D. Carvalho, A. E. Rozner, L. M. Vieira, K. S. Hack-
bart, R. W. Bender, A. R. Dresch, J. P. Verstegen, R. D. Shaver,
and M. C. Wiltbank. 2015. Relationship between circulating anti-
Miillerian hormone (AMH) and superovulatory response of high-
producing dairy cows. J. Dairy Sci. 98:169-178. https://doi.org/10
.3168/jds.2014-8182.

Sullivan, T. M., G. C. Micke, R. M. Greer, H. F. Irving-Rodgers, R.
J. Rodgers, and V. E. Perry. 2009a. Dietary manipulation of Bos

Journal of Dairy Science Vol. 103 No. 12, 2020

11969

indicus x heifers during gestation affects the reproductive develop-
ment of their heifer calves. Reprod. Fertil. Dev. 21:773-784. https:
//doi.org/10.1071/RD09004.

Sullivan, T. M., G. C. Micke, and V. E. Perry. 2009b. Influences of
diet during gestation on potential postpartum reproductive per-
formance and milk production of beef heifers. Theriogenology
72:1202-1214.  https://doi.org/10.1016/j.theriogenology.2009.07
.016.

Tal, R., and D. B. Seifer. 2013. Potential mechanisms for racial and
ethnic differences in antimiillerian hormone and ovarian reserve.
Int. J. Endocrinol. 2013:818912. https://doi.org/10.1155/2013/
818912.

Tanaka, Y., K. Nakada, M. Moriyoshi, and Y. Sawamukai. 2001. Ap-
pearance and number of follicles and change in the concentration
of serum FSH in female bovine fetuses. Reproduction 121:777-782.
https://doi.org/10.1530/rep.0.1210777.

Tao, S., and G. E. Dahl. 2013. Invited review: Heat stress effects
during late gestation on dry cows and their calves. J. Dairy Sci.
96:4079-4093. https://doi.org/10.3168/jds.2012-6278.

Tao, S., A. P. Monteiro, M. J. Hayen, and G. E. Dahl. 2014. Short
commaunication: Maternal heat stress during the dry period al-
ters postnatal whole-body insulin response of calves. J. Dairy Sci.
97:897-901. https://doi.org/10.3168/jds.2013-7323.

Vitali, A., M. Segnalini, L. Bertocchi, U. Bernabucci, A. Nardone,
and N. Lacetera. 2009. Seasonal pattern of mortality and relation-
ships between mortality and temperature-humidity index in dairy
cows. J. Dairy Sci. 92:3781-3790. https://doi.org/10.3168/jds.2009
-2127.

Walsh, S. W., F. Mossa, S. T. Butler, D. P. Berry, D. Scheetz, F.
Jimenez-Krassel, R. J. Tempelman, F. Carter, P. Lonergan, A.
C. O. Evans, and J. J. Ireland. 2014. Heritability and impact of
environmental effects during pregnancy on antral follicle count in
cattle. J. Dairy Sci. 97:4503-4511. https://doi.org/10.3168/jds
.2013-7758.

Weller, M. M., M. R. Fortes, M. I. Marcondes, P. P. Rotta, T. R.
Gionbeli, S. C. Valadares Filho, M. M. Campos, F. F. Silva, W.
Silva, S. Moore, and S. E. Guimaraes. 2016. Effect of maternal nu-
trition and days of gestation on pituitary gland and gonadal gene
expression in cattle. J. Dairy Sci. 99:3056-3071. https://doi.org/
10.3168/jds.2015-9673.

Wojtusik, J., and P. A. Johnson. 2012. Vitamin D regulates anti-Mul-
lerian hormone expression in granulosa cells of the hen. Biol. Re-
prod. 86:91. https://doi.org/10.1095/biolreprod.111.094110.

Yang, M. Y., and J. E. Fortune. 2008. The capacity of primordial
follicles in fetal bovine ovaries to initiate growth in vitro devel-
ops during mid-gestation and is associated with meiotic arrest of
oocytes. Biol. Reprod. 78:1153-1161. https://doi.org/10.1095/
biolreprod.107.066688.

Zeron, Y., A. Ocheretny, O. Kedar, A. Borochov, D. Sklan, and A.
Arav. 2001. Seasonal changes in bovine fertility: relation to devel-
opmental competence of oocytes, membrane properties and fatty
acid composition of follicles. Reproduction 121:447-454. https://
doi.org/10.1530/rep.0.1210447.

