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Abstract
Background

Sex allocation theory predicts that parents may adjust offspring sex ratios in response to environmental
conditions and the expected fitness consequences of producing male or female offspring. However,
empirical evidence for facultative sex-ratio adjustment in wild birds remains inconsistent. We
investigated whether nest-site characteristics and brood size were associated with brood sex ratio and
whether brood sex composition was related to nestling body mass in the little egret (Egretta garzetta).

Methods

The study was conducted in a single little egret breeding colony in the Caspian coastal wetlands of
northern Iran during the 2023 breeding season. Nest-site characteristics were used as proxies for local
habitat conditions, while brood size was considered an indicator of parental investment. Nestlings aged
7 days were molecularly sexed, and analyses were restricted to complete broods in which all chicks
successfully hatched. Generalized linear models were used to evaluate associations between brood sex
ratio and nest-site and reproductive variables, with model selection based on Akaike's information
criterion (AIC).

Results

None of the measured nest-site characteristics or reproductive variables showed a significant
association with brood sex ratio. Similarly, brood sex composition was not significantly associated with
nestling body mass. The results therefore provided no evidence of facultative adjustment of brood sex
ratio in relation to the measured environmental or reproductive variables within the study colony and
breeding season.

Conclusions

Our findings suggest that, under the conditions examined, brood sex ratio in little egrets may be relatively
insensitive to the measured variation in nest-site characteristics and brood size. However, because the
study was conducted at a single colony during one breeding season, these results should be regarded as
exploratory. Multi-colony and multi-year studies incorporating broader measures of habitat quality,
parental condition, food availability, and subsequent offspring survival are needed to determine the
generality of sex-allocation patterns in this species.

Background
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In avian evolutionary biology, the brood sex ratio is defined as the proportion of male offspring relative to
the total number produced within a single reproductive attempt. This concept is traditionally rooted in
the seminal work of Fisher (1930), who postulated that natural selection should favor equal investment
in both sexes, leading to a population-wide sex ratio of 1:1. Fisher's reasoning was based on the premise
that if one sex were less costly to produce, parents would shift their investment toward that sex; this
would eventually diminish its fitness value until equilibrium is restored [1, 2]. However, in many bird
species, the brood sex ratio is frequently unequal, suggesting that the direction and magnitude of these
skews represent adaptive parental decisions rather than random variation [3]. As the heterogametic sex
(ZW) in birds, females possess a unique physiological potential for maternal control over the brood sex
ratio, facilitating adjustments either before ovulation or during post-hatching periods [4, 5]. Consequently,
sex allocation is understood as a strategic process, greater investment in one sex over the other to
maximize long-term reproductive success [2, 6].

The determination of the brood sex ratio in birds is influenced by a complex interplay of environmental,
genetic, and physiological factors. Building on Fisher’s fundamental reasoning, the sex allocation
hypothesis—most notably the Trivers-Willard model (1973)—suggests that females should bias their
primary or secondary brood sex ratio toward the sex with the greatest potential for fitness returns under
specific local conditions [7, 8]. One of the key factors influencing sex allocation is habitat characteristics.
In this context, structural nest-site variables are frequently used as proxies [9, 10]. In colonial species,
specific structural attributes—such as nest height or placement—reflect the degree of protection from
terrestrial predators and environmental stressors, thereby serving as indicators of the safety available to
the breeding pair [11, 12]. For instance, the attractive mate hypothesis posits that females mating with
high-quality males in superior territories should allocate more resources to sons to ensure they inherit
those advantageous traits [13, 14]. Nest-site selection further influences this dynamic by determining the
level of protection and microclimatic stability, which directly impacts the resources available for
provisioning [9]. Accordingly, nest-site characteristics and breeding timing correlate with sex allocation
biases, as parents in superior sites are better equipped to support the growth of larger, more demanding
male nestlings [15].

