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Abstract 
Phenotypic plasticity enables organisms to adjust their traits in response to environmental changes, potentially enhancing survival under 
fluctuating conditions. While plastic capacity—the range of phenotypic change—has been extensively studied, the rate of plastic responses 
remains unexplored. The rate of plasticity is crucial, as prolonged mismatches between phenotype and environment reduce fitness. 
Nonetheless, evolutionary models typically do not investigate rates of plasticity. Here, we measure opsin gene expression to estimate the 
temporal changes in predicted visual sensitivity of Nicaraguan convict cichlids (Amatitlania siquia) from populations exposed to changes in 
light conditions. We show that rates of plasticity in single cone predicted sensitivity vary significantly among populations, developmental 
stages, and experimental light treatments, demonstrating that rates of plastic change are shaped by both genetic and context-dependent 
factors. Notably, great lake cichlids—native to predominantly turbid environments—responded more rapidly to red-shifted photic conditions 
than crater lake fish, but more slowly when returned to clear conditions. Additionally, younger individuals exhibited faster changes in opsin 
gene expression than older ones, highlighting the role of developmental stage in modulating plasticity. These findings challenge the 
assumption of constants rates of plasticity and suggest that selection could act not only on plastic capacity but also on the rate of plastic 
responses. Our results demonstrate that rates of plasticity are themselves evolvable traits. Incorporating this temporal dimension into models 
of plasticity will improve our understanding of how organisms respond to environmental heterogeneity, with broad implications for 
evolutionary biology and ecology.
Keywords: visual ecology, plasticity evolution, cichlid fish, color vision

Introduction
Phenotypic plasticity allows individuals to express different 
phenotypes throughout their lifespan in response to environ
mental cues (Bradshaw 1965; Stearns 1989). This ability to al
ter traits in a context-dependent manner should increase the 
match between phenotypes and environment, thereby enhan
cing survival in dynamic systems (Levins 1968; Padilla and 
Adolph 1996). Phenotypic plasticity can be understood 
through two key parameters: the plastic capacity and the 
rate of plasticity (Burton et al. 2022; Dupont et al. 2024). 
Plastic capacity refers to the phenotypic range within which 
an individual might modify its phenotype in response to envir
onmental changes and is usually measured using reaction 
norms (Woltereck 1909; Schlichting and Pigliucci 1998; 
Einum and Burton 2022; Gomulkiewicz and Stinchcombe 
2022). Conversely, the rate of plasticity describes how quickly 
phenotypic adjustments occur following environmental 
changes (Burton et al. 2022; Dupont et al. 2024). The rate 
at which plastic responses materialize influences how long 
an organism expresses a suboptimal phenotype due to envir
onment–phenotype mismatch (Padilla and Adolph 1996; 
Gabriel et al. 2005; Lande 2014). Therefore, both the rate of 
plasticity and the plastic capacity shape how effectively organ
isms can respond to environmental fluctuations. However, 

most empirical data have focused on studying the plastic cap
acity of traits (Dupont et al. 2024).

The rate of plasticity, while less studied than plastic cap
acity, is critical for understanding the temporal dynamics of 
phenotypic adaptation (Levins 1968; Shapiro 1976). The 
rate at which organisms adjust their traits to new environ
ments can greatly influence fitness if the rate of change in the 
environment outpaces the rate of the plastic response 
(Padilla and Adolph 1996; Gabriel 1999). For example, in rap
idly changing environments, organisms with a slow rate of 
plasticity incur fitness costs due to prolonged mismatches be
tween phenotype and environment (i.e. adaptive lag, Burton 
et al. 2022; Einum and Burton 2022; Dupont et al. 2024). 
Importantly, the rate of plasticity may also influence the evo
lution of plastic capacity itself (Lande 2014). If organisms 
can quickly adjust their phenotypes, they may defer the onset 
of trait changes until closer to when selection pressure occurs, 
thereby increasing environmental predictability and favoring 
greater plastic capacity (Lande 2014; Gomulkiewicz and 
Stinchcombe 2022). However, the rate of plasticity is often 
set to be constant in theoretical models of the evolution of 
phenotypic plasticity (Padilla and Adolph 1996 ; Gabriel 
1999; Lande 2009, 2014). Therefore, our understanding of 
phenotypic plasticity remains incomplete if genetic or 

Received: March 19, 2025. Revised: May 13, 2025. Accepted: June 4, 2025 
© The Author(s) 2025. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/ 
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For 
commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our 
RightsLink service via the Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com. 

