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Stressful environments favor deceptive ok

alternative mating tactics to become dominant
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Abstract

Background Deceptive alternative mating tactics are commonly maintained at low frequencies within populations
because males using them are less competitive and acquire lower fitness than those using dominant tactics. However,
the successful invasion of a male deceptive tactic is plausible if deception carries no fitness cost to females. Among
populations of the gift-giving spider Paratrechalea ornata, males very often offer females a deceptive worthless gift,
rather than a nutritive gift. We tested the degree to which deceptive worthless gifts can occur in natural populations
living under divergent environmental conditions (moderate and stressful). We examined the plasticity of morphologi-
cal and behavioral traits and analyzed the fitness of females in relation to the gift type, also examining the paternity
acquired by males offering either gift type.

Results We demonstrated that worthless gifts can become dominant under highly stressful environmental condi-
tions (84-100%). Individuals in such environment reach smaller sizes than those in moderate conditions. We suggest
that the size reduction probably favors low metabolic demands in both sexes and may reduce the costs associated
with receiving deceptive worthless gifts for females. In contrast, males living under moderate conditions varied

the use of the deceptive tactic (0-95%), and worthless gifts negatively influenced female fecundity. Furthermore,
male size, rather than gift content, positively impacted paternity success in the moderate but not in the stressful
environment.

Conclusions Overall, this is the first empirical evidence that a reversible deceptive tactic can become dominant
when the environment becomes harsh and mate choice becomes limited.
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Background
Trait evolution is affected by the invasion of new mutants,
and increased variation in the fitness of dominant pheno-
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a large-scale spread of these deceptive tactics is usually

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-023-01664-5&domain=pdf
http://orcid.org/0000-0003-4332-7612

Albo et al. BMC Biology (2023) 21:162

limited by the low fitness benefits associated with them
[5, 11-13]. Likewise, most alternative mating tactics rep-
resent a conditional strategy, where a dominant tactic is
used by the majority of individuals, whereas the decep-
tive tactic remains rare due to frequency-dependent
selection [11, 14-16].

In conditional strategies, each individual can express
different tactics, depending on their environment and/or
own condition [11]. Typically, the largest, territorial, or
dominant males have the highest fitness, whereas those
unable to reach such standards acquire matings through
alternative ways, such as sneaking or using satellite tac-
tics [5, 11-13]. This is the case in some nuptial gift-giv-
ing species, where males offering deceptive worthless
gifts increase their mating success over those without
gifts but achieve lower fitness than those offering nutri-
tive gifts [17—19]. For example, males from the dance fly
Rhamphomya sulcata offer nutritive gifts to females dur-
ing courtship [17]. During mating, females feed from the
gift, and thus, sperm transfer is dependent on the gift
size. If males offering non-nutritive “worthless” gifts are
introduced, females would accept them but mate for a
shorter time than when mating with males offering large
nutritive gifts [17]. Similarly, in the spider Pisaura mira-
bilis, females limit sperm transfer when the gift is worth-
less, and therefore, the deceptive tactic is maintained at
low frequencies in the field [18]. Sensory exploitation of
female foraging motivation has been a central hypothesis
for the origin of nuptial gifts [20]. Commonly, in these
mating systems, females gain food and increase their
fecundity by accepting multiple matings and food gifts
[21]. The successful spread of a deceptive tactic such as
worthless gifts is plausible, however, if females are una-
ble to detect deception or are indifferent to gift content
[9]. In such cases, mating success would depend on other
male attributes rather than gift type, and males using
the deceptive tactic can gain equal or higher fitness than
those using the dominant tactic. In a scenario in which
all males gain similar reproductive success regardless
of the gift type, offering a nutritive gift (i.e., performing
the initially dominant mating tactic) becomes costly for
males due to reducing food intake without added fitness
benefits, and this tactic is expected to be replaced over
evolutionary time.

Here, we investigated this process in the gift-giving spi-
der Paratrechalea ornata, in which individual males can
vary the gift content, by either wrapping an insect prey
in silk (nutritive gift) or wrapping inedible items, such
as prey leftovers or plant parts (worthless gift) gathered
from the surroundings [22-24]. In some populations,
the frequency of worthless gifts is low (average 40%),
whereas in others, it is very high (average 70%) [23],
providing an ideal scenario for studying how deceptive
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mating tactics can become widespread. Firstly, individu-
als live in unpredictable and stressful environments that
limit their life cycle and survival (i.e., limited prey avail-
ability) [25—-29]. Therefore, males are under strong selec-
tive pressures to gather enough resources for survival,
while they also need to allocate prey to produce nuptial
gifts. Stressful environmental conditions would restrict
the opportunity for males to develop their main sexu-
ally selected trait (nutritive nuptial gifts wrapped in silk),
as well as other traits [27, 30-33]. Secondly, studies in a
population with a relatively low frequency of worthless
gifts have shown males respond to limited prey avail-
ability by adding extra silk to their worthless gifts [24].
Adding more silk slightly increases the costs of produc-
ing deceptive gifts, but with the benefit of gaining simi-
lar mating success to when offering nutritive gifts [22, 23,
34, 35]. This elevated mating success of offering worthless
gifts is probably because silk wrapping of the gift can also
act as a signal for mate attraction [35, 36] and because
females would only recognize the gift content once they
accept the mating and start to feed on the gift, as has
been suggested for other spiders [18]. Opposite to expec-
tations, in this P ornata population, mating duration can
be similar for both gift types when mating with unmated
females [22, 23, 34], though recent findings have revealed
that mating duration with worthless gifts can be reduced
under sperm competition [37]. Additionally, other traits
such as male size positively correlate with mating dura-
tion [38]. Finally, there is no clear indication that cryptic
female choice for gift content can play a role after mating
[34]. We hypothesize that in highly stressed populations,
there is a lack of female choice for gift type, creating the
opportunity for the unlimited spread of deceptive worth-
less gifts. This switch in the frequencies of male mating
tactics in the populations can be possible when female
fitness costs (i.e., fecundity) associated with receiving
worthless gifts are absent, and there is no correlation
between males’ paternity success and gift content.

We used three approaches to demonstrate the poten-
tial for a large spread of deceptive worthless nuptial gifts
(Additional file: Fig. S1). We first studied two natural
populations with moderate and highly stressful condi-
tions for organisms (i.e., climatic variation). We showed
that when the environment has permanent prey availabil-
ity limitations, individuals are smaller and the frequency
of worthless gifts reaches almost 100%. In contrast, when
the environment is less stressful and has occasional prey
limitations, individuals can grow larger and males more
often produced nutritive gifts. Secondly, we raised indi-
viduals from both populations under high and low prey
availability and verified the morphological and behavioral
constraints previously found in the field. That is, individ-
uals are the smallest and commonly produce worthless
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gifts in the highly stressful compared to the less stress-
ful environment. Finally, we exposed females to males
offering nutritive or worthless gifts in both populations.
Only in the permanent prey-limited environment did
females receiving either gift type acquired similar fitness.
Gift type did not determine paternity success in either
population, whereas females favored large males in the
less stressful environment. Our data demonstrate that
deceptive gift-giving can be a high-fitness tactic that can
become dominant, particularly in stressful environments.

Results

Worthless gifts in natural populations: ecological

and individual effects

We examined the variations in relation to individuals’
size and weight, the frequency of deceptive worthless
gifts and prey availability in the two natural popula-
tions. The data showed substantial differences between
populations related to the males’ morphological and
behavioral traits. Male size (estimate= —0.51, SE=0.04,
p<0.0001) and weight (estimate=—0.05, SE=0.002,
p<0.0001) were lower for Queguay (Fig. 1AB); the same
occurred for the females’ morphological traits (size and

I) Morphological traits
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weight) (Additional file: Table S1). The proportion of
males carrying a worthless gift (prey leftovers or plant
parts) was lower for Minas (38%) compared to Que-
guay (96%) (Additional file: Table S1). Worthless gifts
were significantly lighter than nutritive gifts (worthless
or nutritive; estimate= —1.30, SE=0.13, p<0.0001) and
differed between populations (Minas or Queguay; esti-
mate= —1.02, SE=0.38, p=0.01), with no significant
interaction term (estimate=0.55, SE=0.41, p=0.18;
Additional file: Table S1; Fig. 1E). Nutritive gifts from
Minas were heavier than all other gifts, while worthless
gifts from this population were heavier than worthless
gifts from Queguay. We found that absolute prey num-
ber and prey number per spider were approximately
6xhigher in Minas and with a broader variation com-
pared to Queguay (Additional file: Table S1).

