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Abstract

The Arabian gazelle (Gazella arabica) population in Israel has experienced a turbulent conservation history and repeatedly
faced local extinction. Low fawn survival was considered the main cause for the constant decline. In our study, we analyzed
instantaneous fawn mortality rates, using a binomial coding at three different developmental stages, i.e., mortality rates to
3 months after parturition (weaning age), to 5 months after parturition (male fawns leave their mothers), and to the age of
reproductive maturity, i.e., recruitment (12 months). We used a dataset obtained from 20 individually discernible mothers
and their fawns (49 females and 48 males) born between June 2006 and September 2019. To explore causes for the fawn
mortality rates, parental- (age of the mother at parturition) and offspring-related attributes (offspring sex), year of birth,
together with one weather variable (mean monthly maximum temperature) were included as independent variables into three
independent mixed effects cox regression models. Out of 97 fawns, 92 survived to weaning age, 73 to the age of 5 months
and only 7 to the age of reproductive maturity. Temperature had significant effects on instantaneous fawn mortality rates,
suggesting that low temperatures were detrimental to the survival of fawns after weaning (4-5 months) and male dispersal
age (6-12 months). Male offspring encountered a higher instantaneous mortality rate than female offspring at the age of
6—12 months. Moreover, fawns from less experienced mother (young age at parturition) experienced higher mortality. Our
results were in line with previous studies on fawn mortality observed in other desert dwelling ungulates.

Keywords Instantaneous mortality rate - Weaning age - Reproductive maturity - Mother’s experience - Offspring sex -
Weather conditions

The scientific monitoring of population dynamics plays a
vital role in wildlife management, particularly for threatened
and endangered desert ungulates. Recruitment (including
immigration), dispersal (emigration) and mortality due to
ecological stressors (e.g., climate, resource availability, pre-
dation, or parasites) are the main drivers shaping the size of
a population. Population recruitment is determined by the
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number of adult individuals immigrating into the population
and—to a much largely extent—by the number and survival
of new-born (Gaillard et al. 2008; Willis 2011). Parental
attributes such as the mother’s experience (age at parturi-
tion), the amount of parental care (maternal provisioning)
or the genetic quality of the parents play an important role
during early life stages, but also offspring-related attributes
such as the sex or weight at birth (Clutton-Brock et al. 1982;
Alados and Escos 1991). Among environmental factors,
unfavorable weather conditions, such as low precipitation
or low temperatures, can have detrimental effects on the
survival of the new-born (e.g., Clutton-Brock et al. 1985;
Johnstone-Yellin et al. 2009).

Effective conservation of threatened and endangered
species requires identifying the main driver(s) of popula-
tion decline (Caughley 1994). In recent decades, popula-
tions of Arabian gazelles were declining within their native
range along the coastal plains and mountain ridges of the
Arabian Peninsula (Thouless et al. 1991, 1997; Mallon
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and Kingswood 2001; Strauss et al. 2009; Lerp et al. 2014;
Al Hikmani et al. 2015; Al Jahdhami et al. 2017). These
declines have prompted the IUCN Red list to classify the
species as vulnerable (C2a,i; [UCN/SSC Antelope Special-
ist Group 2017). Within Israel, a subspecies of the Arabian
gazelle (G. a. acaciae, Mendelssohn et al. 1997) was ranked
as ‘critically endangered’ since only a tiny population of
15-50 individuals survives in the Yotvata Nature Reserve,
located in the southern Arava Valley (29°52'43.5"N,
35°2'21.2"E; Dolev and Perevolotsky 2004). Despite this
population being protected from illegal hunting since 1955
(Clark and Frankenberg 2001), it has undergone a turbulent
conservation history and has repeatedly faced local extinc-
tion (King et al. 1993; Blank 1996, 2000, 2005). Several
causes were proposed for the decline, including carnivore
predation (mainly wolf, Canis lupus and golden jackal,
Canis aureus; Shalmon et al. 2020), competition with sym-
patric dorcas gazelles (Gazella dorcas; Breslau et al. 2019),
inbreeding (Hadas et al. 2015) and climate change (Dolev
and Perevolotsky 2004). Since 1965—the year when regu-
lar counts were introduced by the Israel Nature and Park
Authority (INPA)—the population size experienced periodic
undulations apparently related to the occurrence of wolves
(Shalmon et al. 2020). Despite a considerable conservation
effort and resource input by the INPA (i.e., predator culling,
artificial water and food supply, irrigation, enclosure con-
struction), the overall population trend continues to show
a decline. In this study, we evaluated how two other fac-
tors potentially influencing population decline of Arabian
gazelles—mothers experience and weather—affected juve-
nile recruitment, a demographic rate known to have high
influence on ungulate population dynamics (Gaillard et al.
2000).

