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Elucidating the selective forces shaping the diversity of vertebrate brains
continues to be a major area of inquiry, particularly as it relates to cognition.
Historically brain evolution was interpreted through the lens of relative
brain size; however, recent evidence has challenged this approach. Investi-
gating neuroanatomy at a finer scale, such as neuron number, can provide
new insights into the forces shaping brain evolution in the context of infor-
mation processing capacity. Ecological factors, such as the complexity of a
species’ habitat, place demands on cognition that could shape neuroanat-
omy. In this study, we investigate the relationship between neuron
number and habitat complexity in three brain regions across six closely
related anole species from Puerto Rico. After controlling for brain mass,
we found that the number of neurons increased with habitat complexity
across species in the telencephalon and ‘rest of the brain,” but not in the
cerebellum. Our results demonstrate that habitat complexity has shaped
neuroanatomy in the Puerto Rican anole radiation and provide further
evidence of the role of habitat complexity in vertebrate brain evolution.

1. Introduction

The impact of cognitive processes on the evolution of neuroanatomy continues
to be a major area of inquiry. Historically, research primarily focused on relative
brain size, which is a proxy for information processing capacity of the brain [1].
Larger values of relative brain size indicate larger brain size than expected for
body size, which is typically associated with greater cognitive capacities [2].
However, the utility of relative brain size has been questioned as it is unclear
how brain size correlates with the functional neuronal structure of the brain
[3,4]. Information processing in the brain is highly complex and is a function
of many factors (e.g. neuron number, diversity of cell types, synapse density)
[5]. Recently, the number of neurons has emerged as an alternative proxy
that, although still imperfect, better reflects information processing capacity
than brain size [6-8]. Investigation into neuron numbers has already revealed
insights into the evolution of vertebrate neuroanatomy (e.g. [9-11]).

An animal performs all behaviors required for survival and reproduction in
the context of its habitat. The cognitive demands of effectively performing these
behaviors, including motor coordination, integrating sensory information and
spatial learning, are influenced by the habitat’s structural heterogeneity
[12,13]. Thus, an animal’s fitness is impacted by how it meets the cognitive
demands posed by the complexity of the habitat, which could ultimately
affect selection on neuroanatomy. In fact, relationships between habitat com-
plexity and neuroanatomy have been documented in diverse taxa [14-21].
For example, chipmunks found in habitats with denser vegetation cover have
larger relative brain size than those in more open habitats [20].

West Indian Anolis have become a textbook example of adaptive radiation.
On each island of the Greater Antilles, closely related species have each evolved
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Table 1. Summarized data by species and brain region. Ecomorph classification is indicated under species name. Means are presented =+ standard error. RHC =

relevant habitat complexity; SVL = snout-vent length; n = sample size; N = neuron number.

mean mass goqy

species mean SVL (m)  (g)

A. cristatellus 2.6196 5.5+0.088 46+0.24
trunk—ground

A evermanni —51598  5.6+020 442041
trunk—crown

A. gundlachi 8.1306 6+ 0.075 49+0.24
trunk—ground

A. krugi 3.2436 4.8 +£0.097 25+0.19
grass—bush

A. pulchellus —0.3601 44+0.12 1.7+0.14
grass—bush

A stratulus  —83974  43+011 162011

trunk—crown

an array of adaptive morphological traits to effectively exploit
distinct structural habitats (i.e. ecomorphs) [22-25]. This clade
enables us to compare neuroanatomy among closely related
species that differ in one trait of interest (i.e. habitat complex-
ity) yet share similar social structure, diet and sensory
systems [22]. Using this approach, two previous studies eval-
uated whether patterns in habitat specialization extended to
neuroanatomy in the same six species used in this study
[17,26]. Results showed that species differed in habitat com-
plexity, but these differences were not related to the relative
volume of six brain regions [17]. Variation in the volume
of each brain region was primarily driven by total brain
volume [26]. Two non-exclusive hypotheses could explain
these findings: neuroanatomy is not as evolutionarily labile
as other traits in Anolis, or relevant variation in neuroanat-
omy is not captured at the level of brain volume. Evidence
to support or reject these hypotheses is lacking in most taxa.

In this study we compare habitat complexity with the
number of neurons in three brain regions across six species
of Puerto Rican anoles to evaluate whether structural habitat
and neuroanatomical differences are correlated. We predict
that neuron number in each brain region increases with
habitat complexity across species.