Considering ecological and individual effects on the
probability of producing worthless gifts, our model selec-
tion resulted in two most parsimonious models with an
AIC, difference<2 (Table 1). Both models (and the top
nine models) included an effect of population (from the
top model: estimate=3.30, SE=0.64, p<0.0001) on the
worthless gift proportion, and the relative importance of

1) Behavioural traits
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Fig. 1 Males morphological and behavioral traits. Individual size, weight, and nuptial gifts obtained from the field and experimental trials
performed after 12 weeks of feeding treatment using the two studied Paratrechalea ornata populations (Minas and Queguay). (I) Field data showing
male size (A) and weight (B) (Nynas =224, Naueguay =1 64) and laboratory data showing the effects of prey availability (high and low) on male size (C)
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the median; gray dots represent outliers. In (1), black dots represent the data

points from Minas and red from Queguay; in (Il), black dots represent

the data points of nutritive and red of worthless gifts. Detailed data information can be found at the “Availability of data and materials” section
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Table 1 Worthless gifts in natural populations: ecological and individual effects. Ranked (based on AIC) candidate models with
combinations of the fixed effects of ecological (prey number="Prey’, population="Pop”) and individual (males and female sizes
respectively “Mal size” and “Fem size") variables on the probability of males producing worthless gifts. All models included the dates
generated from a combination of month and year (2015 and 2016) as random effects. Significant p values are in bold. Data in bold

indicate the two simplest and most parsimonious models

No Fixed effects k AlCc AAIC, Weight Log-likelihoods Cumulative
weight

1 Pop 3 45.164 - 0.4848 —18.0819 0.485
2 Pop + Prey 4 46.446 1.282 0.2554 —16.3657 0.740
3 Pop+Fem size 4 48.053 2.889 0.1143 —17.1694 0.854
4 Pop+Mal size 4 49.848 4.684 0.0466 —18.0669 0.901
5 Pop + Mal size + Fem size 5 50.345 5.181 0.0363 —15.1725 0.937
6 Pop + Prey + Mal size 5 52.329 7.166 0.0135 —16.1647 0.951
7 Pop + Prey + (Pop X Prey) 5 52.594 7430 0.0118 —16.2969 0.963
8 Pop +Prey +Fem size 5 52.648 7484 0.0115 —16.3240 0.974
9 Pop +Fem size +. (Pop x Fem size) 5 53.978 8814 0.0059 —16.9891 0.980
10 Mal size + Fem size + (Mal size x Fem size) 5 53.994 8.830 0.0059 —16.9968 0.986
1 Prey +Fem size 4 54.392 9.228 0.0048 —20.3390 0.991
12 Prey+Mal size 4 55.501 10.337 0.0028 —20.8932 0.994
13 Pop+Mal size + (Pop x Mal size) 5 55.732 10.568 0.0025 —17.8660 0.996
14 Fem size 3 56.675 11.512 0.0015 —23.8377 0.998
15 Prey +Mal size + (Prey x Mal size) 5 57.970 12.806 0.0008 —18.9851 0.998
16 Prey +Fem size + (Prey x Fem size) 5 58.394 13.231 0.0006 —19.1972 0.999
17 Pop + Prey +Mal size + Fem size 6 58.801 13.637 0.0005 —15.0006 1.000
18 Prey +Mal size + Fem size 5 60.437 15.273 0.0002 —20.2185 1.000
19 Mal size +Fem size 4 60.519 15.355 0.0002 —23.4025 1.000
20 Mal size 3 64.442 19.278 0.0000 —27.7208 1.000
21 Prey 3 75.821 30.657 0.0000 —334106 1.000
22 Null 2 90.633 45469 0.0000 —42.6499 1.000

this variable (sum of AIC weights of all models includ-
ing the variable) was 98.3%. Additionally, the second-best
model showed a negative effect of prey availability (esti-
mate= —0.36, SE=0.17; p=0.03) on the proportion of
worthless gifts with a relative importance of 25%.

Common garden experiment: high and low prey
availability

In this experiment, we raised individual males under high
and low prey availability and explored the same morpho-
logical (size and weight) and behavioral (frequency of
worthless gifts) traits, confirming the observed patterns
found in the field. After the feeding treatment (kigh and
low prey availability), males from Minas were larger and
heavier than males from Queguay. The feeding treatment
was effective, and the final male size and weight differed
between high and low prey availability. The significant
interaction term indicated that the feeding treatment
had a stronger effect on males in Minas than in Queguay
(Additional file: Table S2; Fig. 1CD). Females were raised
under high prey availability, and as expected, their size

and weight did not differ between feeding treatments but
between populations (Additional file: Table S2).

We found a high proportion of worthless gifts pro-
duced by males from both populations (Additional file:
Table S3). There was a significant interaction between
population and feeding treatment on worthless gift pro-
duction (Table 2). In High-Minas, most males (95%)
offered a worthless gift to females during courtship (18
exuviae and 3 houseflies leftovers). In contrast, 60%
offered worthless gifts in Low-Minas (3 exuviae and 6
houseflies leftovers). Meanwhile, males from Queguay
produced between 84% worthless gifts (15 exuviae and 6
houseflies leftovers) in the high and 89% (6 exuviae and
11 houseflies leftovers) in the low feeding treatment,
respectively. Gift weight was different between feeding
treatments with a significant interaction with the popula-
tion. Nutritive gifts were heavier than worthless gifts, and
this effect was larger in the high-feeding treatment and in
Minas (Table 2, Fig. 1FG).

Regardless of the feeding treatment, males that pro-
duced worthless gifts largely invested in silk deposition
in both Minas and Queguay. They spent more time and
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added more silk wrapping bouts to the exuviae or house-
fly leftovers than those wrapping a nutritive prey gift. We
found no differences between populations and feeding
treatment for the other behavioral traits (gift offering and
female acceptance) (Table 2, Additional file: Table S3).

Mating, fecundity, and paternity success of males offering
worthless gifts

Here, we analyzed the effect of male gift type (nutritive or
worthless) on mating traits (mating duration and number
of pedipalp insertions) and fitness traits (fecundity, num-
ber of spiderlings, and hatching success) and investigated
whether gift type affects a male’s paternity share when
females mate multiply.

Mating and fecundity traits

We found no effect of gift type or mating order on mat-
ing traits, but there was a population effect, as males
from Queguay performed more pedipalp insertions dur-
ing mating than those from Minas (Table 3, Fig. 2AB).
The models for the fitness traits indicated differences
between groups and populations (Table 3, Fig. 2CDE).
Females that received worthless gifts in the two mat-
ings had lower fecundity and fewer offspring with lower
hatching success than those receiving a worthless and a
nutritive gift. The significant interaction between group
and population indicates that these effects were only
found in Minas, as females from Queguay had similar fit-
ness in both worthless-nutritive and worthless-worthless
groups.

Paternity success

The hypervariable STR locus D4 used for paternity analy-
ses always detected the presence of maternal alleles and
the alleles from one of the males; therefore, one male was
the father of the whole clutch, and we did not observe
mixed paternity clutches (e.g., Additional file: Fig. S2). In
all cases, we could exclude from paternity the male whose
alleles did not appear in the litter. In both populations,
we found no effect of gift type or mating order on this
outcome (Table 3). However, we found a significant inter-
action between male and female sizes. We explored this
effect separately in each population and found that large
males more often acquired the paternity of the clutch in
Minas (p =0.04) but not in Queguay (p=0.69) (Fig. 2F).

