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The evolution of matrotrophy (post-fertilization maternal provisioning to developing
embryos) has been explained through several hypotheses. Trexler and DeAngelis
proposed in 2003 a theoretical model that defines the ecological conditions under which
matrotrophy would be favored over lecithotrophy (pre-fertilization maternal provisioning).
According to this model, matrotrophy offers a selective advantage in environments
with abundant and constantly available food, whereas environments with limited and
fluctuating food resources should instead promote a lecithotrophic mode of maternal
provisioning. This model also proposes that matrotrophy entails the consequence of
leaner reproductive females and in turn shorter lifespans. In this study, we examined
the Trexler-DeAngelis model using data from 45 populations of five viviparous species
from the fish genus Poeciliopsis (family Poeciliidae). We used the matrotrophy index
(MI) as a measure of post-fertilization maternal provisioning, and the index of stomach
fullness and individual body condition (BC) as proxies for food availability. We also
estimated the magnitude of fluctuations in food availability by calculating the temporal
variances of these two proxies. Neither abundant nor constantly available food were
associated with greater degrees of matrotrophy, which fails to support the predictions
of the Trexler-DeAngelis model with respect to the ecological drivers of increased post-
fertilization provisioning to embryos. Nonetheless, in all five species we observed that
females with greater degrees of matrotrophy had poorer BC compared to females
that provided less nutrients to embryos after fertilization. This finding is consistent with
one of the expected consequences of advanced matrotrophy according to the Trexler-
DeAngelis model, namely, a detriment to the nutritional status of females. Our study
provides compelling evidence that gestating females experience a trade-off between
post-fertilization provisioning to embryos and self-maintenance, revealing in turn that
matrotrophy is a costly reproductive strategy.

Keywords: lecithotrophy, matrotrophy, maternal provisioning, Poeciliidae, Poeciliopsis, reproductive modes,
viviparous fishes
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INTRODUCTION

Viviparity is a reproductive strategy in which the embryo
develops inside a specialized structure or cavity within the
female after fertilization (Blackburn, 1999). This reproductive
strategy can be found in mammals, sharks, anurans, salamanders,
snakes, lizards, and fishes (Shine and Bull, 1979; Guillette
and Jones, 1985; Greven and Guex, 1994; Castro, 2009;
Renfree et al., 2013; Wake, 2015). In addition, viviparity
also occurs in numerous invertebrate taxa, including several
species from the following classes: Arachnida, Chromadorea,
Digenea, Demospongiae, Insecta, and Stenolaemata, among
others (Hagan, 1931; Meier et al., 1999; Ostrovsky et al., 2009,
2016). Females of viviparous species provide nutrients to their
developing embryos by means of two different mechanisms.
The first mechanism is lecithotrophy, in which the mother
transfers all nutrients to her embryos before fertilization in
the form of yolk and does not transfer additional resources
during their development (Blackburn, 1992). The second
mechanism is matrotrophy, which unlike lecithotrophy, involves
the continuous provisioning of nutrients from the mother
to the developing embryos after fertilization, usually through
specialized structures (e.g., placentas; Wourms, 1981; Lombardi
and Wourms, 1985; Blackburn, 1992; Marsh-Matthews, 2011;
Kwan et al., 2015; Olivera-Tlahuel et al., 2019).

Theoretical models about the evolution of matrotrophy from
a lecithotrophic strategy suggest that food availability is an
ecological factor that could promote changes in the way that
mothers provide nutrients to their developing offspring. Trexler
and DeAngelis (2003, 2010) proposed a model that suggests that
the amount of food available in the environment may favor the
evolution of maternal adaptations such as matrotrophy. They
suggested that one of the benefits of matrotrophy is that females
may be able to produce a greater number of embryos than
lecithotrophic females. The reason for this expected difference
in fecundity is that lecithotrophic eggs are larger and more
energetically costly than matrotrophic eggs because they contain
all the necessary nutrients to complete embryo development.
In contrast, matrotrophic eggs are notably smaller and imply
a lower energy demand at the onset of reproduction, which
should allow females to initiate gestation with a larger brood.
However, this benefit of higher fecundity for matrotrophic
females would only be possible if pregnant females have constant
access to enough food to simultaneously meet their own energetic
demands (i.e., self-maintenance) and to provide nutrients to their
embryos all throughout development. Therefore, matrotrophy
should be favored in environments with constant and high food
availability. Lecithotrophy, on the other hand, should be favored
in environments where resource availability is low or highly
variable, because lecithotrophic females do not need a constant
surplus of nutrients to support embryo development, but instead
can store nutrients in the form of yolk during periods of relatively
high food availability (Trexler and DeAngelis, 2003, 2010).

Viviparous fishes of the family Poeciliidae exhibit wide
variation in the amount of nutrients that females can transfer
to their developing embryos before and after fertilization. Some
species are strictly lecithotrophic (e.g., Gambusia hubbsi and

Gambusia. alvarezi), whereas other species exhibit extensive
matrotrophy (e.g., Poecilia parae and Poeciliopsis prolifica),
with several species showing varying degrees of the relative
amounts of pre- and post-fertilization provisioning (Reznick
et al., 2002; Pires et al., 2007, 2010; Pollux et al., 2009;
Pollux and Reznick, 2011; Torres-Mejia, 2011; Olivera-Tlahuel
et al., 2015). In addition, some studies have demonstrated
that the degree of matrotrophy (i.e., the amount of post-
fertilization maternal provisioning) may also vary among
different populations of the same species (Reznick et al., 2007;
Turcotte et al., 2008; Pires et al., 2010; Molina-Moctezuma
et al., 2020). Due to the large variation in the way poeciliid
females provide resources to their embryos, some studies have
attempted to understand the potential benefits of matrotrophy
over lecithotrophy (Trexler and DeAngelis, 2003, 2010; Pollux
et al., 2009, 2014; Saleh-Subaie and Zúñiga-Vega, 2019).