Zimbelman, R. B., R. P. Rhoads, M. L. Rhoads, G. C. Duff, L. H.
Baumgard, and R. J. Collier. 2009. A re-evaluation of the impact
of temperature humidity index (THI) and black globe humidity
index (BGHI) on milk production in high producing dairy cows.
Pages 158-168 in Proc. Southwest Nutr. Man. Conf. Tempe, AZ.
University of Arizona, Tucson.

ORCIDS

S. Succu ® https://orcid.org/0000-0002-4901-9904

G. Ghirello ® https://orcid.org/0000-0003-0005-0473

J. J. Ireland ® https://orcid.org/0000-0002-5923-8000

A. C. O. Evans @ https://orcid.org/0000-0002-6344-6224
A. S. Atzori ® https://orcid.org/0000-0001-5083-241X
F. Mossa ® https://orcid.org/0000-0001-5517-1307


https://doi.org/10.1016/j.domaniend.2013.05.004
https://doi.org/10.3168/jds.2017-12662
https://doi.org/10.1530/rep.0.1220915
https://doi.org/10.3168/jds.2014-7908
https://doi.org/10.3168/jds.2014-7908
https://doi.org/10.1095/biolreprod.108.072157
https://doi.org/10.1017/S1751731116001725
https://doi.org/10.1017/S1751731116001725
https://doi.org/10.1016/j.anireprosci.2015.11.024
https://doi.org/10.1016/j.anireprosci.2015.11.024
https://doi.org/10.1093/ajcn/60.2.183
https://doi.org/10.1093/ajcn/60.2.183
https://doi.org/10.1093/humrep/der391
https://doi.org/10.1016/j.cca.2017.11.027
https://doi.org/10.1111/rda.12255
https://doi.org/10.1016/j.theriogenology.2003.09.020
https://doi.org/10.1016/j.theriogenology.2003.09.020
https://doi.org/10.1093/humupd/dmq048
https://doi.org/10.1530/REP-18-0357
https://doi.org/10.1530/REP-18-0357
https://doi.org/10.3168/jds.2014-8182
https://doi.org/10.3168/jds.2014-8182
https://doi.org/10.1071/RD09004
https://doi.org/10.1071/RD09004
https://doi.org/10.1016/j.theriogenology.2009.07.016
https://doi.org/10.1016/j.theriogenology.2009.07.016
https://doi.org/10.1155/2013/818912
https://doi.org/10.1155/2013/818912
https://doi.org/10.1530/rep.0.1210777
https://doi.org/10.3168/jds.2012-6278
https://doi.org/10.3168/jds.2013-7323
https://doi.org/10.3168/jds.2009-2127
https://doi.org/10.3168/jds.2009-2127
https://doi.org/10.3168/jds.2013-7758
https://doi.org/10.3168/jds.2013-7758
https://doi.org/10.3168/jds.2015-9673
https://doi.org/10.3168/jds.2015-9673
https://doi.org/10.1095/biolreprod.111.094110
https://doi.org/10.1095/biolreprod.107.066688
https://doi.org/10.1095/biolreprod.107.066688
https://doi.org/10.1530/rep.0.1210447
https://doi.org/10.1530/rep.0.1210447
https://orcid.org/0000-0002-4901-9904
https://orcid.org/0000-0003-0005-0473
https://orcid.org/0000-0002-5923-8000
https://orcid.org/0000-0002-6344-6224
https://orcid.org/0000-0001-5083-241X
https://orcid.org/0000-0001-5517-1307

	Exposure of dairy cows to high environmental temperatures
and their lactation status impairs establishment
of the ovarian reserve in their offspring
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Assessment of AFC and Peripheral AMH Concentrations
	Reproductive Management and Measures
	Climate During the First Trimester of Fetal Life
	Statistical Analysis

	RESULTS
	The AFC and Peripheral AMH Concentrations in Young Adult Heifers
	The THI During Summer and Winter
	Influence of Season on AFC and Peripheral AMH Concentrations in Offspring
	Influence of Lactation Status of Dams on AFC and Serum AMH Concentrations in Offspring
	Influence of Season on Offspring Fertility
	Fertility, AFC, and AMH

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