Molecular Biology and Evolution, 2025, 42, 1–9 
https://doi.org/10.1093/molbev/msaf144
Advance access publication 24 June 2025                                                                                                                                              

MBEDiscoveries

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/42/6/m
saf144/8172433 by U

niversity of N
otre D

am
e user on 16 M

arch 2026

https://orcid.org/0000-0001-5454-5688
https://orcid.org/0000-0003-2729-6246
mailto:torresdowdall@nd.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/molbev/msaf144


ecological influences on the rate of plasticity are left un
accounted. Despite the importance of the temporal compo
nent of phenotypic plasticity, empirical data on the factors 
influencing rates of plasticity in biological traits remain scarce 
(Einum and Burton 2022; Burton and Einum 2025).

A biological trait that exhibits reversible plasticity and may 
continuously modulate its phenotypic value in response to on
going cues is the expression of cone opsin genes in teleost fish. 
Plasticity in opsin gene expression is common among teleost 
fishes and has been extensively studied in cichlids, Cichlidae 
(Bertinetti and Torres-Dowdall 2025). Since cone opsin genes 
encode the G-protein-coupled receptors that form visual pig
ments, opsin plasticity might enable fish to modulate spectral 
sensitivity in response to changing photic conditions (Fuller 
and Claricoates 2011; Cronin et al. 2014; Härer et al. 2017; 
Fogg et al. 2023). Cichlid fish inhabit heterogeneous habitats 
with fluctuating underwater photic conditions across time and 
space, e.g. stormwater runoff, algal blooms, depth or micro
habitat differences, or diurnal variation (Carleton et al. 
2016; Yourick et al. 2019; Carleton and Yourick 2020; 
Hauser et al. 2021; Torres-Dowdall et al. 2021). These rapid 
episodic changes in photic conditions impair visual capabil
ities involved in ecologically relevant tasks such as foraging, 
mate choice, or predator avoidance (Seehausen et al. 1997; 
Torres-Dowdall et al. 2014; Zanghi and Ioannou 2025). 
Hence, fluctuating selective pressures due to short-term photic 
changes favor rapid plastic adjustments. In cichlids, these re
sponses occur on the order of a few days after a change in 
photic conditions (Hofmann et al. 2010; Nandamuri et al. 
2017; Härer et al. 2019; Karagic et al. 2022; Schreiner et al. 
2023). Although the magnitude of such changes in opsin 
gene expression is often known (i.e. their plastic capacity), 
the rate at which these plastic responses occur remains largely 
unexplored.

Both genetic and environmental factors influence plastic cap
acity in opsin gene expression among teleost fish species 
(Bertinetti and Torres-Dowdall 2025). For instance, closely re
lated populations inhabiting distinct photic habitats show 
evolved divergence in their visual plastic capacity (Härer et al. 
2017; Bertinetti et al. 2024b). Genetic differences might also af
fect the rate of opsin plasticity. Beyond genetic differentiation, 
context-dependent factors such as developmental stage or 
changes in the photic environment also drive differences in plas
tic responses (Härer et al. 2019; Carleton et al. 2020; 
Torres-Dowdall et al. 2024). For instance, age-dependent plas
ticity affects certain opsin genes (Härer et al. 2017; Nandamuri 
et al. 2017; Irazábal-González et al. 2024), while experimental 
light conditions elicit distinct expression changes (Nandamuri 
et al. 2017; Härer et al. 2019). Moreover, interactions among 
ecological factors, e.g. younger fish responding to certain photic 
changes, may shape both plastic capacity and its rate (Bertinetti 
and Torres-Dowdall 2025). Therefore, we hypothesized that 
both age and the nature of the photic change (e.g. from clear 
to turbid conditions or vice versa) influence the temporal dy
namics of opsin plasticity.

In this study, we aim to evaluate the null hypothesis that the 
rate of plasticity is constant, independent of genetic back
ground and ecology (e.g. Padilla and Adolph 1996; Gabriel 
et al. 2005; Lande 2014; Siljestam and Östman 2017). 
Specifically, we test if rates of plasticity in opsin gene expression 
are influenced by development, nature of the photic change, 
genetic factors, and their interactions. Therefore, we measure 
the effects of (i) developmental stage, (ii) experimental change 

in light, and (iii) genetic background on the rate and capacity 
of opsin plasticity. We show that rates of plasticity have di
verged among populations and exhibit significant variation 
due to age and nature of light changes.