Several studies have previously tested the Trexler-DeAngelis
model under laboratory (Marsh-Matthews and Deaton, 2006;
Pires et al., 2007; Banet and Reznick, 2008; Banet et al., 2010;
Pollux and Reznick, 2011; Itonaga et al., 2012; Van Dyke et al.,
2014; Molina-Moctezuma et al., 2020) and natural conditions
(Schrader and Travis, 2008, 2012; Riesch et al., 2013; Molina-
Moctezuma et al., 2020) obtaining mixed results. Interestingly,
most of these studies have been conducted on poeciliid fishes
and only three studies have evaluated this model with non-
fish taxa, specifically using lizards as model systems (Cadby
et al., 2011; Itonaga et al., 2012; Van Dyke et al., 2014). Some
authors suggest that the Trexler-DeAngelis model is at least
partially supported according to the relatively high levels of
matrotrophy and the tendency to decrease the size of oocytes
observed in sites with high food availability in both natural
and experimental conditions (Pires et al., 2007; Schrader and
Travis, 2008, 2012; Pollux and Reznick, 2011; Itonaga et al., 2012;
Riesch et al., 2013; Van Dyke et al., 2014; Molina-Moctezuma
et al., 2020). Nonetheless, other authors suggest that the model
is not supported because they did not observe a significant
decrease in oocyte size in matrotrophic females, nor did they
find differences in the level of matrotrophy in experiments where
the amount of food was constant or variable (Marsh-Matthews
and Deaton, 2006; Banet et al., 2010; Pollux and Reznick, 2011;
Riesch et al., 2013).

Since no conclusive results have been found, neither under
experimental or natural conditions, it is important to study
the generality of this phenomenon to determine if a higher
degree of matrotrophy (i.e., greater amount of post-fertilization
provisioning) indeed occurs with greater quantity and stability
of food. Therefore, the main objective of this study is to
evaluate the Trexler-DeAngelis model (Trexler and DeAngelis,
2003, 2010). In particular, we address the specific conditions
that would lead to increased matrotrophy by comparing natural
populations of five species of the genus Poeciliopsis. We predict
that females from populations where the amount of available food
resources is relatively high and constant, will show higher levels
of matrotrophy. In contrast, we expect less post-fertilization
maternal provisioning in populations that inhabit sites where
there is evidence that the amount of food is lower or fluctuating.
We used two proxies for food availability: an index of stomach
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fullness (IF) and an estimate of body condition (BC). High IF
and/or BC values indicate that females inhabit an environment
with high food availability, whereas low IF and/or BC values
indicate that females inhabit an environment with low food
availability. In addition, we estimated the variance among months
of both IF and BC to quantify the degree of temporal variability
in food availability. In environments where food resources
are constantly available (i.e., populations with small temporal
variances in IF and/or BC), we expect to find higher degrees of
matrotrophy, whereas in environments where food availability
fluctuates (i.e., populations with large temporal variances in
IF and/or BC), we expect to find females exhibiting less post-
fertilization provisioning. Our study represents an empirical test
of this important theoretical model that attempts to explain
how different strategies for embryo nourishment have evolved in
viviparous organisms.

MATERIALS AND METHODS

Study Species and Datasets
We focused on five species of the genus Poeciliopsis (family
Poeciliidae) with relatively wide geographic distributions, which
allowed us to examine interpopulation differences in food
availability and how such differences affect the patterns of
embryo nourishment. All five species exhibit superfetation,
which is the ability of females to simultaneously bear two
or more groups of embryos at different developmental stages
(Scrimshaw, 1944), but differ in the degree of matrotrophy
(i.e., lecithotrophy, matrotrophy, and incipient matrotrophy)
(Table 1). The number of populations differed among species,
from 6 to 11, for a total of 45 populations. The number
of females per population varied from 14 to 141 (Table 1).
Geographic coordinates of all populations can be found in
Supplementary Table 1. For Poeciliopsis gracilis, Poeciliopsis
infans, and Poeciliopsis turrubarensis we combined data from
published studies (Zúñiga-Vega et al., 2007; Frías-Alvarez et al.,
2014; Frías-Álvarez and Zúñiga-Vega, 2016), and from our own
dissections of pregnant females, which we obtained from the
National Collection of Fishes (Instituto de Biología, Universidad
Nacional Autónoma de México). For the remaining two species

(Poeciliopsis baenschi and P. prolifica), all data was obtained by
dissecting preserved females, also from the National Collection of
Fishes (Table 1). All specimens were preserved in ethanol (70%)
until they were dissected.

Laboratory Measurements
To test our hypothesis, we calculated the matrotrophy index (MI),
and two proxies for food availability: the index of fullness (IF)
and individual BC. To quantify these variables we measured the
standard length (SL) of females before dissection with a digital
caliper (±0.1 mm), from the tip of the mouth to the base of
the caudal fin at the level of the lateral line. We then dissected
females to quantify brood size (number of embryos in the same
developmental stage) and superfetation (number of simultaneous
broods). We used the classification of embryonic stages proposed
by Haynes (1995) to identify the developmental stage of each
brood. Individual embryo mass was quantified by drying an
entire brood for 48 h at 55◦C, weighing it with a precision
scale (±0.05 mg), and dividing brood dry mass by the number
of embryos in the brood. Upon dissection, the entire digestive
tract (stomach and intestines) was removed from each female.
We quantified the somatic dry mass of each female (excluding
digestive and reproductive tracts) as well as the dry mass of
the digestive tract (including all its content) following the same
drying and weighing protocol that we implemented for embryos.

Matrotrophy Index
The MI is a standard measure of post-fertilization maternal
provisioning, and is calculated as the dry mass of the offspring
at birth divided by the dry mass of the egg at fertilization
(Reznick et al., 2002; Marsh-Matthews, 2011). MI values <0.75
indicate that females provide all nutrients before fertilization in
the form of yolk. MI values between 0.75 and 1 indicate that
females provide most nutrients before fertilization and small
amounts of nutrients during embryo development (i.e., incipient
matrotrophy). MI values >1 indicate that a substantial amount of
nutrients are provided after fertilization. MI values >5 indicate
extensive matrotrophy (Marsh-Matthews, 2011).