In addition to habitat quality, brood size serves as a critical proxy for parental investment, as larger
broods often signal the capacity of high-quality parents to support the more energetically demanding
sex. For example, in mew gulls (Larus canus), parents in superior condition who are capable of
maintaining larger broods tend to overproduce larger, more costly male offspring [15]. Conversely, in
species such as the European shag (Phalacrocorax aristotelis), restricted investment in specific breeding
contexts can lead to female-biased ratios to ensure offspring survival [16]. These adjustments optimize
parental fitness by aligning offspring sex with available energy reserves and habitat quality [9].

In birds, however, it is essential to distinguish between this initial sex allocation and subsequent sex-
specific survival or growth. Distinct from the allocation phase, the post-hatching period introduces sex-
specific growth dynamics. Larger broods often intensify sibling competition, where the more physically
robust sex may outcompete smaller siblings; this leads to sex-biased mortality if parental condition is
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insufficient [17]. In aquatic species with sexual size dimorphism, such as many gulls and herons, males
are often larger and grow faster, making them more vulnerable to starvation during periods of food
scarcity [18, 19]. Consequently, while the initial allocation may be biased by habitat quality, the final
brood composition is frequently a result of sex-specific survival rates [20].

The study of these relationships is particularly significant in colonial species like the little egret (Egretta
garzetta). As colonial breeders, little egrets are highly sensitive to the ecological health of their foraging
and nesting habitats, making them useful indicators for assessing the environmental status of aquatic
regions [21]. Despite the global importance of the Ardeidae family, no prior studies have evaluated the
factors determining the brood sex ratio in this specific region. The present research provides an
exploratory analysis of these dynamics within a single colony during one breeding season in the Caspian
coastal wetlands—a critical site for numerous migratory species. Given the exploratory nature of this
study, the findings serve as a preliminary benchmark for understanding sex allocation and growth
patterns in this geographic context.

Based on the theoretical frameworks of adaptive sex allocation and the specific ecological constraints
of the study colony, several research hypotheses are proposed. Regarding sex allocation, we first
hypothesize that the brood sex ratio will be skewed toward males in nests with superior structural
parameters (proxies for high-quality nest-sites), as these conditions allow parents to meet the higher
energetic costs of male offspring. Second, we predict that initial sex allocation in nests with larger brood
sizes will be skewed toward males, reflecting a higher investment strategy by high-quality parents.
Regarding sex-specific growth, our third hypothesis posits that nestlings with higher body mass will
more likely be male, as robust physiological condition is a prerequisite for the successful development of
the larger sex in dimorphic colonial birds. These predictions align with the Trivers-Willard model,
suggesting that when local conditions are favorable, parental investment and subsequent offspring
success will shift toward the sex that benefit most from additional resources [22].

Methods
Study area

The investigation took place at the Zaghmarz Forest and Rangeland Research Station, located in North
Iran. Positioned approximately one kilometer from the Caspian Sea’s southern coastline, the site lies at
36°50'35" N and 53°18'15" E within Mazandaran Province, at an elevation of 20 meters below sea level.
This station, bordered to the west by the Lapoo-Zaghmarz and Miyankaleh international wetlands, has
featured 3x3 meter grid plantings of Pinus brutia, Pinus longifolia, and Pinus pinea since 1997 [23]. The
protected status and enclosure of the area, combined with its wetland proximity, establish it as a secure
nesting environment for Ardeidae species.

Selection and monitoring of nests and broods
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Fieldwork spanned from April 1 to July 31, 2023, during which we monitored a single little egret colony
nesting in trees. After an initial survey of the entire colony, we selected and numbered a random subset
of nests for observation. To ensure independent sampling, we monitored one randomly chosen nest per
tree [24]. Physical inspections occurred every 3—5 days throughout the incubation and chick-rearing
periods. We conducted these visits only during favorable weather to avoid biasing results and to protect
the birds from predation or early fledging. To minimize researcher impact, we limited nest fate
determinations to a maximum of three visits per attempt, prioritizing distant observation during the
sensitive incubation stage. To obtain an accurate assessment of primary sex allocation, we analyzed
only those nests where every egg successfully hatched. This approach was designed to eliminate the
potential for sex-specific embryo mortality to skew the secondary sex ratio [25]. By excluding clutches
with unhatched eggs, we avoided the interpretative errors associated with unsexed individuals [26].
While this focused our study on fully successful broods, it provided a definitive census of hatched
offspring for each unit, which might otherwise be obscured by differential survival during the early
stages. Brood size was defined as the count of surviving nestlings present [27].