Methods
Study System and Experimental Design
One great lake and one crater lake population of Nicaraguan 
convict cichlids (Amatitlania siquia, Cichlidae) were com
pared in this study (Schmitter-Soto 2007). Nicaraguan convict 
cichlids inhabit rivers and lakes of Nicaragua, including the 
two largest lakes, Managua and Nicaragua, which were 
formed around 500,000 years ago (Kutterolf et al. 2007; 
Torres-Dowdall and Meyer 2021). From these lakes, convict 
cichlids colonized a series of smaller and younger crater lakes, 
including crater lake Xiloá, which formed after the last large 
eruption around 6,100 years ago. Hence, great lake convict 
cichlids represent older populations that inhabit red-shifted 
photic environments from which younger crater lake popula
tions were derived (Kautt et al. 2020). Given the independent 
colonization of crater lakes, their differences in photic condi
tions, and their geographic isolation, the Nicaraguan crater 
lakes represent a natural setting to study phenotypic evolution 
(Kautt et al. 2018). Here, the visual system of Nicaraguan 
cichlids has been shown to evolve repeatedly in response to 
novel habitats, with variation in opsin gene expression being 
significantly predicted by photic conditions (Torres-Dowdall 
et al. 2017; Härer et al. 2018; Bertinetti et al. 2024a). While 
interpopulation differences in opsin gene expression among 
Nicaraguan cichlids show a strong genetic component, pheno
typic plasticity also contributes to this visual diversity.

Convict cichlids possess seven cone opsin genes involved in 
color vision; sws1, sws2b, sws2a, rh2b, rh2aα, rh2aβ, and lws; 
rendering their retina sensitive to a broad spectrum, including 
ultraviolet (UV) light (Härer et al. 2018; Torres-Dowdall et al. 
2021). Cichlid fish have two types of cone photoreceptors: sin
gle cones and double cones (Fernald 1981). The three 
short-wavelength-sensitive opsin genes sws (i.e. sws1, sws2b, 
and sws2a) are expressed exclusively in single cones, whereas 
the remaining cone opsin genes are restricted to double cones 
(Dalton et al. 2014 ; Torres-Dowdall et al. 2017; Härer et al. 
2019). Hence, plastic changes in single cone opsin genes can 
serve as a proxy for visual sensitivity in the UV–blue spectral 
range (Sabbah et al. 2010; Torres-Dowdall et al. 2021). 
Although co-expression of multiple opsins within single cones 
has been documented, it is typically transient and reflects tran
sitional phase during opsin switching (Cheng and Novales 
Flamarique 2004; Karagic et al. 2018; Härer et al. 2019). 
This co-expression often occurs when a cone is in the process 
of replacing one opsin with another, before stabilizing into a 
new expression state (Cheng and Novales Flamarique 2004). 
Short-wavelength sensitivity is particularly relevant for the 
foraging performance of juvenile fish that rely on zooplankton 
prey (Novales Flamarique 2016; Yoshimatsu et al. 2020). The 
ecological relevance of single cone sensitivity in early life- 
stages may explain the rapid reversible plasticity observed in 
single cone opsin expression—as opposed to double cones— 
which tend to show more stable expression patterns over 
time (Härer et al. 2019). In that study, opsin gene expression 
in single cones changed quickly and stabilized within days, 
whereas in double cones it remained relatively constant, show
ing limited evidence of reversible plasticity (Härer et al. 2019). 
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Therefore, given the direct link between sws gene expression 
and single cone visual pigment abundance, the ecological rele
vance of sws genes for plankton feeding during juvenile stages, 
and their known reversible plasticity, we focused on single 
cone sensitivity as predicted by sws1, sws2b, and sws2a.