Discussion

The invasion and spread of new phenotypes have been
investigated for irreversible and non-flexible strategies, in
which different individuals expressing discrete alternative
phenotypes can coexist, with these phenotypes usually
maintained by negative frequency or density-dependent
selection [2, 3, 6, 14]. In contrast, due to their low fitness
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success, deceptive phenotypes like worthless nuptial
gifts are expected to be maintained in low frequencies in
populations [10, 12-14, 39]. Here, we showed that male
spiders performing the alternative tactic (worthless gifts)
gain similar or higher fitness success than when using
the original dominant one (nutritive gifts) under highly
stressful environmental conditions. These findings are
the first empirical evidence that a deceptive tactic can
become a dominant tactic in a population, even when
occurring in high frequency.

Evolutionary shifts toward optimal values in sexual
traits in response to prevailing environmental conditions
can favor the emergence and evolution of alternative mat-
ing tactics, which may in turn differ in their fitness conse-
quences among populations [11, 40—42]. By studying two
populations of the spider P. ornata, we show that males
have different propensities for nuptial gift-giving tactics
(nutritive versus worthless), whereas females have moved
their pre- and post-copulatory choice away from gift con-
tent and toward assessing other male attributes (i.e., male
size). The co-existence of nutritive and worthless gifts
is possible in moderately stressful environments, with
occasional prey limitations (Minas). But, when the envi-
ronment becomes permanently highly stressful (Que-
guay), males almost completely replace the production
of nutritive with worthless gifts. A recent study using six
P ornata populations diverging in their environmental
stress levels verified these results, as worthless gifts are
maintained in low proportions when the environment is
less stressful and females penalize the mating duration of
males offering these deceptive gifts [43].

According to the environmental threshold model, nup-
tial gifts can be considered a threshold trait that is envi-
ronmentally sensitive [15, 16], but also has a heritable
component [44—46]. At the individual level, this means
that the probability of producing a nutritive or worth-
less gift varies among individuals [24]. Each male should
have its own genetic switch point to trigger the produc-
tion of different gift types, based on a threshold level of
an environmental cue value (i.e., prey availability, or even
the male’s condition) (this study, 23, 24). At the popula-
tion level, this means that the frequency of mating tac-
tics in each population will ultimately be determined by
the local environmental conditions, and it will also be
influenced by the frequency of alleles determining indi-
vidual switch points. Thus, these genetic switch points
are subject to changes under selection over evolutionary
time. It is known that stressful conditions result in costs
for the production and maintenance of sexual traits and
can reduce the reproductive output of individuals in a
population [47, 48]. As a result, males diminish costs
associated with gift production by offering worthless gifts
(Fig. 3). Overall, in the field, we found that the number
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III) Paternity success
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Fig. 2 Mating, fecundity and paternity success of males offering worthless gifts. Double matings performed in a window period of 24 h

in the two studied Paratrechalea ornata populations (Minas and Queguay). All females'first matings involved males offering a worthless gift

(Nyinas =23, Nqueguay = 20), whereas second matings were either with males offering a nutritive (M. =14, Nqueguay= 10) or @ worthless gift

(Nyinas =9 Nqueguay= 10). (1) Effects of gift type and mating order on mating duration (A) and number of pedipalp insertions (B). (Il) Effects

of group (worthless-nutritive, worthless-worthless) on fecundity (C), number of spiderlings (D), and hatching success (E). (Ill) Effects of male size
on paternity success (F). In the boxplot, the black line represents the median; gray dots represent the outliers. In (1), black dots represent the data
points of nutritive and red dots of worthless gifts; in (II), black dots the represent data points of the worthless-nutritive group and red dots

of the worthless-worthless group; in (lll), black dots represent the data points of zero paternity and red dots of paternity success. The detailed data

information can be found at the “Availability of data and materials”section

of prey negatively affected the likelihood of offering a
worthless gift. By eating the prey and wrapping leftovers
in silk, small males can obtain energy and additionally
have chances to continue courting and mating through-
out the reproductive season. Producing a nutritive nup-
tial gift is predicted to be costly for males inhabiting the
highly stressful environment of the Queguay population,
and therefore, this context favors the maintenance of a
very high percentage of worthless gifts (almost 100%).
The fact that even under benign conditions, and in the
presence of ample prey, males mostly produce worthless
gifts (84—100%) in this population indicates that indi-
viduals from Queguay have a narrower plasticity in this
behavioral trait than those from Minas (0-95%).

We propose that the potential for the worthless gifts
to spread and fully invade is promoted by highly stress-
ful environmental conditions and may involve at least
two prerequisites: permanent prey limitation and a con-
comitant reduction in individual size (Fig. 3). In our
study, this probably occurred due to idiosyncrasies of the

regional climatic variation [49] and the riparian habitat.
Local climate variation, in particular local precipitation,
has been described as a relevant factor affecting varia-
tion in natural selection [50]. Individuals from P. ornata
species live at freshwater courses, which are known to be
highly unpredictable and stressful for various organisms
[51, 52]. Under these natural conditions, the emergence
of insect prey from the watercourses may vary strongly
over time [53, 54] and can be markedly affected by floods
[52]. This was corroborated in our populations by the
large variation in prey number found during the sam-
pling dates, and particularly the insect blooms associ-
ated with Minas but not with Queguay. As prey becomes
constantly limited, the costs associated with individu-
als’ body maintenance and survival become high. Our
results suggest that the number of prey per capita can be
about six times higher in Minas than in Queguay. There-
fore, in Queguay males are under much stronger selec-
tive pressure to secure enough resources for survival,
while they also need to allocate prey to produce nuptial
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Fig. 3 Theoretical outline proposing potential pathways for the evolution and spread of worthless nuptial gifts in spider populations under benign,
moderate, and highly stressful environmental conditions. (I) In a scenario of benign conditions, prey are abundant and individuals have relatively
low costs of body maintenance, and survival, hence, nutritive nuptial gifts are expected to be the dominant tactic adopted by males. (Il) Under
moderate stressful conditions, prey becomes occasionally limited, and the cost of individuals'body maintenance and survival becomes relatively
high. Males would reduce costs of gift production by offering worthless gifts as an alternative mating tactic. Males eventually improve deception

by adding more silk, which increases female attraction. By receiving worthless gifts, large females would suffer costs and a reduction in fitness
success; hence, they are expected to favor paternity of males offering nutritive gifts over those with worthless gift. Worthless gifts would be
maintained in low percentage in the population. (Ill) Under highly stressful conditions, prey becomes constantly limited, and the cost of individuals’
body maintenance and survival becomes extremely high. Selection would favor small sizes in the population, maximizing individual fitness

in the environment. Males would reduce costs of gift production by offering worthless gifts as an alternative mating tactic. Because of size
reduction, small females would not suffer fitness costs when receiving worthless gifts, and hence, they are expected to favor paternity of males
regardless of gift content. Worthless gifts would be favored, spread, and be maintained in high percentages in the population

gifts compared to Minas. Prey limitation seems to per-
manently constrain individuals’ morphological traits in
Queguay, and as a consequence selection favors small
body size, minimizing maintenance costs and optimiz-
ing fitness under these particular environmental condi-
tions [55-59]. While it is true that our experiment did
not fully eliminate environmental or maternal effects on

individuals because we collected them as juveniles, field
data from 2011 [23] and 2017 (MJAlbo unpublished data)
generated similar results.