Evaluation of nest-site characteristics and chick body mass

We recorded several habitat quality parameters for each study nest, including diameter, height above
ground, distance to the nearest neighbor, and the total number of nests on the supporting tree. We also
measured the trunk circumference at breast height (CBH) and noted the nest'’s location within the tree
(main trunk vs. proximal or distal branches), as well as the host tree species, primarily P. longifolia and P
pinea [28, 29]. Morphometric data, specifically body mass, were collected for each chick on 7 days after
hatching. To account for the statistical non-independence of nestmates, we calculated the mean body
mass for each brood and used these nest-level averages as the primary independent variables in our
analyses [30]. Sex ratio data were derived from blood samples taken during the morphometric
assessment. Thus, our findings reflect the sex distribution among surviving chicks at the time of
sampling. To prevent stress and abandonment, trained handlers processed each chick for less than five
minutes before returning them to the nest.

Collection of blood samples

Following morphometric measurement, we collected blood samples using a rapid, minimally invasive
protocol (under 5 minutes). We used a 26-30 gauge needle to puncture the brachial vein beneath the
wing. Approximately 10 microliters of blood (representing < 1% of body weight) were gathered via
capillary tubes and preserved in microtubes containing 96% ethanol. Samples were refrigerated until
DNA extraction and sexing procedures were initiated [31-33] .

DNA isolation procedures
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We utilized the salt-based method for DNA isolation [34]. First, the ethanol used for preservation was
removed, and 10—15 microliters of the remaining blood-ethanol mixture from the bottom of the tube
were transferred to a fresh microtube. This sample was heated at 55°C to evaporate residual ethanol,
which could otherwise inhibit extraction. Digestion was achieved by adding 30 pl of Proteinase K, 410 pl
of extraction buffer (Tris-HCI, NaCl, EDTA, and deionized water), and 80 pl of 10% SDS. This mixture was
incubated in a water bath at 37-55°C for 12-24 hours. After digestion, the samples were vortexed for 30
seconds and centrifuged at 13,000 rpm for 5 minutes. The resulting supernatant was mixed with 180 pl
of NaCl solution, vortexed again, and centrifuged. We then transferred the supernatant to a sterile tube
and added 420 pl of chilled (-21°C) isopropanol to precipitate the DNA. After gentle inversion and
centrifugation, the supernatant was discarded, and the DNA pellet was washed twice with 80% ethanol.
Following a final vacuum-drying step to remove all alcohol, the DNA was dissolved in 20—50 pl of ddH20
at 37°C and stored at -20°C [34].

PCR amplification and molecular sexing

Sex was determined using polymerase chain reaction (PCR) amplification of DNA segments followed by
agarose gel electrophoresis. We employed P2 and P8 primers [35] to distinguish sexes. The PCR
protocol involved initial denaturation at 94°C for 4 minutes, followed by 35 cycles of 94°C for 30 seconds
(denaturation), 52°C for 45 seconds (annealing), and 72°C for 45 seconds (extension). A final extension
was performed at 72°C for 5 minutes, with a hold at 12°C. Products were visualized on a 3% agarose gel
under UV light after staining. Males were identified by a single DNA band, whereas females exhibited two
bands [36, 37]. The brood sex ratio was defined as the proportion of males relative to the total number of
chicks. Any ambiguous results were re-tested. To validate the accuracy, we performed repeat PCRs on a
random 10% subset (n = 10), which consistently confirmed the initial sex assignments [38].