To measure the effect of genetic and context-dependent fac
tors (e.g. age and nature of the photic change) on the rate of 
plasticity in opsin gene expression, we compared rates be
tween two convict cichlid populations, two developmental 
stages, and two experimental light treatments. Eggs from F2 
laboratory-reared descendants of wild-caught convict cichlids 
from Great Lake Nicaragua and Crater Lake Xiloá, referred to 
henceforth as great lake and crater lake convict cichlids, re
spectively, were used in this study. About 30 eggs per brood 
were placed in 2 l tanks and randomly allocated to one light 
treatment, either red-light or white-light, simulating the nar
row and broad spectral distribution of their native environ
ments, respectively (Fig. 1). Fish were kept at 25 °C with a 
12L:12D photoperiod and fed ad libitum with live brine 
shrimp (Artemia spp.). To trigger a plastic response in opsin 
gene expression, half of the fry were switched from their re
spective light condition to the other (either red-to-white light, 
RW, or white-to-red light, WR), while the other half of the 
group were switched to a different tank but maintained under 
the same light conditions to control for fish handling 
(red-to-red, RR, and white-to-white, WW, Fig. 1b and 
supplementary table S1, Supplementary Material online). 
The light treatment switch occurred either at 20 dph (days 
post-hatching), referred as early treatment (E), or at 35 dph, 
the late treatment (L). These age stages were chosen to ensure 
the retina was developed (>5 dph) and that the free-swimming 
fry were acclimated to the first light condition prior to experi
encing the novel light treatment (Karagic et al. 2018; Härer 

et al. 2019). Fish were sampled before the light treatment 
switch occurred and daily after that for 10 to 15 d. Overall, 
1 to 6 fish per brood were sampled daily, in four light treat
ments (RR, WW, WR, and RW), two age stages (E and L), 
and two populations (crater and great lake), for a total of 
620 fish (supplementary table S1, Supplementary Material on
line). All fish were collected between 1 and 3 PM to account 
for circadian patterns of opsin gene expression (Halstenberg 
et al. 2005; Johnson et al. 2013; Yourick et al. 2019). Fish 
were euthanized using a buffered MS-222 overdose (Syndel 
Laboratories, WA, USA) followed by decapitation. The eyes 
were dissected and stored in RNAlater (Invitrogen, CA, 
USA) at −20 °C. All experiments were conducted at the 
University of Notre Dame and approved by the Institutional 
Animal Care and Use Committee (Protocol 23-03-7717).

Opsin Gene Expression and Predicted Sensitivity 
Index
To quantify cone opsin gene expression, RNA was extracted 
following a standard guanidinium thiocyanate–phenol– 
chloroform protocol as described in Bertinetti et al. (2024b). 
RNA concentration and integrity were assessed with a 
Qubit 4 fluorometer (Fischer Scientific, NH, USA). 
Following the manufacturer’s protocol, 200 ng of RNA was 
used to synthesize cDNA using the GoScript™ Reverse 
Transcription System (Promega, WI, USA). The expression 
of single cone opsin genes: sws1, sws2b, and sws2a was meas
ured for 40 cycles of 15 s, 95 °C, and 60 s, 60 °C, with an ini
tial and final denaturation step of 2 min, 95 °C (CFX Duet, 
Bio-Rad Laboratories, USA). Additionally, the expression of 
housekeeping genes ef1a and gapdh was also measured in a 
subset of individuals from each treatment to validate the 

Fig. 1. Experimental design to test the effect of genetic background, developmental stage, and environmental change on the rate of plasticity in opsin 
gene expression. a) Convict cichlid populations from either a clear crater lake or a turbid great lake raised under white light and red light. b) Experimental 
treatments used in this study. c and d) Laboratory and native habitat normalized irradiance reference spectra.
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results. Primer sequences were as in Torres-Dowdall et al. 
(2021) and are reported together with amplification efficien
cies in supplementary table S2, Supplementary Material on
line. To estimate the rate of plasticity in single cone visual 
sensitivity, we first computed the proportional expression of 
single cone opsin genes as a proxy of visual pigment ratios 
among single cone photoreceptors. Proportional single cone 
opsin gene expression was calculated as the expression of 
each single cone opsin (SCi) relative to the total single cone op
sin expression (∑SC) following Fuller et al. (2004):

SCi
􏽐1

3 SCi
=

(1/((1 + Ei)
Cqi ))

􏽐1
3 (1/((1 + Ei)

Cqi ))
(1) 

where Ei is the primer efficiency and Cqi the quantification 
cycle for each gene i, respectively. Proportional single cone op
sin gene expression was then used to compute the predicted 
spectral sensitivity index of single cones PSI (nm). PSI provides 
a theoretical estimate of single cones visual sensitivity based on 
proportional opsin gene expression and the absorbance peaks 
of each opsin protein. Hence, PSI provides a reliable single 
point estimate of the opsin gene expression pattern when com
paring individuals that express different ratios of the same 
three opsin genes in one photoreceptor type. The implications 
for visual perception of variation in PSI are not fully resolved, 
but its relevance has been inferred from its correlation with 
ecological factors in the wild (Hofmann et al. 2009; Härer 
et al. 2018; Bertinetti et al. 2024a). Following Hofmann 
et al. (2009), we estimated PSI using visual pigment peak sen
sitivities from the closely related Amphilophus citrinellus 
(Torres-Dowdall et al. 2017):

PSI = SCsws1 × 360 nm + SCsws2b × 440 nm + SCsws2a

× 466 nm
(2) 

where SC represents the proportional expression in single 
cones for each short-wavelength-sensitive opsin gene i (sws1, 
sws2b, sws2a).