The effects of stressful environments on life history
traits can have important consequences for the co-evo-
lution of female preferences [60-66]. For instance, in
stickleback fishes, water eutrophication reduces male
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courtship effort and changes female preferences [48].
Here, we verified results from a previous study [67] dem-
onstrating that P ornata females from the moderate
stressful environment (Minas) suffer fitness costs from
mating with males offering worthless gifts (ie., reduc-
tion in fecundity, number of spiderlings, and hatching
success). In contrast, this did not happen to females from
the highly stressful environment (Queguay). We explain
these results based on the existing individual size dif-
ferences between populations. Like males, large females
from Minas would require more nutrients for their
body maintenance and survival than small females from
Queguay, and thus, food supply via the gift generates a
divergent outcome in their fitness success (Fig. 3). Selec-
tive pressures for nutritive gifts are therefore highest for
females in Minas. These conditions drive the mainte-
nance of nutritive gifts in the population and can select
a mating niche for males saving on costly courtship traits
[68]. However, because a high percentage of males still
offer worthless gifts, females choose cryptically, bias-
ing paternity toward large males. Not surprisingly, large
and high condition males in Minas (kigh prey availabil-
ity) produced mostly worthless gifts, instead of nutritive
ones. In this population, male size positively correlates
with mating duration [38], indicating that male size and
condition are the most important attributes that maxi-
mize their fitness, at least when mate competition is low.
In contrast, as expected, females bias paternity toward
one male, independently of gift content and male size,
in Queguay. Which males’ attributes are under selection
in this highly stressful population remains unknown, but
sexual selection for gift content clearly plays a weaker
role under unpredictable environmental conditions [47,
66]. Further research on the potential costs of nutritive
and worthless gift production would be relevant to gain
insights into the maintenance of both gift-giving tactics,
specially due to worthless gift contain much more silk
[24] and might provide additional benefits to both males
and females [69].

Conclusions

This study illustrates how deceptive and reversible phe-
notypes can diverge according to prevailing environ-
mental conditions, revealing gift-giving spiders as a
promising eco-evolutionary model [5, 33]. The balance
between sexual selection (produce nutritive gifts) and
natural selection (eat and survive) is expected to be dis-
rupted in habitats with high unpredictable conditions
[47]. Selection for gift content would eventually be lim-
ited in populations under highly stressful conditions,
allowing worthless gifts to spread quickly and become
the dominant tactic. In such a case, selective pressures
for gift content are reduced, supporting the hypothesis
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that sexual selection becomes relaxed in harsh environ-
ments [47, 48, 70].

Methods

Biological model, sites, and samplings

Paratrechalea ornata is a species living in riparian habi-
tats associated with watercourses in South America
[71]. Individuals have crepuscular/nocturnal habits [72].
In Uruguay, the species has two reproductive periods,
March to June and September to December, when males
are observed carrying nuptial gifts and courting females
along the stream edge [23].

All samplings were done at two localities in Uruguay:
Minas, Lavalleja (34.278 S, 55.233 W) and Queguay, Pay-
sandd (32.169 S, 57.477 W) during 2015-2020, referred
to hereafter as Minas and Queguay, respectively. Both
sites differ in basin grades and climatic conditions (tem-
perature and precipitation) [49]. Uruguay is influenced
by El Nifo-Southern Oscillations (ENSO) [73, 74] that
produces climatic heterogeneity, including substantial
variation in rainfall [75]. El Nifo influences on rainfall
are stronger and create greater variation in the northern
(Queguay population) region than in the southern (Minas
population) one [49]. Thus, local climatic variations add
unpredictability to the environment (e.g., regional varia-
tion in flood events). Consequently, in terms of climatic
variation, the environmental conditions are moderate for
organisms living in Minas, but highly stressful for those

in Queguay.

Statistical analyses

We analyzed the data using R version 4.1.1 [76], fitting
generalized linear models (GLMs) and generalized linear
mixed models (GLMMs) [77]. When performing model
selection, we assessed competing models based on their
Akaike Information Criterion (AIC), using AAIC>2
as the threshold for considering a model significantly
more parsimonious than an alternative one [78, 79]. All
selected models were validated via residual analyses [77].
Detailed information and additional data analyses are
described in the following sections. An overall scheme of
the experimental approaches can be found in the Addi-
tional file: Fig. S1.

Worthless gifts in natural populations: ecological

and individual effects

We conducted the field study during 2015-2016 and
measured the frequency of deceptive worthless gifts in
the two natural populations. We collected individuals
monthly during the second reproductive season (spring),
from September to December in 2015 and 2016, total-
ling 16 dates (N=8 in each population). Due to climatic
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conditions, the number of final sampling dates for statis-
tical analyses was reduced (N=15).

On each collection date, four persons manually sam-
pled all spiders from the same patch for 1 h. The sampling
was performed during the night (approximately 2200—
2300 h) when the spiders were active. On each collec-
tion date, we also obtained samples of small invertebrates
(a total of 23,732 potential spider prey) in the riparian
habitat. We used a light trap consisting of a white fabric
sheet (60X 80 cm) and a camping lantern (10.5 cm diam-
eter and 19.5 cm height) placed next to the water for 2 h
(including the hour during which spiders were collected).
All sampled invertebrates were preserved in 75% etha-
nol for later counting the number of individuals under a
stereomicroscope. Upon collecting spiders, we recorded
the number of adult males (with and without gifts) and
females. In total, we collected 1163 spiders: 339 were
adult females (n=145 Minas; n=194 Queguay), and
455 were adult males (n=235 Minas; n=220 Queguay),
of which 151 were males carrying a nuptial gift (=99
Minas; n=52 Queguay), accounting for 36% of males in
Minas and 25% in Queguay, with no significant differ-
ences between populations (Additional file: Table S1).
We also weighed (live body mass (g)) and measured the
size (cephalothorax width (mm)) of each adult male and
female, after which all animals were released at the site
of collection. For adult males carrying a nuptial gift, we
immediately removed the gift from the males’ chelicerae
using tweezers and placed it in an Eppendorf tube. We
weighed the gifts, dissected them using tweezers under
a stereomicroscope, and recorded their contents. We
classified the gifts according to a previous study [18] as
“nutritive” (containing fresh prey) or “worthless” (con-
taining prey leftovers, plant parts, or other non-nutritive
items).

We used these data to estimate the following. (1)
Reproductive variables: proportion of males carrying a
gift—the number of males with a nuptial gift divided by
the total number of adult males; proportion of males car-
rying a worthless gift—the number of males with a worth-
less gift divided by the number of males with a gift; and
Gift weight, measured as gift mass (g). (2) Ecological vari-
ables: Prey—the total number of insect prey—and prey
per spider, calculated as the total prey number divided
by the total number of individual spiders. (3) Individual
(male and female) measurements: size, measured as the
cephalothorax width (mm), and weight, measured as
body mass (g).

We examined the differences between populations
(with population as the single independent variable)
separately for each dependent variable using GLMs. We
explored the proportion of males carrying a gift and the
proportion of males having worthless gifts using GLMs
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with binomial distributions. We examined the gift weight
and both males’ and females’ size and weight using GLMs
with Gaussian distributions, and the number of prey and
prey per spider (calculated as the total number of prey in
relation to the total number of spiders each date) using
GLMs with Poisson distributions. We log-transformed
gift weight and prey number to meet assumptions of
normality and homoscedasticity. In the next stage of the
analyses, we used GLMMs with binomial distributions to
assess the effect of the different independent variables (all
variables scaled and not correlated) on the proportion of
males carrying a worthless gift (reproductive variable).
We based our inferences on a model selection approach
[78], using the bias-corrected version of the Akaike Infor-
mation Criterion (AIC). Our set of candidate models
included 22 models with the proportion of worthless gifts
as the response variable, and every possible combina-
tion between the fixed effects of prey number (ecological
variable), male and female size (individual variables), and
population (“Pop”=Minas, Queguay), as well as single
two-way interactions between each pair of these varia-
bles, as fixed effects. All models included the dates gen-
erated from a combination of month and year (2015 and
2016) as random effects. Models were fit using functions
of the packages /me4 [80] and AICcmodavg [81].