Monitoring the long-term reproductive success of females
as well as the survival of their fawns is pivotal to understand
the success (or failure) of the G. arabica conservation pro-
gram in Israel. In their study on factors driving the Arabian
gazelle in Israel to extinction, Shalmon et al. (2020) used
time series analysis to investigate population size and fawn
survival in relation to the occurrence of wolves in the prime
habitat of the gazelles. Their study suggested a strong impact
of wolf predation on the gazelle population and a moder-
ate effect of climate on fawn mortality, while competition
and resource availability played only a minor role (but see
Breslau et al. 2019). In our present study, we made use of
a unique dataset, obtained from arbitrary sightings of 20
individually discernible mothers and their fawns (49 females
and 48 males). Individuals were distinguished by the shape
of their horns, face markings, or other characteristics such
as scares and ear-cuts (Shalmon unpubl. data). All fawns
were born from 5 June 2006 to 20 September 2019, a period
when the population was protected from wolf predation by
a fenced enclosure (3.5 km?; Shalmon et al. 2020). Given
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that the enclosure protected the gazelles effectively from
carnivore predation (data obtained during a period when the
fence was collapsed were excluded from our analysis), we
therefore rejected the probability that the high fawn mortal-
ity was due to predation (or indirect effects of predation such
as stress, or trauma after hitting the fence). In their study,
Shalmon et al. (2020) investigated the fawn survival of G.
arabica to the age of five months. In this study, we expanded
our data set, also including the fawn survival to weaning
age (3 months) and to reproductive maturity (12 months).
While Shalmon et al. (2020) referred to an annual cycle,
this study focused on monthly instantaneous fawn mortality
rates using the life history data of 20 mothers and their fawns
and relating them to monthly weather data that directly fol-
lowed each birth. Moreover, the Arabian gazelle population
(with a population density of 4.3—15.7 individuals/km? dur-
ing the study period) were accompanied by 83-181 dorcas
gazelles (density: 23.7-51.7 individuals/km?), causing some
competition for food resources but with no significant effect
on the survival of G. arabica fawns (Shalmon et al. 2020).
Consequently, we did not include competition with dorcas
gazelles (i.e., G. dorcas population size) into our analysis.
The central question of our current study was the high
fawn mortality experienced by the Arava population since
monitoring began in 1964 (Shalmon 1989, 1991; Yom-Tov
2016; Shalmon et al. 2020). We analyzed the instantaneous
fawn mortality rates at three different developmental stages:
(i) within the first three months after parturition (i.e., wean-
ing age; Mendelssohn et al. 1995), (ii) between the age of
four and five months (i.e., the time male fawns leave their
mothers; Shalmon 1991; Shalmon and Wronski 2021), and
(iii) to recruitment age, i.e., the age of reproductive maturity
(6—12 months; Habibi 1991; Mendelssohn et al. 1995). To
explore causes for the high offspring mortality, we tested
a parental attribute (age of the mother at parturition), an
offspring-related attribute (offspring sex), year of birth and
one weather variable (mean monthly maximum temperature)
obtained from WorldClim at 2.5-min resolution (Hijmans
et al. 2005). Initially, we included precipitation as a second
weather variable but due to a strong collinearity with mean
monthly maximum temperature, we refrained from doing
so. Temperature data were accumulated and averaged, for
a period of 0 to 3 months, for 4 to 5 months and for 6 to
12 months after parturition. Subsequently, all covariates
were standardized to obtain one unit. The above attributes as
well as two interaction terms (i.e., mean monthly maximum
temperature X month of death, and offspring sex X mean
monthly maximum temperature) were included as independ-
ent variables, while mother ID was used as a random factor
in three independent mixed effects cox regression models
(fit by maximum likelihood), using the R package ‘coxme’
(Therneau 2012). The model selection process was based on
Akaike Information Criteria (AIC) and the best fit model,
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with the lowest AIC, was determined (Online Resources 1).
Inspection of model residuals did not indicate violations of
model assumptions.