2. Methods
(a) Study species

We collected adult males of six species: Anolis evermanni (n =10),
Anolis stratulus (n = 10), Anolis cristatellus (n = 14), Anolis gundlachi
(n=10), Anolis krugi (n =10) and Anolis pulchellus (n = 10). Lizards
were collected from sites with minimally disturbed habitat and

mean Massgegion

brain region mean N x 10° (mg)
telencephalon 14 1.88 + 0.0885 1.77 £+ 0.0681
ROB 4 22600907 281+ 00744
cerebellum 13 0.840 + 0.0547 0.19+0.010
telencephalon 10 1.73 = 0,080 156 +0.103
ROB 10 2,62 +0.128 2.64 +0.168
Ccerebellm 8 0619£0062 0170012
telencephalon 10 1.59 £0.144 1.85 + 0.0776
ROB 0 20600784 3.08+0.0835
cerebellum 10 0.650 = 0.0741 0.24 £0.012
telencephalon 10 1.37 £0.101 1.33 + 0.0603
ROB 9 1.90 £0.132 2.10 = 0.0664
Ccerebellm 10 0532+£00787  0.15+0.0075
telencephalon 10 1.24 +0.0512 0.914 + 0.0489
ROB 0 179£00635  159+00713
cerebellum 10 0.522 +0.0452 0.12 = 0.0076
Ctelencephalon 10 1610110 11100248
ROB 10 2.22 +0.0943 1.80 = 0.0629
Ccerebellm 10 070500578 0.14+0.0097

within the active breeding season for each species [27] (see elec-
tronic supplementary material, for more details). Individuals
were sexed upon capture via visual identification, transported
to the University of Missouri, and housed briefly prior to eutha-
nasia (August 2019; May 2021). Lizards were held in the lab for a
maximum of 7 days before euthanasia. Our protocols followed
all guidelines of the University of Missouri Animal Care and
Use Committee.

(b) Neuronal analysis

We quantified neuron numbers following the isotropic fraction-
ation methods outlined in Storks ef al. [28]. See electronic
supplementary material, for detailed methods. We measured
snout-vent length (SVL; +0.1 cm) and weighed (+0.1g) each
lizard prior to euthanasia. Lizards were perfused intracardially
after which whole heads and then dissected brains were post-
fixed in 4% paraformaldehyde. We dissected the brain into
three regions: the telencephalon, cerebellum, and the ‘rest of
the brain” (ROB; representing diencephalon, mesencephalon,
pons and myelencephalon). Each region represents a distinct
functional division of the brain and could be reliably dissected
based on gross neuroanatomy. The telencephalon is involved in
sensory integration and higher cognition [29], cerebellum in
motor coordination and learning [30], and ROB in sensory
input and motor output [31]. Each region was weighed and
homogenized separately to create an isotropic suspension of
cell nuclei at a set volume. The number of total cells and
neurons was quantified by counting cell nuclei within samples
of the suspension that were differentially labelled using
immunofluorescence. Cell nuclei were labelled with DAPI (4’,6-
diamidino-2-phenylindole) and neuronal nuclei were labelled
with a Cy3-conjugated antibody for NeuN (ABN78C3, Millipore
Sigma). Estimates for each brain region (table 1) differ in sample
size due to tissues lost during processing.
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() Habitat complexity

Measures of habitat complexity were extracted for each species
from Powell & Leal [17]. Relevant habitat complexity (RHC) is
a composite variable resulting from detailed characterization of
the structural habitat traversed during 20 min focal observations
of undisturbed lizards (see [17] for further description). This pro-
duces a normalized index in which more negative values indicate
a higher level of structural habitat complexity.

(d) Statistical analyses

All statistical analyses were performed in R Statistical Software
version 4.3.1 [32] and RStudio version 2023.06.0 [33]. Data for
SVL, body mass, brain region mass, and neuron number were
log-10 transformed. Three samples were excluded as outliers
because they were (1) beyond 1.5 times the interquartile range
from the quartiles (i.e. 1.5 IQR rule) and (2) exclusion could
be justified by anomalies noted during processing (e.g. poor
distribution of nuclei, weak staining).

We evaluated the relationship between neuron number, brain
region mass, and habitat complexity across species with general-
ized linear models fit using Markov chain Monte Carlo
(MCMC) methods using the R package MCMCglmm [34]. We
used brain region mass in our analyses rather than body size
because brain region mass and SVL were highly correlated (r ~
0.65-0.92 in our data). All models yielded quantitatively similar
results when SVL or body mass was substituted for brain region
mass (see electronic supplementary material). Furthermore,
studies utilizing a similar approach use brain mass rather than
body size as a scaling factor for neuron number, as body size
obscures scaling relationships that are apparent when using
brain size [8,35,36]. Number of neurons was modelled as a
response variable within each brain region across species with
predictors brain region mass and RHC. Each model was run
with 155000 iterations at a thinning rate of 100 following 500
burn-in iterations. We used default weakly informative diffuse
normal priors centred at zero for fixed effects. Uninformative
inverse-Wishart priors were specified for residual variance (V =
1, nu=0.01). Model output was evaluated by inspecting credible
intervals for posterior sample means and MCMC probability (p)
values. All models showed minimal autocorrelation (r<0.1),
adequate model convergence, and normality of residuals.