Statistical Analysis
To quantify the rate of plasticity in opsin gene expression, we 
modeled the temporal response of the predicted sensitivity in
dex (PSI) in single cones following a change in light conditions 
(Fig. 1b). The response was characterized using a nonlinear 
least squares approach to estimate both the asymptotic expres
sion levels and the rate of change over time using the min
pack.lm package in R (Elzhov et al. 2023). Following 
Burton et al. (2022), we fitted a nonlinear exponential decay 
model to describe the temporal dynamics of PSI:

PSI(t) = PSIf + ΔPSI × e−λt (3) 

where PSI(t) represents the predicted sensitivity index in single 
cones at time t (days post-switch), PSIf is the asymptotic pre
dicted sensitivity (nm), ΔPSI the difference in predicted sensi
tivity between initial (t = 0) and final time point, i.e. the 
plastic capacity (nm), and λ represents the rate at which opsin 
gene expression approaches the asymptote, i.e. rate of plasti
city (in 1/t units).

To test the effects of genetic background, developmental 
stage, and light conditions; the model was extended to in
clude fixed effects for population (great vs. crater lake), 
age (early vs. late switch), and experimental light treatment 
(RW vs. WR), as well as their interactions (supplementary 

table S3, Supplementary Material online). While the PSI 
was used as the main response variable, proportional and 
normalized opsin gene expression are presented in Fig. 2
and supplementary figs. S1 to S3, Supplementary Material
online. Model parameters were estimated using the 
Levenberg–Marquardt algorithm (Elzhov et al. 2023). 
Nonsignificant parameters were sequentially removed to op
timize model parsimony, and model selection was guided by 
Akaike information criterion values to determine the best- 
fitting model. The significance of the parameter estimates 
was determined using the Wald χ2 test. All statistical ana
lyses were performed in R (R Core Team 2020).

Results
We quantified how population, developmental stage, and 
change in light treatment shape the temporal dynamics of op
sin gene expression. Using data from two populations of con
vict cichlids exposed to contrasting experimental light 
treatments at different developmental stages, we estimated 
the rate and capacity of plastic responses in single cone pre
dicted sensitivity (Figs. 1 and 2, Table 1). Changes in predicted 
sensitivity occurred rapidly, with half-time change—the time 
for the phenotypic value to reach half of the plastic capacity 
—ranging from <1 d to nearly 3 d (Figs. 2 and 3). WR light 
changes led to a shift in the PSI toward longer wavelengths 
(Fig. 3a and c), whereas RW transitions led to a shift in the 
sensitivity index toward shorter wavelengths (Fig. 3 and d). 
However, crater lake fish showed a slower response than 
great lake fish in WR light changes (Fig. 3a and c), whereas cra
ter lake individuals exhibited faster response than great lake 
fish in RW treatment (Fig. 3b and d). Broadly, younger fish 
showed faster responses and higher plastic capacity than older 
ones (Figs. 3 and 4). However, the response was context- 
dependent, as older great lake cichlids showed the fastest plastic 
response in WR light changes but a lack of response when ex
posed to the inverted light change RW (Fig. 3c to d). Overall, 
the rate of plasticity was significantly affected by experimental 
treatments of light condition changes (t = −3.167, df = 102, 
P = 0.002, Fig. 4 and Table 1) and the interaction lake × age 
(t = −2.075, df = 102, P = 0.04). The plastic capacity was 
significantly influenced by the three-way interaction of environ
mental light change × age × lake (t = 3.773, df = 102, P < 0.001, 
Fig. 4 and Table 1).