Out of a total of 97 fawns, only 4 females (8.2%) and
1 male (2.1%) deceased before weaning age (Fig. 1). The
mixed effects cox regression null model was selected as
the best fit (Table 1). Hereby, neither the independent vari-
ables, nor their interaction terms had any significant effect
on instantaneous fawn mortality rate. Another 11 females
(30.6%) and 8 males (18.8%) died prior to the age of
5 months (Fig. 1). The best mixed effects cox regression
model included temperature and the interaction tempera-
ture X month of death as explanatory variables. Temperature
had a significant negative effect on the instantaneous fawn

mortality rate at this developmental stage (Table 1), indicat-
ing low temperatures were detrimental to fawn survival dur-
ing the male dispersal stage. A total of 30 females (91.8%)
and 36 males (93.8%) died before reaching the age of repro-
ductive maturity (recruitment age, Fig. 1). For this develop-
mental stage, the best mixed effects cox regression model
included offspring sex, age of the mother at parturition, tem-
perature, and two interaction terms (temperature X month of
death, temperature X offspring sex) as explanatory variables
(Table 1). The age of the mother at parturition had a signifi-
cant, negative effect on the instantaneous fawn mortality rate
(Table 1), suggesting that fawns from less experienced moth-
ers faced higher mortalities than fawns from experienced
mothers. This result was not surprising since numerous

Fig. 1 Cumulative mortality 60 - . i i - 35
(number of individuals; left E i !
x-axis) and mean monthly ! ' i g
maximum temperature (right n | | : - 30 #
. . (5] 50 1 | 1 ! S
X-axis, gray bars) over a period S ! : ! o
of 16 months after parturition _g ! ! Q
for male and female Gazella 5 | : E - 25 g
arabica fawns (shaded and £ 40 ~ i E ! +
black curves respectively) born ; ) ! i g
in the Yotvata NR from June = i I E - 20 g
o i i ! =
2006 to September £ 30 4 E E ! é
g i i temperature L 15 s
g i i -8 female =
s 20 A i 1=
© i -~ male o)
= i - 10 £
g | i c
O 10 | : : s O
| p=
0 - i i i 0
1 2 314 5,6 7 8 9 10 11 1213 16
weaning male dispersal recruitment adulthood
Months after parturition
Table 1 Best fit mixed effects Models Hazard SE (coefficient) Z P
cox regression models (ranked ratio=exp
by AIC) examining the (coefficient)
Gazella arabica instantaneous
fawn mortality rate at three Mortality rate (0-3 months)
develgpmental stages (to Null model _ _ B B
weaning age: O to 3 months, to )
male dispersal: 4-5 months, and Mortality rate (4-5 months)
to recruitment: 6-12 months Mean monthly max. temperature 0.625 0.216 —-2.170 0.030
after parturition) Mortality rate (6-12 months)
Offspring sex 1.146 0.268 0510  0.610
Mother’s age at parturition 0.766 0.134 —1.991 0.047
Mean monthly max. temperature 0.162 0.517 -3.520 <0.001
Mean monthly max. temperature X month of death 1.148 0.044 3.160  0.002
Offspring sex X Mean monthly max. temperature ~ 3.190 0.302 3.840 <0.001

Models were fit by maximum likelihood. Significant effects (p <0.05) are given in bold
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studies reported parental age to have short- and long-term
effects on the life history traits of offspring including longev-
ity, fecundity, and survival (e.g., Carnes et al. 2012; Ducatez
et al. 2012).