We calculated the MI in two different ways. First, we calculated
an MI separately for each population by using data from all
females to estimate the dry mass at birth and the dry mass of

TABLE 1 | List of the five study species from the fish genus Poeciliopsis with information on the type of maternal provisioning to developing embryos (matrotrophy,
incipient matrotrophy, or lecithotrophy), matrotrophy index (MI), number of populations per species, and sample size (n = number of reproductive females) per population.

Species Type of maternal
provisioning

MI Number of
populations

n per population References

Poeciliopsis baenschi Matrotrophy 1.58 6 48, 38, 32, 29, 45, 34 Pollux et al., 2014; Olivera-Tlahuel et al., 2015;
Zúñiga-Vega et al., 2017; this study

Poeciliopsis gracilis Lecithotrophy 0.72 11 15, 58, 78, 116, 52, 64,
74, 23, 90, 85, 91

Bassar et al., 2014; Pollux et al., 2014;
Frías-Álvarez and Zúñiga-Vega, 2016; this study

Poeciliopsis infans Incipient matrotrophy 0.86 11 50, 74, 131, 55, 59, 56,
38, 52, 50, 65, 63

Frías-Alvarez et al., 2014; Pollux et al., 2014;
Frías-Álvarez and Zúñiga-Vega, 2016; this study

Poeciliopsis prolifica Matrotrophy 5.40 8 19, 32, 145, 18, 93, 49,
78, 44

Pires et al., 2007; Banet and Reznick, 2008;
Pollux et al., 2014; this study

Poeciliopsis turrubarensis Incipient matrotrophy 0.95 9 37, 71, 49, 40, 38, 77,
21, 40, 14

Zúñiga-Vega et al., 2007; Bassar et al., 2014;
Pollux et al., 2014.
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the egg at fertilization (Reznick et al., 2002; Marsh-Matthews,
2011; Supplementary Table 2). For this purpose, we fitted a linear
regression to our data on individual embryo mass (response
variable, log-transformed) and developmental stage (predictor
variable), separately for each population. From this regression,
we used the predicted dry mass at stage 4 [recently fertilized
eggs according to Haynes (1995)] as well as the predicted dry
mass at stage 11 (last stage of development and, thus, an estimate
of mass at birth) to calculate the MI. In this regression, each
female was represented by a single data point (i.e., the average
dry mass of individual embryos in a particular developmental
stage). Because all species in this study exhibit superfetation,
we randomly chose one brood from each female to quantify
individual embryo mass (as per Frías-Alvarez et al., 2014; Gorini-
Pacheco et al., 2018). In this way, we ensured that each female
was represented only once in our linear regressions to avoid the
problem of non-independence in the data.

Second, we calculated an matrotrophy index per individual
female (MIind) by selecting females that had simultaneous broods
in developmental stages 4 (recently fertilized) and 11 (close to
be born). We calculated an MIind for each of these females
by dividing the average dry mass of her embryos at stage 11
by the average dry mass of her embryos at stage 4. In total,
51 females across all species had broods in stages 4 and 11
simultaneously. Our MIind values represent how embryo mass
changes throughout development within individual females and,
hence, are individual estimates of the amount of post-fertilization
provisioning. In contrast, our MI values per population are an
average representation of the degree of matrotrophy across all the
females that inhabit a population.

Index of Fullness and Body Condition as
Proxies for Food Availability
To estimate food availability, we used the index of stomach
fullness (IF), which was calculated for each female as the dry
mass of her digestive tract (including all its content) divided
by her somatic dry mass, and multiplying the result by 100
(Hyslop, 1980). The IF is an indirect measure of the amount
of available food and, more specifically, it is a measure of how
much females ate at a certain time. It gives us a proxy for
food availability at the time when we collected the females,
and maybe for a few days before sampling. High IF values
indicate that females were in an environment with high food
availability, whereas low IF values indicate that females were in
an environment with low food availability. Once we obtained
the IF for each female, we calculated an average IF (IFA) for
each population (Supplementary Table 2). Given our hypothesis,
we expected that in environments where food is abundant (i.e.,
populations with high IFA), females will have higher degrees
of matrotrophy, whereas in environments where food is less
abundant (i.e., populations with low IFA), we expected to find less
matrotrophic females.

In addition, to quantify the magnitude of fluctuations in food
availability, we calculated for each population the variance of
the IF among months (VarIFmonths; Supplementary Table 2).
Given that the amount of available food can vary over time,

in those cases in which we had several collection dates (i.e.,
conducted in different months) from the same population
(Supplementary Table 3), we calculated an IFA per month and
then the variance among these monthly IFA values. Populations
with large values of VarIFmonths are those with pronounced
temporal fluctuations (among months or between seasons) in
food availability. According to the Trexler-DeAngelis model
(Trexler and DeAngelis, 2003, 2010), we expected a negative
relationship between MI and VarIFmonths. That is, matrotrophy
should be favored in populations where food availability is
relatively constant, whereas lecithotrophy should be favored in
environments with substantial variability in the access to food
resources. Our data from populations with several collection
dates revealed that, in some of these populations, both the MI and
the index of stomach fullness varied substantially among months
(Supplementary Figures 1, 2).

In most of the populations that were sampled in different
occasions, the collection dates occurred within a period of
2 years (Supplementary Table 3). Given that the lifespan of
poeciliid fishes varies between 2 and 4 years (Coad, 2017;
Young et al., 2017), our multiple samples provide a reliable
representation of the temporal fluctuations in food availability
that a single generation of females experienced. Therefore, this
is the appropriate temporal scheme to test the prediction that
females facing changing conditions, in terms of food supply, over
the course of their lifespan would increase their pre-fertilization
investment (a less matrotrophic strategy).