Discussion
Phenotypic plasticity is most often understood as the pheno
typic range of an organism in response to different environ
mental cues, i.e. plastic capacity (Dupont et al. 2024; Burton 
and Einum 2025). Influenced by the empirical data on reaction 
norms for plastic traits, models of plasticity evolution have fo
cused predominantly on the evolution of plastic capacity 
(Lande 2014; Siljestam and Östman 2017). Given that rates 
of plasticity determine the duration of mismatches between 
phenotypes and the environment, selection pressures targeting 
the timing of plastic responses might lead to their evolution 
(Dupont et al. 2024; Burton and Einum 2025). Besides evolved 
differences in rates of plasticity, environmental conditions 
might also shape the rate and capacity of plasticity. Here, we 
exposed distinct populations of convict cichlids to light treat
ment changes at two different age stages to test the influence of 
genetic and context-dependent factors (i.e. age and type of 
photic change) on phenotypic plasticity. Plastic responses in 
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opsin gene expression varied in their capacity and rate across 
populations, light treatments, and developmental stages (Figs. 
2 and 3) evidencing that opsin plasticity itself is evolvable and 
context-dependent.

Our study demonstrates that both the rate of plasticity and 
its capacity can evolve. These findings expand the current evi
dence about the evolution of plasticity since most examples of 
plasticity evolution have addressed only its capacity (Day et al. 
1994; Kingsolver et al. 2007; Scoville and Pfrender 2010; 
Torres-Dowdall et al. 2012; Levis et al. 2017; Relyea et al. 
2021). Recently, meta-analyses of thermal tolerance have 
shown that rates of plasticity differ among distantly related 
phylogenetic groups (Einum and Burton 2022; Burton and 
Einum 2025). In contrast, by comparing the plastic responses 
between two recently diverged convict cichlid populations, our 
study shows that rates of plasticity in opsin gene expression— 
not only their plastic capacity—might evolve over relatively 
short divergence times (<6,100 years, Kutterolf et al. 2007). 
Genetic divergence of plastic capacity in fish visual traits has 
been previously reported (Luehrmann et al. 2018; Härer 
et al. 2019; Bertinetti et al. 2024b). Complementarily, our 
study hints at the evolution of rates of plasticity in natural 
populations, as suggested by differences in the rate of plastic 
responses between crater and great lake convict cichlids 
(Figs. 3 and 4). The finding that both the plastic capacity 
and the rate of opsin plasticity might evolve adds complexity 
to our understanding of the evolution of plasticity. Hence, fu
ture research should aim to incorporate temporal dynamics 
into the classical approach of reaction norms (Burton et al. 
2022; Dupont et al. 2024).

Rates of plasticity are also context-dependent. Fish differed 
in their rates of plasticity when exposed to identical light 
changes in opposite directions (WR vs. RW; Fig. 1). 
Generally, responses were faster in the WR than in RW 
change, with older great lake fish eventually being unrespon
sive to RW changes (Fig. 3). We hypothesize that such differ
ences might be partially explained by selection regimes in their 
native habitats, where variation in the type and frequency of 
photic changes in crater versus great lakes could have led to di
vergence of plastic responses (Levis and Pfennig 2019; Dupont 
et al. 2024). Crater Lake Xiloá, with its high clarity and steep 

Fig. 2. Proportional expression of single cone opsin genes sws1, sws2b, and sws2a in Great Lake Nicaragua and Crater Lake Xiloá convict cichlids (A. 
siquia) experiencing different light treatments (red-to-white, RW vs. white-to-red, WR). Dashed lines represent different ages; either Early (20 dph) or Late 
(35 dph) treatments. Dots and error bars represent mean ± SE. Control groups and relative expression are shown in supplementary figs. S1 and S2, 
Supplementary Material online).

Table 1 Summary statistics of best supported model of temporal 
dynamics of single cone PSI

Parameter Estimate Std. error t value P-value

Plastic capacity (ΔPSI)
Intercept −79.881 6.679 −11.959 <2e−16
Lake of origin −12.899 9.432 −1.368 0.174456
Age at change 16.098 9.557 1.684 0.095147
Direction of light change 143.559 8.829 16.260 <2e−16
Lake × light change 16.053 12.542 1.280 0.203469
Light change × age −82.271 13.102 −6.279 8.41e−9
Lake × age 2.222 13.261 0.168 0.867258
Lake × age × light change 68.354 18.119 3.773 0.000271