Common garden experiment: high and low prey
availability

In 2020, we developed a laboratory experiment measur-
ing the effect of the environment on morphological and
behavioral traits, to understand the degree of differentia-
tion within and between populations. We initiated this
experiment with a subset of 162 juveniles: Minas (n="74)
and Queguay (n=288). We weighed individuals immedi-
ately after collection, and they averaged 0.07 g (+0.003
SE) in Minas and 0.04 g (+0.001 SE) in Queguay. Spiders
were housed individually in transparent plastic contain-
ers (9 cm diameter and 7 cm height) with pebbles as sub-
strate and water provided ad libitum in a cotton ball, at
room temperate averaging 22.0 °C and under a natural
photoperiod. During the first 3 weeks after collection, we
equally fed all juveniles from both populations (week 1,
no food; week 2, five fruit flies (Drosophila sp.); week 3,
ten fruit flies). This procedure allowed us to standardize
the individual weights between and within populations.
Because sex in spiders can only be determined by the
genitalia after individuals reach adulthood [82], at this
point, we could not assign sex to each individual. Thus,
we randomly selected 89 individuals (43 in Minas and 46
in Queguay) and raised them under two different feeding
treatments in each population for 12 weeks. High and low
prey availability consisted of an alternated weekly feed-
ing regimen of fruit flies during 8 weeks and house flies
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during 4 weeks. In the high prey availability regimen, spi-
ders received a total of 168 fruit flies (21 per week) and
12 house flies (3 per week). In the low prey availability,
spiders received a total of 56 fruit flies (7 per week) and
4 house flies (1 per week). To maximize the differences
between the created experimental environments, the two
feeding treatments also differed in prey accessibility over
time: in the high prey availability treatment, individuals
consistently received the food on the same days of the
week (Monday, Wednesday, and Friday), while in the low
prey availability treatment, the time between meals var-
ied randomly (range: 2—11 days). The remaining spiders
(n=55; Minas=25, Queguay=30), which included the
females used in the experiments, were fed like the males
held under high prey availability. Once they reached
25 days after adulthood and were physiologically mature
and receptive to reproduction [83], we exposed males to
females. Couples were randomly paired. The develop-
mental time of females averaged 44.1 days (+0.75 SE),
whereas that of males averaged 48.8 days (+0.74 SE).

We examined how prey availability and population of
origin interact and influence male worthless gift produc-
tion by analyzing the behavioral responses from the four
experimental male groups, created by the combination
of the feeding treatment (high and low prey availability)
and population (Minas and Queguay). The experimen-
tal groups were as follows: “High-Minas,” consisting of
males from Minas reared under abundant prey availabil-
ity (n=22); “Low-Minas,” consisting of males from Minas
reared under limited prey availability (m=15); “High-
Queguay,” consisting of males from Queguay reared
under abundant prey availability (n=25); and “Low-Que-
guay, consisting of males from Queguay reared under
limited prey availability (m=19). In each experimental
group, we allowed males to court females giving them
equal opportunities for the gifts they could produce (i.e.,
wrap in silk), as they had access to a live housefly (Musca
domestica) and to the exuviae of a mealworm, which
males could thus use to make a nutritive or a worth-
less gift, respectively. A third option was also possible in
this experiment, as males could produce a worthless gift
after eating the housefly. Thus, we used two estimates
to determine whether the housefly represented a nutri-
tive or a worthless gift. First, we calculated the housefly
consumption by males before wrapping it in silk as the
difference between the final gift weight and the mean
weight of 43 houseflies (mean+SE: 0.0158+0.0007 g).
This resulted in the first classification in which worth-
less gifts represent between 78-98% of the housefly
consumed (mean+ SE: 0.0019+0.0004 g), whereas nutri-
tive gifts included between 22 and 77% of the house-
fly consumed (mean+SE: 0.0103+0.0055 g). Second,
we calculated the weight difference between housefly
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and natural gifts found in the field (mean + SE: nutritive
gift=0.0046 + 0.0003 g, worthless gift=0.0014+0.0001 g
in Minas; nutritive gift=0.0015+0.0001 g, worthless
gift=0.0009 + 0.0002 g in Queguay). This results in a 2.3
and 1.4 times difference for nutritive and worthless gifts
in Minas and 6.8 and 2.1 times for nutritive and worth-
less gifts in Queguay. We transformed the housefly gift
weights according to this scale, which allows for contrast-
ing it with the field data.

We performed the experiments in transparent glass
cages (30X 14 cm base, 20 cm height), in which we sim-
ulated natural conditions by covering the bottom with
pebbles and water [23, 34]. We placed a female in the
experimental cage 24 h before introducing a male, allow-
ing them to deposit silk that stimulates male courtship
and gift production [84]. On the day of the experiment,
we introduced the male together with six mealworm exu-
viae distributed along the bottom of the cage. Once the
male started to court (fast leg and pedipalp vibrations),
we offered him a live housefly with tweezers. By detecting
the wing vibrations, males could capture the housefly [22,
23, 34, 35, 84] or proceed without it [24]. We repeated
the action of offering the housefly every 15 min, until the
male grabbed and caught it, or grabbed any mealworm
exuviae from the pebbles. In all cases, we finished the
trial when the male wrapped an item in silk and offered
it to the female or 4 h after the start of the trial. If, at
the end of the 4 h, the male grabbed an item but did not
wrap it in silk, we left him and checked for a wrapped gift
the next day. In the cases where the males did not grab
any item, we finished the trial after 4 h and repeated the
experiment for the male a week later (this was done up
to 3 times). In all cases, we prevented males from mat-
ing using a paintbrush. We recorded which item (house-
fly or exuviae) the male grabbed and wrapped in silk
during each trial. We recorded the latency and duration
of silk wrapping, as well as the number of silk wrapping
bouts. We calculated the total silk wrapping duration
(min) as the sum of all wrapping bouts durations. We also
recorded the latency of gift offering as the time the male
finished the gift wrapping until he offered it to the female,
and the occurrence of female acceptance, determined on
the basis as to whether she grabbed the gift.

We examined males’ and females’ size (mm) and weight
(g) by performing a GLM with Gaussian distribution in a
fully factorial model including feeding treatment, popu-
lation, and their interaction. Additionally, we performed
GLMs for the different response variables concerning gift
type (nutritive: 0, worthless: 1), population (Minas, Que-
guay), feeding treatment (high, low prey availability), and
the interaction between population and feeding treat-
ment. These GLMs used Gaussian error distributions for
the gift weights, silk wrapping duration and latency of
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gift offering, Poisson error distributions for the number
of silk wrapping bouts, and Binomial error distributions
for female acceptance (accept: 1, no accept: 0).

Mating, fecundity, and paternity success of males offering
worthless gifts

In 2020, we explored the fitness effects and paternity suc-
cess associated to male gift type (nutritive or worthless).
We used a subset of 129 juveniles from Minas (n=69)
and Queguay (n=60). Spiders were maintained under the
same conditions described for the previous experimen-
tal setup and fed under high prey availability; individu-
als’ weights and sizes and statistical analyses are given in
Additional file 1: Table S4.

Previous data suggest no effect of mating order on
fecundity (total number of eggs) in P. ornata [38]. Nev-
ertheless, we controlled for mating order and gift type
by creating two double mating groups in which females
always received a worthless gift in their first mating, then
received either a nutritive or worthless gift in the second
mating. We exposed females sequentially to mate with
two different males offering wrapped gifts in a time win-
dow of 24 h. In the worthless-nutritive group (Minas,
n=14; Queguay, n=10), the female mated first with a
male offering a worthless gift consisting of an exuviae of
a mealworm, and second, with a male offering a nutritive
gift containing a recently caught housefly. In the worth-
less-worthless group (Minas, n=9; Queguay, n=10), the
female mated twice with males offering a worthless gift
(exuviae). Couples were paired according to their unique
locus D4 (see below), but both mating order and gift type
were randomly assigned to males.

Mating and fecundity traits

We performed the experiments under the same condi-
tions as the previous experimental setup (common gar-
den). The female was placed in the arena alone for 24 h;
on the day of the experiment, we enclosed her with a
glass container and placed the male in the cage. Once he
sensed the female silk and started to court, we offered
him a housefly for producing a nutritive gift. Once the
male caught the housefly, we gave him 20 min to wrap it
in silk; this procedure assured all males offered a nutritive
gift. For the worthless gifts, we deposited six mealworm
exuviae along with the pebbles, so the male could wrap
one in silk. After the male finished the silk wrapping of
the gift and started walking, vibrating legs, and search-
ing for the female, we released the female and allowed the
male to offer the gift and mate. We registered the num-
ber and duration of pedipalp insertions (male copula-
tory organs) and calculated the total mating duration (a
proxy of sperm transfer) as the sum of the durations of all
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insertions (min). The experiment finished when the cou-
ple separated and the female departed with the gift.