Statistical analyses

The relationship between predictive factors and the little egret brood sex ratio was evaluated using
generalized linear models (GLMs) with binomial error distributions. The response variable was specified
using the cb € d function (number of males, number of females) within the glm function. Predictive
variables included nest diameter, distance to the nearest nest, nest height above ground level, number of
nests on the host tree, circumference of the trunk at breast height (CBH) of the host tree, nest position
on the host tree tree (main trunk, proximal branches, and distal branches), and nesting host tree type
(specifically P. longifolia and P, pinea), brood size, and mean nestling mass. We employed automated
stepwise selection via the step function to identify the most parsimonious model, using the Akaike
Information Criterion (AIC) as the selection metric (Table 1). The best-fit model was designated as the
one with the lowest AIC value (AIC function). We performed model diagnostics to verify the suitability
of the binomial distribution and to check for overdispersion. Model fit was assessed using McFadden'’s
Pseudo-R2; although values between 0.2 and 0.4 typically indicate high explanatory power, our values
remained low across all models (Table 1). Because the stepwise procedure resulted in a null model
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(intercept only) as the most supported fit, we also reported the full model statistics for comparative
interpretation. Results were interpreted using predicted least-squares means + standard errors
(calculated via the emmeans or ls,,eans functions) and visualized with relevance plots featuring
shaded error bands generated by the polygon function. All computations were executed in R (version

4.4.2) using the stats package [39].
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Table 1

Results of the model selection—including the full, intermediate, and null generalized linear models
(binomial distribution)—examining the relationship between nesting site parameters, brood size, and
nestling body mass with the brood sex ratio of little egret. AIC: Akaike Information Criterion; AAIC:
difference in AIC relative to the best model; K: number of parameters; McFadden’s Pseudo-R2: goodness-
of-fit measure for the selected models.

Model Formula K AIC Delta  McFadden's
(predictors) AlC Pseudo-R?
Full Model Number of nests per nest tree + 10 73.11 17.33 0

Circumference of the trunk at
breast height + Nest diameter +
Nest height above the ground +
Nearest neighbor nest distance
+ Nesting host tree type + Nest
position + Brood size + Nestlings'
body mass

Intermediate Number of nests per nest tree + 9 69.17 13.39 0.049
Circumference of the trunk at
breast height + Nest height
above the ground + Nearest
neighbor nest distance + Nesting
host tree type + Nest position +
Brood size + Nestlings' body
mass

Number of nests per nest tree + 8 67.2 11.42 0.048
Circumference of the trunk at

breast height + Nest height

above the ground + Nearest

neighbor nest distance + Nesting

host tree type + Brood size +

Nestlings' body mass

Number of nests per nest tree + 7 65.23 9.45 0.047
Circumference of the trunk at

breast height + Nearest neighbor

nest distance + Nesting host tree

type + Brood size + Nestlings'

body mass

Number of nests per nest tree + 6 63.35 7.58 0.045
Circumference of the trunk at

breast height + Nearest neighbor

nest distance + Nesting host tree

type + Nestlings' body mass

Number of nests per nest tree 5 61.46 5.68 0.043
+Nearest neighbor nest distance

+ Nesting host tree type e +

Nestlings' body mass

Nearest neighbor nest distance 4 59.49 3.71 0.043

+ Nesting host tree type +
Nestlings' body mass
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Model Formula K AIC Delta McFadden'’s

(predictors) AlC Pseudo-R2
Nearest neighbor nest distance 3 58.05 2.27 0.032
+ Nestlings' body mass
Nestlings' body mass 2 56.62 0.84 0.022
Null Model - 1 5578 0 0.050

Results

The mean and standard deviation of the measured parameters for nest-site selection, brood size,
nestling body condition, and brood sex ratio of little egret are presented in Table 2.

Table 2

Descriptive statistics of nesting site parameters, brood size, nestling body mass, and
brood sex ratio of little egret.