We also calculated BC as another proxy for food availability.
We used the scaled mass index as an estimate of individual BC
(Peig and Green, 2009). This index is a more reliable indicator of
the relative size of energy reserves compared to other indices of
BC (Peig and Green, 2010). We calculated the scaled mass index,
which we denote here as BC because it is our measure of BC, for
each female as follows:

BCi = Mi

[
SL0

SLi

]b/r

where Mi and SLi are the somatic dry mass and SL of female i,
respectively, SL0 is the average SL of the corresponding species,
b is the slope from a linear regression of female dry mass on
SL (both variables log-transformed), and r is the correlation
coefficient between log-transformed female dry mass and SL.
Given that female mass and SL differed substantially among
species, we calculated the scaled mass index separately for each
species, but pooling data from different populations. This index
(BCi) is an estimate of the dry mass that each female i would
have at a fixed body length, which in our case is the average
SL of each species (SL0). Thus, smaller values of BC indicate
poorer nutritional status and less energetic reserves, whereas
larger values of BC indicate better nutritional status and greater
energetic reserves (Peig and Green, 2009, 2010).

We then calculated an average of this scaled mass index
separately for each population [average body condition (BCA)]
(Supplementary Table 2). BC is an estimate of food availability
on a long time scale (weeks before capturing the females) because
it reflects if females were able to gain somatic mass as a result
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of abundant food intake during the past weeks or, alternatively,
if they lost mass as a consequence of food scarcity. According
to our hypothesis, females will have good BC in environments
with plenty of available food and, therefore, high degrees of
matrotrophy. In contrast, poor BC indicates that females have
experienced reduced food availability and, thus, they should
exhibit lower degrees of matrotrophy.

Estimates of BC may be affected by morphological differences
among females. For instance, heavier females may also have
deep bodies and extended abdomens whereas leaner females may
have thinner and elongated bodies. Given that body shape may
be affected by ecological factors other than food availability,
such as predation risk and water velocity (Zúñiga-Vega et al.,
2007; Langerhans, 2009; Langerhans and Makowicz, 2009), an
association between morphology and BC could imply that the
observed differences among populations in average BC may
have been driven by these other factors. This in turn would
imply that our estimates of BC do not reflect food availability
but indicate instead interpopulation differences in predation
intensity or water velocity. We discarded a confounding
effect of body shape on our estimates of BC by means of
a morphological analysis based on geometric morphometric
techniques (Supplementary Material: Methods). This analysis
was conducted on four of our five study species because no digital
photographs were available for one species (P. turrubarensis).
The correlations between the scaled mass index and the first
two axes of shape variation were rather weak in all four species
(all correlation coefficients ranged between −0.20 and 0.31;
Supplementary Table 4). Thus, in these Poeciliopsis species, the
observed intraspecific variation in BC cannot be explained by
morphological differences among females.

Similar to what we did for the IF, for each population we
quantified temporal fluctuations in food availability by means
of the variance of body condition among months (VarBCmonths;
Supplementary Table 2). This temporal variance was calculated
only for those populations that were sampled in different months
(Supplementary Table 3). First, we calculated an average BC
(BCA) per month and then the variance among these monthly
BCA values. We expected a negative relationship between MI and
VarBCmonths. Consistent with the observed temporal variation
in both the MI and the IF, BC also varied substantially among
months within some of the populations that were sampled in
different occasions (Supplementary Figure 3).

Quantifications of stomach contents and BC indices have
been used previously as indicators of food availability in the
surrounding environment. In particular, studies on other fish
species have demonstrated that both the index of stomach fullness
and individual BC correlate positively with the abundance of
important food sources, such as nutrient-rich prey (Simpkins and
Hubert, 2000; Pothoven et al., 2001; Rikardsen et al., 2006). These
previous observations give support to the use of IF and BC as
reliable proxies for food availability.

Statistical Analyses
We implemented different sets of linear models using the R
statistical software v. 3.4.2 (R Core Team, 2019). We used the
Akaike information criterion adjusted for small sample sizes

(AICc; Akaike, 1973) to select the best model (i.e., the model with
smallest AICc). However, models that differ by less than seven
units of the AICc with respect to the best model (1AICc < 7)
also have some support in the data (Burnham and Anderson,
2002; Burnham et al., 2011). To deal with model uncertainty,
we calculated Akaike weights (wi), which are measures of the
relative support for each model i in the data (Burnham and
Anderson, 2002). Then, we compared the support of two models
relative to each other using evidence ratios, which are calculated
as the quotient of their respective Akaike weights (w1/w2). These
evidence ratios indicate how much greater the evidence is in
favor of model 1 compared to that of model 2. We considered
that strong evidence in support of the Trexler-DeAngelis model
would come from two complementary lines of evidence. First, the
best-fitting model must include one of our predictors of interest
(IF, IFA, VarIFmonths, BC, BCA, or VarBCmonths). Second, this
best-fitting model must have at least four times stronger support
than models that do not include this predictor (i.e., an evidence
ratio ≥4). In those cases where two or more supported models
(models within 1AICc < 7) had smaller evidence ratios (because
such supported models had relatively large and similar Akaike
weights), we chose the model that contained fewer parameters
(the simplest model), since adding the additional parameters did
not substantially improve model fit.

In addition, based on the Akaike weights, we calculated
model-averaged regression coefficients, as instructed by Burnham
and Anderson (2002), for those predictor variables with evident
statistical effects. These model-averaged slopes account for model
uncertainty and are more robust than those derived from any
single model (Johnson and Omland, 2004). We used the R
package “MuMIn” to implement all these procedures for model
selection and multi-model inference (Bartoń, 2019).

For the first model set we used the MI per population
(log-transformed) as response variable and IFA as the main
explanatory variable. We also considered the factor “species” to
take into account differences among species in the degree of
matrotrophy. We included additive and interactive effects of IFA
and species, as well as an intercept-only model, for a total of five
competing models (Table 2). In this first model set, we had 45
data points, one for each of our study populations.