Rate of plasticity (λ)
Intercept 0.711 0.132 5.385 4.66e−07
Lake of origin 0.079 0.181 0.435 0.664436
Age at change 1.071 0.633 1.692 0.093743
Direction of light change −0.460 0.145 −3.167 0.002033
Lake × light change 0.004 0.203 0.019 0.98449
Light change × age 0.363 0.185 1.965 0.052093
Lake × age −1.352 0.651 −2.075 0.040516

Asymptotic PSI (i.e. plateau phase of new phenotypic value)
Intercept 463.817 2.470 187.758 <2e−16
Lake of origin −3.393 3.192 −1.063 0.290291
Age at change −0.084 3.067 −0.027 0.978333
Direction of light change −62.157 4.841 −12.841 <2e−16
Lake × light change −13.514 6.081 −2.222 0.028483
Light change × age 52.007 5.495 9.465 1.24e−15
Lake × Age 1.136 4.352 0.261 0.79452
Lake × age × light change −47.767 7.374 −6.478 3.33e−09

Lake of origin refers to either Crater Lake Xiloá or Great Lake Nicaragua 
convict cichlids (A. siquia). Direction of light change refers to experimental 
light change treatment, either RW or WR. Age at change refers to either early 
(20 dph) or late (35 dph) developmental states. Significant factors (P < 0.05) 
in bold and marginally significant are underlined (P = 0.05 to 0.1). See 
supplementary table 3, Supplementary Material online for details.
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rims, undergoes episodic turbidity due to precipitation runoff, re
sembling the WR treatment (Elmer et al. 2010; Torres-Dowdall 
and Meyer 2021). These shifts are temporary, as the lake 

eventually returns to high clarity (RW). In contrast, the tur
bid eutrophic Great Lake Nicaragua rarely experiences fluc
tuations that resemble Xiloá’s clear water conditions 
(Torres-Dowdall et al. 2017; Härer et al. 2018; Bertinetti 
et al. 2024a). Great lake cichlids frequently experience in
creased turbidity (WR) but rarely encounter reversals to 
clear water (RW). Consequently, crater lake fish respond 
similarly fast to both experimental light treatments, where
as great lake fish show slower responses in RW than in WR 
(Fig. 4). These findings align with predictions that encoun
ter frequencies of environmental fluctuations shape the evo
lution of plastic responses (Gomulkiewicz and Stinchcombe 
2022; Dupont et al. 2024). Given the demography of the 
crater lake populations, which were colonized by a small 
number of individuals, research on additional populations 
and their long-term environmental data is required to 
understand how the frequency of photic fluctuations influ
ences the temporal dynamics of plasticity and its genetic 
underpinnings.

The developmental stage when the light switch occurs also 
affects opsin gene expression plasticity. Fish from the same 
population exhibited different plasticity rates between age 
stages (lake × age interaction, Fig. 4). Such age-dependent ef
fects align with the developmental trajectories of opsin gene 
expression in cichlids (Carleton et al. 2016; Härer et al. 
2019; Lupše et al. 2022). Early larval stages are typically do
minated by the expression of the UV-sensitive opsin sws1 
(Fig. 2), likely due to its relevance for foraging performance 
on zooplankton prey (Novales Flamarique 2016; 
Yoshimatsu et al. 2020). As fish grow, juveniles transition to 
violet and then blue-sensitive opsins, i.e. sws2b and sws2a 
(Härer et al. 2017; Schreiner et al. 2023). This ontogenetic 

Fig. 3. Genetic and environmental factors influence rates of plasticity and plastic capacity in single cone predicted sensitivity PSI (nm). a) and b) depict 
transitions from white-light to red-light, while c) and d) show transitions from a red-light to a white-light conditions. The early (20 dph; a and b) and late 
(35 dph; c and d) switch conditions indicate different ages when the light shift occurred. Dots represent the mean single cone predicted sensitivity for 
each day after light experimental conditions changed (Fig. 1b). Solid lines show predicted values based on model outputs (Table 1). See supplementary 
table S1, Supplementary Material online for sample sizes.