After the two matings were completed, we fed females
with a mixed feeding regime of fruit flies and houseflies
until they constructed an egg sac and spiderlings had
emerged. We recorded the construction date of the egg
sac, calculating the latency to oviposition as the period
from the date of the second mating to the date of egg
sac construction. Some females did not produce an egg
sac; thus, the sample sizes for the fitness traits for each
population were: Minas (worthless-nutritive=11, worth-
less-worthless=7) and Queguay (worthless-nutritive=9,
worthless-worthless=9). Once spiderlings emerged, we
counted the hatched and unhatched eggs and calculated
female fecundity as the sum of both. Additionally, we
computed spiderlings hatching success as the proportion
of hatched spiderlings over the fecundity. We preserved
the spiderlings in ethanol 95% once they hatched.

We first used GLMMs with gamma and Poisson distri-
butions for modeling the mating traits: mating duration
and number of insertions, respectively, including gift
type (nutritive or worthless), mating order (first or sec-
ond), population (Minas or Queguay), and female size as
fixed effects, and female ID as a random effect. Second,
we used GLMs to examine the fitness traits: latency of
oviposition, fecundity, number of spiderlings, and hatch-
ing success using group (Worthless-nutritive or worth-
less-worthless) in interaction with population (Minas or
Queguay) and female size as fixed effects. We used Pois-
son error distributions for fecundity and number of spi-
derlings, and Binomial error distributions for hatching
success.

Paternity success

For the paternity assessment, we used the hypervari-
able STR (Short tandem repeat) locus D4, isolated and
reported for a species of the genus Paratrechalea [85] and
optimized for P. ornata [86]. We genotyped individuals
using DNA extractions from the adulthood molt, which
allowed us to identify each individual according to this
single locus. Before the mating experiments, we assem-
bled the triads (a female and two males) with at least one
exclusive allele (not shared between them or with the
female). We genotyped and estimated the proportion of
paternity based on the entire clutch of spiderlings from
each female, using the competitive microsatellite PCR
technique [87, 88]. This technique allows us to establish
each male’s relative contribution to paternity by examin-
ing the presence of each exclusive allele. We additionally
verified the technique performance and performed a pos-
itive control by genotyping equimolar mixtures of DNA
extractions from individuals with unique alleles.
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We extracted total DNA using a standard protocol
(modified from [89]) and quantified DNA concentra-
tions from extractions using nanodrop (NANODROP
LITE Spectrophotometer, Thermo Scientific). We car-
ried out the amplification by PCR following [86]. Suc-
cessful amplifications were analyzed by electrophoresis
on an ABI 3130 Genetic Analyser housed in the Unidad
de Biologia Molecular of the Institut Pasteur (Monte-
video, Uruguay). A LIZ600 size standard was included
in all lanes. The fragment sizes were determined, and
genotypes were assigned using the Peak Scanner Soft-
ware v1 software (Applied Biosystems).

We examined paternity success (1/0) with a GLMM
with binomial error distributions, including gift type
(nutritive or worthless), mating order (first or second),
population (Minas or Queguay), and male and female
size as fixed effects, and female ID as a random effect.
All initial models incorporated the interactions among
fixed effects, which were subsequently removed, when-
ever they were not found to have significant effects on
the model fit.
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Additional file 1: Fig. S1. Scheme of experimental approaches. We

used three approaches: 1) Field study, we explored the frequencies of
worthless nuptial gifts, prey availability and individuals’size and weight in
two natural populations with moderate and highly stressful conditions.
2) Laboratory experiment 1, we developed a common garden experi-
ment raising individuals from both populations under high and low prey
availability and recording the frequencies of worthless nuptial gifts and
individuals size and weight. 3) Laboratory experiment 2, we performed
double mating experiments exposing females to males offering nutritive
or worthless gifts in both populations and examined mating, fitness and
paternity success. Fig. S2. Example of paternity visualization. Graphical
view from PickScanner program used for paternity exclusion. Each pick
represents a different allele. 1) Male 1 with alleles sized 214 and 218bp; 2)
Male 2 with alleles sized 200 and 214; 3) Female with alleles sized 206 and
210bp; 4) offspring with alleles sized 200, 206, 210 and 214bp. Exclusive
alleles from male 1 (sized 218bp) is not in the offspring, so this male can
be excluded from paternity.

Acknowledgements

We thank Valentina Franco-Trecu and Maite Colina for their help during
fieldwork. Ciro Invernizzi and Sheena Salvarrey for kindly providing labora-
tory space for spiders' maintenance and behavioral experiments. We thank
Sebastian Horta and Sistema Nacional de Areas Protegidas (SNAP) for the
support to carry out this research in the protected areas of Uruguay; Marina
Castro INIA-La Estanzuela, Uruguay, for housefly breeding material. We are
grateful to Scott Sakaluk, Benjamin Sadd, Luke Holman, Michael Taborsky, and
an anonymous reviewer for the fruitful comments on the draft.

Authors’ contributions

MJA conceived the idea and designed and coordinated the field and
laboratory work. CPP and MJA collected the field data. MMV, CPP, and MJA
performed the behavioral experiments. CPP and IHT developed the molecular
work. BAB and MJA carried out the statistical analyses. MJA wrote the paper
with the input from BAB and IHT. All authors critically revised all versions, as
well as read and approved the final manuscript.

Page 14 of 16

Authors’ information
Twitter handles: @mariaalbo6 (Maria J. Albo); @BrunoBuzatto (Bruno Buzatto);
@lvannaTomasco (Ivanna Tomasco).

Funding

This project was supported by Fondo Carlos Vaz Ferreira, MEC (II/
FVF/2019/118), Uruguay. Maria J. Albo was supported by Caldeyro-Barcia
National Science Award (PEDECIBA), Postdoctoral fellowship IIBCE, and ANII
(SNI), Uruguay. The funders had no role in the study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials

All data generated and analyzed during this study are included in this pub-
lished article and its supplementary information files and publicly available at
the Mendeley repository [90].

Declarations

Ethics approval and consent to participate

Hereby, we confirm that this study did not involve threatened or endangered
species. In Uruguay, there is no regulation for experimentation with inver-
tebrates, but all the facilities were in compliance with the Animal Behavior
Society guidelines and the local laws.

All authors agree to be held accountable for the work performed in this study.

Consent for publication
All authors approved this publication.

Competing interests
The authors declare that they have no competing interests.

Received: 9 June 2022 Accepted: 17 July 2023
Published online: 27 July 2023

References

1. Waxman D, Gavrilets S. 20 questions on adaptive dynamics. J Evol Bio.
2005;18:1139-54.

2. McNamara JM, Collins EJ. Dynamic optimization in fluctuating environ-
ments. Proc R Soc B. 1995:261:279-84.

3. Alonzo SH, Calsbeek R. The unstable dynamics of multiple alternative
reproductive tactics. J Evol Biol. 2010;23:2614-24.

4. Engqvist L, Taborsky M. The evolution of genetic and conditional alterna-
tive reproductive tactics. Proc R Soc B. 2016;283:20152945.

5. Croll JC, Egas M, Smallegange IM. An eco-evolutionary feedback loop
between population dynamics and fighter expression affects the evolu-
tion of alternative reproductive tactics. J Anim Ecol. 2019,88:11-23.

6. McNamara JM, Leimar O. Game theory in biology. Concepts and frontiers.
First Edit. Harvey PH, May RM, Godfray HCJ, Dunne AJ, editors. Oxford
University Press; 2020. 325 p.