In our second model set we also used MI per population (log-
transformed) as response variable, but in this case, we analyzed
the effects of temporal fluctuations in the IF by using VarIFmonths
as explanatory variable. We also considered differences among
species, additive and interactive effects of VarIFmonths and species,
and an intercept-only model, for a total of five competing
models (Table 2). Given that not all our study populations were
visited in different months (Supplementary Table 3), we had a
reduced number of data points (28) for this model set. In fact,
all populations of P. baenschi and P. turrubarensis lacked data
from different months and, thus, these two species were excluded
from this model set.

The third model set was implemented using the MIind female
(log-transformed) as response variable. The main explanatory
variable was the IF calculated for each female. In addition, we
considered differences among species, additive and interactive
effects of IF and species, and an intercept-only model, for a total
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TABLE 2 | Values of the Akaike information criterion adjusted for small sample
sizes (AICc), differences in AICc with respect to the best-fitting model (1AICc),
and Akaike weights (w) for competing models that examined variation in the
MI per population.

Models AICc 1AICc w

First model set Species 47.52 0 0.70

Species+IFA 50.27 2.75 0.18

Species×IFA 51.00 3.48 0.12

IFA 65.48 17.96 0

Intercept only 67.47 19.95 0

Second model set Species 22.39 0 0.75

Species+VarIFmonths 24.70 2.31 0.24

Species×VarIFmonths 30.33 7.94 0.01

Intercept only 52.31 29.92 0

VarIFmonths 54.38 31.99 0

In the first model set, we examined the effects of the average index of fullness
(IFA) while accounting for differences among species. In the second model set,
we examined the effect of the variance of the index of fullness among months
(VarIFmonths) also accounting for differences among species. The best-fitting
models are indicated by 1AICc = 0. Models are listed according to their fit to
the data, from best to worst.

of five competing models (Table 3). In this case, we expected
a positive relationship between MIind and the IF. Unlike the
previous two model sets, which were conducted at the population
level, this third model set was conducted at the individual level
with 51 data points, one for each female with an estimate of MIind.

Additionally, we implemented all three model sets, but using
BC as proxy for food availability, instead of the IF. This means
that the response variable was the same (MI per population in
the first and second model sets, and MIind in the third model
set), but we used BCA as the main predictor of interest in the
first model set (Table 4), VarBCmonths in the second (Table 4),
and BC per individual female in the third (Table 5). We also
implemented all other models that we described above (i.e.,
differences among species, additive and interactive effects, and an
intercept-only model).

RESULTS

Matrotrophy and the Index of Fullness
In the first model set, using IF as proxy for food availability,
we found no evident effect of IFA on the MI per population
(Figure 1A). The top model indicated that MI per population
only differed among species (Table 2). Two other models were
within 1AICc < 7 and both included the effect of IFA in addition
to differences among species (additive effect in the second
model and interactive effect in the third model). However, these
additional effects of IFA did not improve model fit compared to
the simpler model that only included differences among species
(Table 2). Similarly, in the second model set, we found no
evidence of an effect of VarIFmonths on the MI per population
(Figure 1B). Also in this case, the top model indicated differences
among species and adding the effect of VarIFmonths did not
substantially improve model fit (Table 2). The highest degrees
of matrotrophy occurred in four populations of P. prolifica,

TABLE 3 | Values of the Akaike information criterion adjusted for small sample
sizes (AICc), differences in AICc with respect to the best-fitting model (1AICc),
and Akaike weights (w) for competing models that examined variation in the
matrotrophy index per individual female (MIind).

Models AICc 1AICc w

Species 50.02 0 0.65

IF+Species 51.28 1.26 0.35

IF×Species 60.63 10.61 0.003

Intercept only 85.18 35.16 0

IF 85.18 35.16 0

In this third model set, we examined the effect of the index of fullness per individual
(IF) while accounting for differences among species. The best-fitting model is
indicated by 1AICc = 0. Models are listed according to their fit to the data,
from best to worst.

TABLE 4 | Values of the Akaike information criterion adjusted for small sample
sizes (AICc), differences in AICc with respect to the best-fitting model (1AICc),
and Akaike weights (w) for competing models that examined variation in the
MI per population.

Models AICc 1AICc w

First model set Species 47.52 0 0.80

Species+BCA 50.34 2.82 0.20

Species×BCA 57.62 10.10 0.01

BCA 65.59 18.07 0

Intercept only 67.47 19.95 0

Second model set Species 22.39 0 0.46

Species×VarBCmonths 22.82 0.43 0.38

Species+VarBCmonths 24.50 2.11 0.16

VarBCmonths 46.53 24.14 0

Intercept only 52.31 29.92 0

In the first model set, we examined the effects of the average body condition
(BCA) while accounting for differences among species. In the second model
set, we examined the effect of the variance of body condition among months
(VarBCmonths) also accounting for differences among species. The best-fitting
models are indicated by 1AICc = 0. Models are listed according to their fit to
the data, from best to worst.

and the lowest (indicating a lecithotrophic mode of maternal
provisioning) in one population of P. gracilis (Figure 1).

We obtained a similar result when we analyzed the potential
effect of the individual IF on MIind in our third model set. The
model with the best fit only included differences among species
in the MIind (Table 3). The second model was within seven
AICc units from the best-fitting model and included an additive
effect of IF and species. Hence, evidence of an effect of IF on
MIind was weak because adding IF did not substantially improve
model fit with respect to the simpler model that only included
differences among species (Table 3). Most females of P. prolifica
had higher degrees of matrotrophy compared to females from all
other species, whereas three females of P. gracilis had the lowest
values of the MIind (Figure 2).

Matrotrophy and Body Condition
In our first model set, using BC as proxy for food availability,
BCA did not affect the MI per population (Figure 3). Again
in this case, the best-fitting model indicated differences among
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TABLE 5 | Values of the Akaike information criterion adjusted for small sample
sizes (AICc), differences in AICc with respect to the best-fitting model (1AICc),
and Akaike weights (w) for competing models that examined variation in the
MIind female.