Fig. 4. Plastic capacity and rate of plasticity estimates of single cone 
predicted sensitivity differ among developmental stages, the 
directionality of environmental change, and populations. Plastic capacity 
represents the magnitude of the plastic change in single cone predicted 
sensitivity, an estimate of the extent to which visual sensitivity can be 
modulated. The rate of plasticity represents the decay constant (λ), i.e. 
reciprocal of time of the plastic response (see Eq. 2, supplementary table 
S3, Supplementary Material online). Great lake fish older than 35 dph in 
RW treatment lacked a plastic response resulting in inaccurate model 
estimates. Dots and error bars represent estimate ± SE.
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shift is also influenced by photic conditions, with fish in long- 
wavelength-shifted environments transitioning earlier (i.e. fish 
reared in red-light before the experimental light change, 
Fig. 2). Our results suggest an interplay between developmen
tal trajectories and reversible plasticity. Here, plastic re
sponses aligned with the developmental trajectory (WR) 
occur faster than those against it (RW), suggesting that on
togeny facilitates plasticity. Alternatively, younger fish relying 
on UV-sensitivity for foraging may be particularly impacted 
by photic changes, thus generating strong selective pressures 
for maintaining high plasticity in WR transitions. In contrast, 
reversal to UV-sensitivity in RW changes might represent a 
smaller fitness advantage, as clear water conditions represent 
broad spectra and weaker selection pressures around a single 
optimal phenotype (Loew 1995; Bertinetti et al. 2024a). 
Nonetheless, our findings demonstrate that rates of plasticity 
are influenced by both the developmental stage and the direc
tionality of the change in light conditions.

Our finding that both the rate and capacity of plasticity can 
evolve has important implications for understanding pheno
typic plasticity. Evolutionary models suggest that predictable 
environments favor high plastic capacity (Lande 2014). 
These models imply that high plasticity rates lead to fast plas
tic responses, enabling organisms to accurately respond to en
vironmental change; thereby, increasing predictability and 
selecting for high plastic capacity (Lande 2014; Siljestam 
and Östman 2017). This framework suggests a positive 
correlation between plasticity rate and capacity. Yet a recent 
meta-analysis of thermal plasticity reported the opposite—a 
negative correlation (Burton and Einum 2025). The genetic 
and context-dependent interactions observed in our study 
may help reconcile this discrepancy. We found a weak, non
significant correlation between opsin plasticity rate and cap
acity, r (6) = 0.41, t = 1.1, P = 0.311, driven by two outliers 
groups—older great lake fish that either showed no plasticity 
(RW) or exhibited the fastest response (WR, Fig. 4). Removing 
these groups revealed a strong, significant positive correlation 
between the rate of plasticity and plastic capacity, r (4) = 0.96, 
t = 6.8, P = 0.002, consistent with theoretical predictions, but 
opposite to the empirical results of thermal plasticity (Burton 
and Einum 2025). These results suggest that developmental state 
and environmental context may obscure rate–capacity relation
ships, especially in macroevolutionary analyses. This is particu
larly relevant for reversible traits that shift with age or occur 
near evolutionary tipping points of reversible versus irreversible, 
developmental responses (West-Eberhard 2003; Hoverman and 
Relyea 2007; Fischer et al. 2014; Botero et al. 2015; Fawcett 
and Frankenhuis 2015; Murren et al. 2015). The lack of 
response in older great lake fish in RW may reflect such a 
threshold—driven by frequency of photic fluctuations and their 
predictability—where the costs of phenotypic adjustment out
weigh benefits (Botero et al. 2015). Clarifying how developmen
tal trajectories interact with reversible plasticity is relevant to 
understanding the evolution of reaction norms and the temporal 
dynamics of plasticity.

Our study demonstrates that both the rate and capacity of 
phenotypic plasticity are evolvable traits. The Nicaraguan cra
ter lakes provide a valuable system to understand how the fre
quency and magnitude of environmental fluctuations might 
drive the evolution of phenotypic plasticity. By examining opsin 
gene expression in Nicaraguan cichlids, we show that genetic 
background, the type of experimental light treatment, and de
velopmental state influence plastic responses. We hypothesize 

that the variability and frequency of photic conditions in their 
native habitats might lead to population-specific plasticity rates. 
However, addressing whether encounter frequencies in natural 
populations shape rates of plasticity requires testing additional 
population replicates and long-term environmental data. 
Additionally, we show that developmental trajectories seem 
to facilitate plasticity when reversible changes align with onto
genetic shifts. Our findings suggest that genetic and context- 
dependent factors influence the positive correlation predicted 
between rates of plasticity and plastic capacity. Our results em
phasize the need to acknowledge rates of plasticity as an evolv
able trait to advance plasticity research. By integrating 
ecological, genetic, and developmental perspectives, this study 
advances our understanding of visual plasticity and provides 
a framework for investigating plasticity evolution in other bio
logical systems.
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Supplementary material is available at Molecular Biology and 
Evolution online.
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