7. Corl A, Davis AR, Kuchta SR, Sinervo B. Selective loss of polymorphic mat-
ing types is associated with rapid phenotypic evolution during morphic
speciation. Proc Natl Acad Sci. 2010;107:4254-9.

8. Buzatto BA, Simmons LW, Tomkins JL. Genetic variation underlying the
expression of a polyphenism. J Evol Bio. 2012;25:748-58.

9.  Stuart-Fox D. Deception and the origin of honest signals. Trends Ecol Evol.
2005;20:521-3.

10. Lindstedt C, Mokkonen M. The evolutionary ecology of deception. Biol
Rev.2016;91:1020-35.

11. Gross MR. Alternative reproductive strategies and tactics: diversity within
sexes. Trends Ecol Evol. 1996;11:92-8.

12. Brockmann HJ. The evolution of alternative strategies and tactics. Adv
Study Behav. 2001,30:1-51.

13. Taborsky M, Oliveira RF, Brockmann HJ. The evolution of alternative
reproductive tactics: concepts and questions. In: Alternative reproductive
tactics. Cambridge University Press; 2008. p. 1-21.

14. Maynard-Smith J. The theory of games and the evolution of animal
conflicts. J Theor Biol. 1974;47:209-21.


https://doi.org/10.1186/s12915-023-01664-5
https://doi.org/10.1186/s12915-023-01664-5

Albo et al. BMC Biology

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

(2023) 21:162

Tomkins JL, Hazel W. The status of the conditional evolutionarily stable
strategy. Trends Ecol Evol. 2007;22:522-8.

Buoro M, Olivier G, Prévost E. Assesing adaptive phenotypic plasticity by
means of conditional strategies from empirical data: the latent environ-
mental treshold model. Evolution. 2011;66:996-1009.

LeBas NR, Hockman LR. An invasion of cheats: the evolution of worthless
nuptial gifts. Curren Biol. 2005;15:64-7.

Albo MJ, Winther G, Tuni C, Toft S, Bilde T. Worthless donations: male
deception and female counter play in a nuptial gift-giving spider. BMC
Evol Biol. 2011;11:329.

Preston-Mafham KG. Courtship and mating in Empis (Xanthempis)
trigramma Meig., E. tesselata F, and E. (Polyblepharis) opaca F. (Diptera:
Empididae) and the possible implication of ‘cheating”behavior. J Zool.
1999;247:239-46.

Sakaluk SK. Sensory explotation as an evolutionary origin to nuptial food
gifts. Proc R Soc B. 2000;267:339-43.

Arngvist G, Nilsson T. The evolution of polyandry: multiple mating and
female fitness in insects. Anim Behav. 2000,60:145-64.

Albo MJ, Costa FG. Nuptial gift-giving behaviour and male mating effort
in the Neotropical spider Paratrechalea ornata (Trechaleidae). Anim
Behav. 2010;79:1031-6.

Albo MJ, Melo-Gonzalez V, Carballo M, Baldenegro F, Trillo MC, Costa

FG. Evolution of worthless gifts is favoured by male condition and prey
access in spiders. Anim Behav. 2014;92:25-31.

Pavon-Peléez C, Franco-Trecu V, Pandulli-Alonso |, Jones T, Albo MJ.
Beyond the prey: male spiders highly invest in silk when producing
worthless gifts. Peer). 2022;10:e12757.

Pigliucci M. Phenotypic plasticity. In: Fox CW, Roff DA, Fairbairn DJ, editors.
Evolutionary ecology concepts and case studies. Oxford University Press;
2001. p. 58-69.

Charmantier A, McCleery RH, Cole LR, Perrins C, Kruuk LEB, Sheldon BC.
Adaptive phenotypic plasticity in response to climate change in a wild
bird population. Science. 2008;320:800-3.

Cornwallis CK, Uller T. Towards an evolutionary ecology of sexual traits.
Trends Ecol Evol. 2010;25:145-52.

Padilla DK, Adolph SC. Plastic inducible morphologies are not always
adaptive: the importance of time delays in a stochastic environment. Evol
Ecol. 1996;10:105-17.

Bardsen BJ, Henden JA, Fauchald P, Tveraa T, Stien A. Plastic reproductive
allocation as a buffer against environmental stochasticity - linking life
history and population dynamics to climate. Oikos. 2011;120:245-57.
Cotton S, Small J, Pomiankowski A. Sexual selection and condition-
dependent mate preferences. Curr Biol. 2006;16:755-65.

Kasumovic MM, Bruce MJ, Andrade MCB, Herberstein ME. Spatial and
temporal demographic variation drives within-season fluctuations in
sexual selection. Evolution. 2008;62:2316-25.

Miller CW, Svensson El. Sexual selection in complex environments. Annu
Rev Entomol. 2014;59:427-45.

Alpedrinha JR, Rodrigues L, Magalhées S, Abbott J. The virtues and limita-
tions of exploring the eco-evolutionary dynamics of sexually selected
traits. Oikos. 2019;00:1-9.

Albo MJ, Peretti AV. Worthless and nutritive nuptial gifts: mating dura-
tion, sperm stored and potential female decisions in spiders. PLoS One.
2015;10:0129453.

Brum PED, Costa-Schmidt LE, de Mellender Araujo A. It is a matter of
taste: chemical signals mediate nuptial gift acceptance in a Neotropical
spider. Behav Ecol. 2012,23:442-7.

Trillo MC, Melo-Gonzalez V, Albo MJ. Silk wrapping of nuptial gifts as
visual signal for female attraction in a crepuscular spider. Naturwissen-
schaften. 2014;101:123-30.

Pavon-Pelédez C, Martinez Villar M, Franco-Trecu V, Albo MJ. When all males
cheat, post-copulatory competition limits worthless gift-giving success in
spiders. Behav Ecol. 2023; in revision.

Pandulli-Alonso |, Tomasco |, Albo MJ. The handsome liar: male spiders
offering worthless gifts can benefit increasing mating duration. Ethology.
2022;128:215-22.

Maynard Smith J. Evolution and the theory of games. Cambridge: Cam-
bridge University Press; 1982. p. 224.

Kokko H, Rankin DJ. Lonely hearts or sex in the city? Density-dependent
effects in mating systems. Philos Trans R Soc B Biol Sci. 2006;361:319-34.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 150f 16

Weir LK, Grant JWA, Hutchings JA. The influence of operational sex ratio
on the intensity of competition for mates. Am Nat. 2011;177:167-76.
Endler JA. Multiple-trait coevolution and environmental gradients in gup-
pies. Trends Ecol Evol. 1995;10:22-9.

Pavén-Peléez C, Diniz V, Paredes W, Teixeira R, Costa-Schmidt L, Santos A,
et al. Large climatic variations weaken sexual selection for nuptial gifts in
spiders. 2023; in preparation.

Piche J, Hutchings JA, Blanchard W. Genetic variation in threshold reac-
tion norms for alternative reproductive tactics in male Atlantic salmon,
Salmo salar. Proc R Soc B. 2008;275:1571-5.

Buzatto BA, Buoro M, Hazel WN, Tomkins JL. Investigating the genetic
architecture of conditional strategies using the environmental threshold
model. Proc R Soc B. 2015;282:20152075.

Hazel W, Smock R, Lively CM. The ecological genetics of conditional
strategies. Am Nat. 2004;163:888-900.

Candolin U, Heuschele J. Is sexual selection beneficial during adaptation
to environmental change? Trends Ecol Evol. 2008;23:446-52.

Candolin U, Salesto T, Evers M. Changed environmental conditions
weaken sexual selection in sticklebacks. J Evol Biol. 2007;20:233-9.
INUMET. INUMET 2021. Instituto Uruguayo de Meteorologia, Climatologia
Estacional 1981-2010. Instituto Uruguayo de Meteorologia, Climatologia
Estacional 1981-2010. 2021.

Siepielski AM, Morrissey MB, Buoro M, Carlson SM, Caruso CM, Clegg SM,
et al. Precipitation drives global variation in natural selection. Science.
2017;355:959-62.