Models AICc 1AICc w

BC×Species 46.90 0 0.63

BC+Species 48.78 1.88 0.24

Species 50.02 3.12 0.13

Intercept only 85.18 38.28 0

BC 86.57 39.67 0

In this third model set, we examined the effect of individual body condition
(BC) while accounting for differences among species. The best-fitting model is
indicated by 1AICc = 0. Models are listed according to their fit to the data,
from best to worst.

species in the MI (Table 4). The model that ranked second was
within 1AICc < 7 and included the additive effect of species and
BCA. However, adding BCA did not improve model fit compared
to the model that only included differences among species.
Similarly, in our second model set, the top model indicated that
MI only differs among species (Table 4). Two other models
had support (i.e., 1AICc < 7) and both included the effect
of VarBCmonths (interacting with species in the second model
and as an additive effect in the third model). Hence, adding
VarBCmonths did not substantially improve model fit, indicating a
weak effect of this predictor on the MI per population (Figure 4).
In P. prolifica, MI apparently decreased as VarBCmonths increased
(Figure 4C). However, this negative association was caused by a
single population with large temporal variance and quite small
MI. For this reason, the model including the interaction between
VarBCmonths and species did not outperform the simpler model
that only included differences among species (Table 4).

Finally, in the third model set in which we used BC as proxy
for food availability, the model that included an interactive effect
of individual BC and species on MIind ranked first (Table 5). The
model that included an additive effect of these two predictors
ranked second. The top model had 2.6 times stronger support
than the second model (evidence ratio: 0.63/0.24 = 2.63).
The third model only included differences among species with
no effect of BC. However, the top model had almost five
times stronger support than this third model (evidence ratio:
0.63/0.13 = 4.85) (Table 5), which in this case represents
compelling evidence of a combined effect of both BC and species
on MIind. Contrary to our prediction, model-averaged regression
coefficients revealed a negative relationship between MIind and
individual BC for females of all five species (Figure 5). This
negative relationship was weaker (i.e., a less steep negative slope)
for females of P. prolifica (Figure 5D).

DISCUSSION

Matrotrophy Negatively Affects Body
Condition and Is Apparently Not
Influenced by Food Availability
In this study, we examined the Trexler-DeAngelis
model of maternal provisioning to developing embryos

FIGURE 1 | (A) Lack of association between the matrotrophy index per
population (MI) and average index of fullness (IFA) for 45 populations of five
fish species from the genus Poeciliopsis. (B) Lack of association between the
MI per population and the variance of the index of fullness among months
(VarIFmonths) for 28 populations of three fish species from the genus
Poeciliopsis.

(Trexler and DeAngelis, 2003, 2010). According to this model,
higher levels of matrotrophy are only possible if food is relatively
abundant and constantly available. To test this prediction,
we used the index of stomach fullness and BC as proxies for
the amount of available food in the environment. Based on
these two variables, we also quantified the degree of temporal
variability in food availability. We found that females with higher
levels of matrotrophy had poorer BC compared to females
that provided less nutrients to embryos after fertilization. This
negative association was evident in females of all five species and
is opposite to our prediction of greater matrotrophy in females
that exhibit better BC, presumably as a result of constant access
to abundant food resources. In contrast, our main finding implies
that providing relatively large amounts of nutrients to embryos
after fertilization has a negative consequence on the nutritional
status of the females. Possibly, females experience a trade-off
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FIGURE 2 | Lack of association between the matrotrophy index per individual
(MIind) and the individual index of fullness (IF) for 51 females of five fish species
from the genus Poeciliopsis.

between active provisioning of embryos during gestation and
allocation of energy and nutrients to somatic tissues, suggesting
that matrotrophy is a costly physiological process. Severe
demands for energy and nutrients are well-known consequences
of large investments in reproduction (Koskela et al., 1998;
Jonsson et al., 2002; Velando and Alonso-Alvarez, 2003).

According to the Trexler-DeAngelis model, one of the main
benefits of matrotrophy is a potentially higher fecundity, because
lecithotrophy implies that eggs must be full of yolk before
fertilization and thus represent a large energetic investment
since the onset of gestation. In contrast, matrotrophic eggs are
considerably smaller and less energetically costly, which could
allow females to initiate gestation with a higher number of
these smaller eggs. If resources are abundant enough to provide
embryos with the necessary nutrients all throughout gestation,
then matrotrophy would be favored over lecithotrophy (Trexler
and DeAngelis, 2003, 2010). Here, we have shown that neither
the amount of food that is present in the digestive tract of females
nor their nutritional status reflected in their BC are positively
associated with the degree of matrotrophy, which in turn suggests
that high food availability is not the main driver of advanced
degrees of matrotrophy. In contrast, we detected in all five species
that females that provided more nutrients to embryos after
fertilization were in poorer BC compared to females that relied
more on pre-fertilization provisioning. This observed pattern
represents compelling evidence that, if advanced matrotrophy
allows females to gestate more embryos, such increased fecundity
comes at the cost of a reduced investment in self-maintenance.

Our work with 45 populations of five species of poeciliid
fishes did not support the expectation of increased matrotrophy
in sites with abundant food. Furthermore, sites where food
availability fluctuates over time (i.e., sites with large temporal
variances in the index of stomach fullness and in BC) did
not promote reduced levels of matrotrophy. According to the
Trexler-DeAngelis model, if food-limiting conditions are likely
to arise, then females must rely more on pre-fertilization
provisioning because they can store as much surplus energy
as possible in the form of yolk whenever food becomes
available (during periods when food intake exceeds metabolic

demands) (Trexler and DeAngelis, 2003, 2010). Our data did not
support this prediction either. Interestingly, however, the original
model specifies that the total cost per brood may be greater
for matrotrophic females compared to lecithotrophic females,
because the former initially invest less per egg (because eggs
are smaller) which allows them to initiate gestation with larger
broods. If the size of offspring at birth is the same between
matrotrophic and lecithotrophic females, then producing a larger
number of similar-sized young will result in an overall higher
reproductive cost for females with advanced matrotrophy. As
a consequence, Trexler and DeAngelis (2003, 2010) predicted
leaner bodies and shorter lifespans in females that allocate more
resources to developing embryos after fertilization. Our findings
revealed poor BC in females with advanced matrotrophy and are
thus consistent with this particular prediction of the model that
is related to the consequences of matrotrophy. In conclusion, we
failed to provide evidence in support of the expected ecological
causes of this reproductive mode (high and constant food
availability), but we have demonstrated a critical consequence of
advanced matrotrophy that appears to be pervasive because it
occurred in five different species.