Factors Parameters Mean * SD
Nesting site Nest diameter (cm) 34+6.65
(n=30) Nearest neighbor nest distance (cm) 64.57 +£23.54
Nest height above the ground (m) 7.69+0.89
Number of nests per tree 11.83+6.96
Circumference of the trunk at breast height (cm) 74.87 £10.48
Brood Brood size 2.77+0.73
(n=81) Nestling body mass (kg) 0.21+0.08
Brood sex ratio  Number of nestling males 2+2.05
(n=81) Number of nestling females 0.79+1.81
Proportion of males (humber of males / brood size) 0.75+0.19

The results of the initial model examining the relationships between nest parameters—including nest
diameter, distance to the nearest nest, nest height above ground level, number of nests on the host tree,
circumference of the trunk at breast height (CBH) of the host tree, nest position on the host tree (main
trunk, proximal branches, and distal branches), and nesting host tree type—as well as reproductive
parameters (brood size and nestling body mass) and the brood sex ratio of little egrets are summarized
in Table 3. None of the aforementioned parameters showed a significant relationship with the brood sex
ratio of little egrets (Table 3. Figure 1a-i).
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Table 3

Full generalized linear models with binomial distribution examining the relationships of nesting
site parameters, brood size, and nestling body condition with the brood sex ratio of little egret.

Intercept Estimate Standard eror Z-value P-value

1.168 4.034 0.290 0.772
Nest diameter 0.003 0.045 0.063 0.950
Nearest neighbor nest distance 0.010 0.014 0.734 0.463
Nest height above the ground -0.058 0.378 -0.152 0.879
Number of nests per nest tree 0.017 0.071 0.247 0.805
Circumference of the trunk at breast height -0.013 0.034 -0.386 0.700
Nest position, Distal trunk 0.160 0.818 0.195 0.845
Nest position, Main trunk -0.065 0.772 -0.084 0.933
Nesting host tree type, Pinus pinea -0.273 0.617 -0.443 0.658
Brood size -0.087 0.394 -0.221 0.825
Nestlings' body mass 3.234 4.436 0.729 0.466

Discussion

The results of this exploratory study indicate a compelling lack of relationship between a wide range of
nest-site characteristics, body mass, and brood size parameters and the brood sex ratio of little egrets in
the studied colony during a single breeding season. This finding is significant in the field of evolutionary
biology, as it challenges several classical models of sex allocation and suggests that, within this specific
ecological context, the brood sex ratio is maintained at a stable 1:1 equilibrium, unaffected by the
immediate socio-ecological or physical environment. These findings are largely consistent with other
studies in the Ardeidae family, suggesting that a lack of sex-ratio bias may be a broader trend within this
group under certain conditions.

Sex allocation hypothesis: nest-site characteristics and
parental investment

To interpret the lack of biased sex allocation, one must first consider Fisher’s Principle, which posits that
natural selection favors a 1:1 sex ratio when the costs of producing and rearing males and females are
equal [1, 2]. In many birds within the order Pelecaniformes, sexual dimorphism at the nestling stage is
minimal. Although adult little egrets exhibit subtle size differences, if the energetic investment required
to raise a male chick does not significantly exceed that for a female, there is no evolutionary pressure for
parents to bias the primary sex ratio. The absence of a relationship between brood size—a common
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proxy for total parental investment—and sex ratio supports this interpretation [15]. This mirrors results
found in the black-crowned night heron (Nycticorax nycticorax), where research similarly showed that
brood size had no significant impact on the brood sex ratio [40].

The reliance on structural nest-site variables as proxies for nest-site quality is a common approach in
colonial waterbird research, based on the assumption that parameters like nest height and position
reflect protection from terrestrial predators and microclimatic stability [11, 41]. While these assumptions
require further validation within the Caspian wetland system, they provide an exploratory framework for
testing the Trivers-Willard hypothesis (1973). This hypothesis suggests that parents in superior condition
or possessing better resources (proxied here by superior nest placement) should bias investment toward
the sex that benefits more from such an advantage.