Moreover, low temperatures were also significantly corre-
lated to high instantaneous mortality rates at the recruitment
age, a result which was supported by two positive interaction
effects, i.e., mean monthly maximum temperature X month
of death, and offspring sex X mean monthly maximum tem-
perature on the mortality (Table 1; Fig. 1), indicating that
low temperatures are disadvantageous to fawn survival,
especially for male fawns at this developmental stage. This
result is in line with findings from a captive population of
Arabian gazelles on the Arabian Peninsula, which found res-
piratory infection to be a major cause of mortality, account-
ing for 15.3% of juvenile deaths, most prevalent during the
winter season (November to March) when night tempera-
tures are often below 0 °C and humidity is high (Soares et al.
2015). Moreover, several previous studies on gazelles (e.g.,
Alados and Escos 1991; Riesch et al. 2013; Martin et al.
unpubl. data), found the mortality rate of female fawns to
be lower than that of male fawns, probably as a consequence
of faster growth rates, increased metabolic rates and thus
larger nutritional requirements and reduced fat reserves, and
(Clutton-Brock et al. 1985). In all three models, the mortal-
ity rate was not affected by the year of birth. The random
effect of mother ID explained less than 1% of the models’
variance during the recruitment period, but 45.0% of the
model’s variance prior to male dispersal. Thus, pedigree
had a significant effect on the mortality rates of fawns after
weaning, suggesting that differences in postnatal maternal
investment play a major role. This is in line with results
reported by Riesch et al. (2015) who found mother ID to be
important in explaining model variance at least to weaning
age. After weaning, i.e., the time when fawns become inde-
pendent from postnatal maternal care, this maternal effect
strongly decreased and eventually disappeared.

During the first three months after parturition 8.2% of
females and 2.1% of males died. Prior to male dispersal
age another 30.6% of females and 18.8% of males died,
while 91.8% of females and 93.8% of males deceased
before reaching reproductive maturity (Fig. 1). The mor-
tality rate to three months is similar to that reported from
other desert dwelling gazelles (e.g., G. cuvieri: 16%,
Nanger dama: 27-33%, Alados and Escos 1991; G. mar-
ica: 13—-16%, Riesch et al. 2013), but fawn mortality before
reaching recruitment age was alarmingly high compared to
other species (e.g., G. gazella: 26-58%, Baharav 1983a, b;
G. marica: 15-20%, Riesch et al. 2013). Most of the mor-
talities occurred after weaning (or after male fawns had
left their mothers), i.e., the time when fawns were required
to look for their own solid food (mainly the leaves, flowers
and pods of Vachellia [formerly Acacia] raddiana and V.
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tortilis). Given that most births occur in spring (March to
May; Shalmon 1991; Yom-Tov 2016), this usually hap-
pens during the hot summer months (July—September)
when Vachellia leaf availability is decreasing (no green
leaves at browsing height; Breslau et al. 2019) and gazelles
entirely rely on highly nutritious Vachellia pods and flow-
ers fallen onto the ground (Halevy and Orshan 1973;
Wronski and Schulz-Kornas 2015). Further into autumn,
this sort of fodder becomes scarcer and from December
onwards hardly any Vachellia food items remain (Halevy
and Orshan 1973). This food shortage, paired with low
temperatures and high humidity—leading to increased
rates of respiratory diseases—may thus explain the high
fawn mortality observed during the recruitment period.

It was also speculated that inbreeding might be a cause
for the high fawn mortality in this population (Shalmon
1991; Hadas et al. 2015; Shalmon and Wronski 2021).
Inbreeding was described for several captive gazelle pop-
ulations, including G. dorcas, G. cuvieri, Nanger dama
(Ralls et al. 1980; Ballou and Ralls 1982) and G. spekei
(Kalinowski et al. 2001). Experiences from captive gazelle
populations revealed that fawns born by inbred mothers
usually die within the first 6 months after parturition, with
the highest likelihood during the first four weeks (Ralls
et al. 1979, 1980; Ballou and Ralls 1982; Kalinowski et al.
2001). In the Yotvata NR, most fawns died after the age of
three months (Fig. 1), suggesting that deleterious effects of
inbreeding are unlikely to be the reason for the high fawn
mortality reported from the reserve.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42991-021-00162-x.
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