The Costs of Matrotrophy Decrease as
Yolk Dependency Decreases
Our findings, along with previous evidence, suggest that the
severity of the physiological costs imposed by greater post-
fertilization provisioning depends on the degree to which
females rely on yolk reserves for embryo nutrition. A previous
study in the congeneric Poeciliopsis retropinna found that
the amount of post-fertilization provisioning was positively
associated with maternal body fat and unrelated to maternal lean
mass (Hagmayer et al., 2018). This finding is somehow contrary
to what we observed in this study, because our estimates of BC
included both lipids and lean tissue (i.e., we did not extract lipids
from the females). Thus, our observed reduction in BC associated
with higher degrees of matrotrophy likely entailed reductions in
both body fat and lean mass. The reasons why in P. retropinna
a higher investment in embryo development after fertilization
does not entail a reduction in maternal body fat or in lean mass,
whereas in the five congeneric species that we studied advanced
matrotrophy clearly resulted in poorer BC, remain unknown.
A tentative explanation may involve the remarkably high degree
of matrotrophy of P. retropinna, in which embryos increase
in mass more than 100-fold during development (MI = 117;
Reznick et al., 2002). Such an extensive degree of matrotrophy
could substantially reduce the costs derived from reproduction
because mature ova are notably small with no nutrients before
fertilization and, hence, overall investment in reproduction is
low during a significant proportion of pregnancy. All our study
species exhibit considerably lower degrees of matrotrophy, from
an MI = 0.72 in P. gracilis (which in fact indicates strict
lecithotrophy) to an MI= 5.40 in P. prolifica (Table 1). Therefore,
energetic demands derived from a higher investment in embryos
since the onset of gestation (in our study species mature ova
already contain some nutrient-rich yolk before fertilization) are
likely higher in our five study species than in P. retropinna.
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FIGURE 3 | Lack of association between the MI per population and average body condition (BCA) for 45 populations of five fish species from the genus Poeciliopsis.
Each species is shown in a different panel because of substantial differences among species in the values of body condition (BC). Each symbol represents a different
species as per (Figures 1, 2).

The weaker negative relationship between degree of
matrotrophy and BC that we observed in P. prolifica confirms
a lower physiological cost of actively providing embryos with
nutrients during gestation for species that depend less on yolk
reserves. Unlike P. prolifica, which exhibits a substantial amount
of post-fertilization provisioning (MI= 5.40) and, hence, smaller
amounts of yolk in mature ova, the other four species that we
studied have a greater dependency on the yolk that is deposited
into the eggs before fertilization for embryo nourishment (their
MI values range between 0.72 and 1.58; Table 1; Reznick et al.,
2002; Olivera-Tlahuel et al., 2015). Females of these four species
lack specialized placentas that facilitate the transfer of nutrients
from the mother to developing embryos and, instead, they
have relatively simple maternal follicles that have the primary
functions of gas exchange and osmoregulation (Kwan et al.,
2015; Olivera-Tlahuel et al., 2019). Certainly, the observed
variation in the degree of matrotrophy among individual females
(Figure 2) as well as among populations (Figure 1) of these four
species indicates that females are able to increase the amount

of nutrients that are actively transferred to developing embryos
after fertilization. Apparently, doing so without the specialized
anatomical structures that are present in placental species such
as Poeciliopsis prolifica and Poeciliopsis turneri (i.e., abundant
microvilli and capillaries, thicker maternal follicles, numerous
enlarged vesicles; Kwan et al., 2015; Olivera-Tlahuel et al., 2019)
entails a greater energetic expenditure for gestating females
of non-placental and yolk-dependent species that causes a
detrimental effect on their somatic tissues and lipid reserves.

Caveats and Limitations
Even though previous studies have demonstrated that the
index of stomach fullness and estimates of BC are accurate
indicators of the amount and quality of food that is available
in the surrounding environment (Simpkins and Hubert, 2000;
Pothoven et al., 2001; Rikardsen et al., 2006), we recognize the
potential limitations of using these proxies for food availability.
These limitations may explain, at least partially, the lack of
association between food availability and degree of matrotrophy
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FIGURE 4 | Lack of association between the MI per population and the variance of body condition among months (VarBCmonths) for 28 populations of three fish
species from the genus Poeciliopsis. Each species is shown in a different panel because of substantial differences among species in the values of BC. Each symbol
represents a different species as per (Figures 1, 2).

that we observed in all five species. First, stomachs of females
could be quite full, but most of their content may be of low
nutritional value. For instance, females may have consumed
abundant sediment or shells of mollusks that provide little to no
energy (Langerhans et al., 2021). If this were the case, stomach
fullness may not be correlated with the actual availability of
nutritious food items.

Second, food availability, as well as stomach fullness and
BC, may vary substantially over relatively short timescales (e.g.,
between weeks) and, hence, our collections of females may have
occurred during an uncommon episode of low or high food
abundance that does not reflect the general pattern of food
availability in our study sites. Therefore, the lack of association
between food availability and matrotrophy that we observed in
all our focal species may have been caused by a mismatch between
food availability at the time when our collections took place (e.g.,
low food availability during the past couple of days) and the
observed degree of matrotrophy that was likely driven by the
general long-term pattern of food availability of each population
(e.g., high food availability during most of the past months).