Grether GF, Millie DF, Bryant MJ, Reznick DN, Mayea W. Rain forest canopy
cover, resource availability, and life history evolution in guppies. Ecology.
2001;82:1546.

Lytle DA. Flash floods and aquatic insect life-history evolution: evaluation
of multiple models. Ecology. 2002;83:370-85.

Sanzone DM, Meyer JL, Marti E, Gardiner EP, Tank JL, Grimm NB. Carbon
and nitrogen transfer from a desert stream to riparian predators. Oecolo-
gia. 2003;134:238-50.

Hagen EM, Sabo JL. Temporal variability in insectivorous bat activity
along two desert streams with contrasting patterns of prey availability. J
Arid Environ. 2014;102:104-12.

Endler JA, Houde AE. Geographic variation in female preferences for male
traits in Poecilia reticulata. Evolution. 1995;49:456.

Kwiatkowski MA, Sullivan BK. Geographic variation in sexual selection
among populations of an iguanid lizard, Sauromalus obesus (= ater).
Evolution. 2002;56:2039-51.

Chaine AS, Lyon BE. Adaptive plasticity in female mate choice damp-

ens sexual selection on male ornaments in the lark bunting. Science.
2008;319:459-62.

Greenfield MD, Rodriguez RL. Genotype-environment interaction and the
reliability of mating signals. Anim Behav. 2004;68:1461-8.

Piersma T, Drent J. Phenotypic flexibility and the evolution of organismal
design. Trends Ecol Evol. 2003;18:228-33.

Bussiere LF, Hunt J, Stolting KN, Jennions MD, Brooks R. Mate choice

for genetic quality when environments vary: suggestions for empirical
progress. Genetica. 2008;134:69-78.

Kwan L, Bedhomme S, Prasad NG, Chippindale AK. Sexual conflict and
environmental change: trade-offs within and between the sexes during
the evolution of desiccation resistance. J Genet. 2008;87:383-94.

Bellamy L, Chapman N, Fowler K, Pomiankowski A. Sexual traits are
sensitive to genetic stress and predict extinction risk in the stalk-eyed

fly Diasemopsis meigenii. Evolution. 2013;67:2662-73.

Berger D, Grieshop K, Lind MI, Goenaga J, Maklakov AA, Arngvist

G. Intralocus sexual conflict and environmental stress. Evolution.
2014;68:2184-96.

Botero CA, Rubenstein DR. Fluctuating environments, sexual selection and
the evolution of flexible mate choice in birds. PLoS ONE. 2012;7:€32311.
Kozlovsky DY, Branch CL, Pitera AM, Pravosudov V. Fluctuations in annual
climatic extremes are associated with reproductive variation in resident
mountain chickadees. R Soc Open Sci. 2018;5:171604.

Cally JG, Stuart-fox D, Holman L. Meta-analytic evidence that sexual selec-
tion improves population fitness. Nat Commun. 2019;10:2017.
Pandulli-Alonso |, Quaglia A, Albo MJ. Females of a gift-giving spider do
not trade sex for food gifts: a consequence of male deception? BMC Evol
Biol. 2017;17:1-8.



Albo et al. BMC Biology

68.

69.

70.

71

72.

73.

74.

75.

76.
77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.
88.
89.

90.

(2023) 21:162

Hendrickx F, Vanthournout B, Taborsky M. Selection for costly sexual
traits results in a vacant mating niche and male dimorphism. Evolution.
2015,69:2105-17.

Albo MJ, Toft S, Bilde T. Sexual selection, ecology, and evolution of nuptial
gifts in spiders. In: Macedo RH, Machado G, editors. Sexual selection:
perspectives and models from the Neotropics. Elsevier; 2014. p. 183-200.
Howie JM, Dawson HAC, Pomiankowski A, Fowler K. Limits to envi-
ronmental masking of genetic quality in sexual signals. J Evol Biol.
2019,32:868-77.

Carico JE. Descriptions of two new spider genera of Trechaleidae (Ara-
neae, Lycosoidea) from South America. J Arachnol. 2005;33:797-812.
Costa-Schmidt LE, Carico JE, De Aratjo AM. Nuptial gifts and sexual
behavior in two species of spider (Araneae, Trechaleidae, Paratrechalea).
Naturwissenschaften. 2008;95:731-9.

Jaksic FM. Ecological effects of El Nifio in terrestrial ecosystems of west-
ern South America. Ecography (Cop). 2001,24:241-50.

Lima M, Marquet PA, Jaksic FM. El Nino events, precipitation patterns, and
rodent outbreaks are statistically associated in semiarid Chile. Ecography
(Cop). 1999,22:213-8.

Barreiro M. Influence of ENSO and the South Atlantic Ocean on

climate predictability over Southeastern South America. Clim Dyn.
2010;35:1493-508.

R Core Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2021.

Pinheiro J, Bates D. Mixed-effects models in S and S-PLUS. Statistics and
Computing. Springer Verlag New York. 2000. p. 530.

Burnham K, Anderson D. Model selection and multimodel inference: a
practical information-theoretic approach. 2nd ed. New York: Springer-
Verlag; 2002. p. 488.

Bolker B. Ecological models and data in R. Princeton: Princeton University
Press; 2007.

Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects mod-
els using Ime4. J Stat Softw. 2015;67:1-48.

Mazerolle MJ,, AIiCcmodavg: model selection and multimodel inference
based on (Q)AIC(c). R package version 2.3-1. 2020. https://cran.r-project.
org/package=AlCcmodavg

Foelix RF. Biology of spiders. 3rd Edition. New York: Oxford University
Press; 2011. p.419.

Klein AL, Trillo MC, Albo MJ. Sexual receptivity varies according to

female age in a Neotropical nuptial gift-giving spider. J Arachnol.
2012;40:138-40.

Albo MJ, Costa-Schmidt LE, Costa FG. To feed or to wrap? Female silk cues
elicit male nuptial gift construction in a semiaquatic trechaleid spider. J
Zool. 2009;277:284-90.

Da TieppoSilveira LC, Bonatto SL. Isolation and characterization of 12
dinucletiotide microsatellite loci in Paratrechalea galianoae (Araneae,
Trechaleidae), a nuptial gift-spider. Mol Ecol Resour. 2009;9:539-41.
Pandulli-Alonso |, Germil M, Albo M, Tomasco |. Characterization of four
hypervariable microsatellite loci in a nuptial gift-giving spider and its
prospect for paternity analyses. Arachnology. 2020;18:477-81.

Wooninck LM, Warner RR, Fleischer RC. Relative fitness components
measured with competitive PCR. Mol Ecol. 2000;9:1409-14.

Bretman A, Newcombe D, Tregenza T. Promiscuous females avoid
inbreeding by controlling sperm storage. Mol Ecol. 2009;18:3340-5.
Miller S, Dikes D, Polesky H. A simple salting procedure for extracting DNA
from human nucleated cells. Nucleic Acids Res. 1988;16:215.

Albo M, Pavén-Peldez C, Martinez Villar M, Buzatto B, Tomasco IH, Albo,
et al. BMC Biology. Mendeley Data. 2023; V1. https://doi.org/10.17632/
vmngcatwzd.1. https://data.mendeley.com/v1/datasets

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://doi.org/10.17632/vmngc4twzd.1
https://doi.org/10.17632/vmngc4twzd.1
https://data.mendeley.com/v1/datasets

	Stressful environments favor deceptive alternative mating tactics to become dominant
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Worthless gifts in natural populations: ecological and individual effects
	Common garden experiment: high and low prey availability
	Mating, fecundity, and paternity success of males offering worthless gifts
	Mating and fecundity traits
	Paternity success


	Discussion
	Conclusions
	Methods
	Biological model, sites, and samplings
	Statistical analyses
	Worthless gifts in natural populations: ecological and individual effects
	Common garden experiment: high and low prey availability
	Mating, fecundity, and paternity success of males offering worthless gifts
	Mating and fecundity traits
	Paternity success


	Anchor 23
	Acknowledgements
	References