However, the lack of relationship between nest position and brood sex ratio suggests that in the little
egret, the benefits of producing high-quality males may not outweigh the costs of sex-ratio manipulation.
Indeed, in the great cormorant (Phalacrocorax carbo), nest-site location did not result in skewed ratios
despite influencing overall success [42], and research on the black-crowned night heron also shows that
nest height has no significant impact on sex allocation [40]. The little egret's status as a generalist
forager in unpredictable wetland environments likely favors a conservative 1:1 strategy, perhaps due to
the unpredictable nature of foraging environments where water levels and resource availability fluctuate
daily. Committing to a biased ratio at the egg-laying stage would be risky if environmental conditions
deteriorate before fledging [22].

Furthermore, parameters linked to Local Resource Competition (LRC) or Local Resource Enhancement
(LRE), such as nest density and distance to the nearest neighbor, showed no effect [43]. This suggests
that dispersal patterns and competitive threats from offspring in this colony are likely balanced between
the sexes, removing the incentive for density-dependent sex-ratio adjustments.

Sex-specific survival and growth after hatching

Distinct from the initial allocation, the results also suggest a lack of sex-specific growth or survival
dynamics in the studied population. In species where one sex is significantly larger and more expensive
to produce, a relationship between brood condition and sex ratio is common due to sex-biased mortality
[18]. The null relationship with nestling body mass implies that little egrets in this colony do not
experience the significant sex-specific growth patterns or competitive hierarchies that would necessitate
a skewed secondary sex ratio.

However, deviations in other species highlight the role of resource predictability and dimorphism. For
example, in the Eurasian spoonbill (Platalea leucorodia), biases are often linked to hatching sequence
and maternal condition [44]. This contrasts with the little egret but aligns with species like the grey heron
(Ardea cinerea), where fierce sibling competition often leads to biased outcomes [19]. By maintaining a
1:1 ratio across varying conditions, little egrets may minimize the risk of total brood failure that could
occur if multiple high-cost chicks were competing in a single nest under resource scarcity.
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Conclusions and applications

This study concludes that the brood sex ratio of little egrets in the studied colony is not significantly
influenced by nesting and reproductive parameters, suggesting a stable 1:1 equilibrium. Given that these
results are based on an exploratory analysis of a single colony over one breeding season, they support
the conclusion that little egrets do not exhibit facultative sex-ratio adjustment or sex-specific growth
biases under these specific conditions. Theoretically, this indicates that the costs and benefits of
producing male versus female offspring remain balanced, and reproductive strategies may be more
heavily governed by mechanisms like asynchronous hatching rather than sex-specific allocation.

From a practical perspective, these preliminary findings suggest that conservationists can simplify
recruitment models by assuming a constant sex ratio across varying nest-site characteristics.
Management efforts should focus on broader ecological priorities, such as preserving high-quality
foraging habitats like wetlands and rice paddies, which drive overall juvenile survival. While structural
nest-site characteristics did not drive sex skews in this instance, future research should expand the
scope to multiple colonies and seasons to determine the broader applicability of these findings and
explore alternative drivers such as maternal endocrine-mediated influences.
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Figure 1

Fig. 1 Predicted relationships between a) Nest diameter, b) Nearest neighbor nest distance, c) Nest
height above the ground, d) Number of nests per nest tree, €) Circumference of the trunk at breast
height, f) Nest position, g) Nesting host tree type, h) Brood size, and i) Nestlings’ body mass with the
brood sex ratio of little egret. Lines represent least-squares means, and gray shaded bands indicate the
standard error (SE).
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Figure 2

Fig. 1 (continued) Predicted relationships between a) Nest diameter, b) Nearest neighbor nest distance,
c) Nest height above the ground, d) Number of nests per nest tree, e) Circumference of the trunk at
breast height, f) Nest position, g) Nesting host tree type, h) Brood size, and i) Nestlings’ body mass with
the brood sex ratio of little egret. Lines represent least-squares means, and gray shaded bands indicate
the standard error (SE).
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