Third, both stomach fullness and BC may be affected by
factors other than food availability, such as temperature (which
has a direct influence on digestive efficiency in ectotherms;
Harlow et al., 1976), prevalence of pathogens (sick females may
have poor BC even if food is abundant in the surrounding
environment; Ageze and Menzir, 2018), and rates of activity (e.g.,
fish may maintain low foraging rates in the presence of abundant
predators; Botham et al., 2006). Hence, females from populations

where food is abundant may have less full stomachs or poor BC
if these ecological conditions are suboptimal (low temperatures
or abundant pathogens and predators). In these cases, neither
stomach fullness nor BC would be reliable indicators of food
availability. Therefore, the lack of associations between degree
of matrotrophy and our proxies for food availability must be
interpreted with caution, since future examination of additional
measures of food availability, such as in situ abundances of algae
and aquatic invertebrates (Quintans et al., 2009; Carbajal-Becerra
et al., 2020), may provide supporting evidence for this prediction
of the Trexler-DeAngelis model.

Finally, we must notice that our study is based on two
important assumptions. (1) Populations differ in the average
amount of food availability, which means that over the course
of a relatively long period, a year for example, food availability
is overall higher in a particular population whereas it is
constantly lower in another. This assumption implies that
our two proxies for food availability should reflect this same
situation, namely, in the former population females must have
fuller stomachs and better BC, whereas in the latter, females
must have less full stomachs and poorer BC, regardless of
the particular time of collection. If this assumption is true,
then females experience the same regime of food availability
during most of their reproductive lives (i.e., during most of
their pregnancies), which in turn must promote the evolution
of either reduced or advanced matrotrophy. (2) Fluctuations
in food availability occur on relatively long timescales, such
as among months or seasons. This means that a female
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FIGURE 5 | Negative association between the MIind and individual BC for 51 females of five fish species from the genus Poeciliopsis. Each species is shown in a
different panel because of substantial differences among species in the values of BC. Fitted lines represent model-averaged regression coefficients. Each symbol
represents a different species as per (Figures 1, 2).

inhabiting a population where food supply fluctuates over time,
experiences some months of food restriction and other months of
abundant food. Given that gestation lasts approximately 30 days
in poeciliid fishes (Veggetti et al., 1993; Bisazza and Marin,
1995), some broods are produced under limiting conditions
and others under abundant food, which in the long term
must promote the evolution of a predominantly lecithotrophic
strategy. If these two assumptions are incorrect and food
availability fluctuates drastically on shorter timescales (among
weeks or days), then our statistical approach to estimate the
degree of post-fertilization provisioning (a linear regression
that predicts how embryo mass changes from fertilization
to birth) may be invalid because the mass of embryos at
different developmental stages, which depends to a large extent
on the amount of food that females consume, would also
change drastically within months or even weeks (during a
single pregnancy). This, in turn, would promote short-term
temporal changes in the overall degree of matrotrophy (i.e.,
in the MI). Thus, in summary, the temporal scale at which
food availability fluctuates may be a critical aspect that could

determine whether evidence in support of the Trexler-DeAngelis
model is found or not.

Future Directions
The studies that have tested the Trexler-DeAngelis model of
maternal provisioning have yielded mixed results, which may be
attributed to different methodologies. Some studies were based
on laboratory experiments (Marsh-Matthews and Deaton, 2006;
Pires et al., 2007; Banet and Reznick, 2008; Banet et al., 2010;
Pollux and Reznick, 2011; Itonaga et al., 2012; Van Dyke et al.,
2014; Molina-Moctezuma et al., 2020), whereas others were
conducted under natural conditions (Schrader and Travis, 2008,
2012; Riesch et al., 2013; Molina-Moctezuma et al., 2020). In
controlled experiments, the amount of food and fluctuations in
its availability are the only variables at play. Such experimental
studies have provided evidence that abundant and constantly
available food are positively associated with the amount of post-
fertilization maternal provisioning, which supports the Trexler-
DeAngelis model (Van Dyke et al., 2014; Molina-Moctezuma
et al., 2020). In contrast, when data are obtained under natural
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conditions, several ecological factors interact and may mask
the potential effects of food availability. Some of these studies
have not found evidence in support of the Trexler-DeAngelis
model (Schrader and Travis, 2008; Riesch et al., 2013). In
addition to high and constant food availability, other ecological
conditions may select for increased matrotrophy, such as a
high predation risk. Given that matrotrophic embryos are
substantially smaller during a large proportion of pregnancy, the
ovarian mass and volume remain relatively small in gestating
females, which provides them with an advantage in terms of
swimming performance and escape velocity. Consistent with this
hypothesis, in two poeciliid species, P. retropinna and Phalloceros
harpagos, females from high-predation environments exhibit
greater degrees of matrotrophy compared to females from low-
predation environments (Gorini-Pacheco et al., 2018; Hagmayer
et al., 2020). The combined effects of predation intensity and food
availability on the relative amounts of pre- and post-fertilization
provisioning to developing embryos have not been investigated
yet and deserve further examination.

The Trexler-DeAngelis model was originally proposed using
poeciliid fishes as model systems (Trexler and DeAngelis, 2003,
2010). To date, most empirical tests of this model have been
conducted also on species of this group of viviparous fishes (Pires
et al., 2007; Schrader and Travis, 2008, 2012; Pollux and Reznick,
2011). The few notable exceptions are three studies conducted on
lizards (Cadby et al., 2011; Itonaga et al., 2012; Van Dyke et al.,
2014). This means that we are still far from understanding if the
causes and consequences of advanced degrees of matrotrophy
are the same across diverse phylogenetic groups. The search for
generalizations about the influence of food availability on post-
fertilization maternal provisioning requires additional studies
in other viviparous taxa such as some cartilaginous fishes and
numerous invertebrates, which also exhibit wide variation in
the relative amounts of pre- and post-fertilization maternal
investment (Hamlett et al., 2005; Ostrovsky et al., 2016; Carter
and Soma, 2020). These other taxa would be excellent model
systems to test the predictions of the Trexler-DeAngelis model.
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