Accounting for evolutionary history is challenging in analyses
focused on a limited number of species (e.g. [37,38]). Our species
sample size (spp. n=6) limited our ability to construct robust
models accounting for phylogenetic correlation. However, for
transparency we provide output from models that are corrected
for phylogenetic non-independence (PCM models) as electronic
supplementary material. The variance explained by the phyloge-
netic random effect in our PCM models is near zero and we
obtained highly variable estimates of phylogenetic signal. Further,
our PCM models did not find a relationship between neuron
number and brain region mass, which is not in accordance
with other studies using this methodology [7,9,35,36]. Our
study design focuses on closely related species and as such mini-
mizes phylogenetic differences. For these reasons, we focus on
models that do not account for phylogenetic non-independence
(non-PCM models) in the main text of the article.

3. Results

In table 1, we present RHC, mean SVL, and mean body mass
for each species and sample size (1), mean neuron number (N),
and mean region mass for each brain region within species.
We present the posterior sample mean (8) and the 95%
credible interval (CI) for each parameter in models for each
brain region. Significant fixed effects are evaluated based

on MCMC probability values (p). Interaction effects were [ 3 |

not significant in all models and removed. In the model
predicting neuron number in the telencephalon (figure 1a;
NrgL~MassrgL + RHC), both telencephalon mass (5=0.51;
CI=0.32, 0.73; p<0.001) and RHC (5=-0.0065; CI=-0.011,
—0.0018; p=0.01) significantly predicted neuron number
across species. In the ROB model (figure 1b; Nrog~Massgog +
RHC), again both ROB mass (=038; CI=021, 0.55;
p<0.001) and RHC (8=-0.0082; CI=-0.0119, —0.0045;
p <0.001) significantly predicted neuron number across species.
However, in the cerebellum model (figure 1c; Ncgr~Masscgg +
RHCO), cerebellum mass (5 =0.43; CI=0.028, 0.81; p = 0.03) sig-
nificantly predicted neuron number while RHC (= —0.0064;
CI=-0.015, 0.0029; p =0.17) did not. Added-variable plots in
the electronic supplementary material show the effect of
each predictor conditioned on the other predictors in the
model (electronic supplementary material, figure S5).

4. Discussion

Selection favours the evolution of adaptive traits that enable
species to effectively exploit their preferred habitat. After
controlling for brain mass, species occupying habitats of
greater complexity (ie. more negative RHC values) had
more neurons in the telencephalon and ROB, but not in the
cerebellum (figure 1). Although brain mass had a larger
effect on neuron number than habitat complexity, our results
show that both forces shape neuroanatomy across the radi-
ation of Puerto Rican Anolis. These results suggest a link
between habitat complexity and neuroanatomy that was not
observed when examining brain size across the same six
species [17]. A large-scale study across 171 squamate species
found a similar result, observing no differences in relative
whole brain size between species inhabiting four ecological
guilds (i.e. habitats) [39]. These results suggest that brain
volume may be too coarse a metric to detect neuroanatomical
differences related to habitat preferences in squamates, at
least in some cases. For example, the discrepancy between
our results and those of Powell & Leal [17] could be explained
by neurons varying in number, size and structure (e.g. more
numerous, smaller neurons), which could result in variation
in neuron number while brain volume remains constant
[6,7,40]. Differences in neuron number are expected to be
more closely linked to functional differences related to
behaviour and cognition compared to relative brain size.

Our interpretations are based on models that do not
account for phylogenetic non-independence (see Methods).
Ancestral state reconstruction shows that neuron number is
interspersed across species (electronic supplementary
material, figures S5-7), suggesting that neuron number is
evolutionarily labile. We present phylogenetically corrected
models (PCM) in the electronic supplementary material.
However, the PCM models yielded disparate results from
our non-PCM models and failed to support established pat-
terns of neuronal scaling with respect to brain mass, likely
related to the small number of species examined. We encou-
rage future studies with larger samples of species to consider
phylogeny in analyses exploring the link between habitat
complexity and neuroanatomy in Anolis.

Our results suggest that species found in habitats of higher
complexity have a greater number of neurons at a given brain
mass, leading to higher neuron densities in the telencephalon
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Figure 1. Relationship between relative neuron density and relevant habitat complexity. Each point represents an estimate for a single individual, with colour
representing species and shape distinguishing different ecomorphological classes. Relevant neuron density is the residual for each individual when the number
of neurons is regressed on brain region mass, yielding a normalized measure of neuron density in neurons per milligram. Habitat complexity decreases with increas-
ing values of RHC. Significant relationships are plotted with a solid line.

and ROB (i.e. more neurons per milligram of brain mass). In
Puerto Rican anoles, species living in the canopy experience
the most complex habitats while species living in the under-
storey, such as on tree trunks, grass and shrubs, experience
the least complex habitats. Cognitive demands are likely

higher in more complex habitats, as an animal must coordinate
movement along a larger number of potential paths. Further-
more, for territorial species like anoles, the degree of habitat

complexity also impacts maintenance of territorial boundaries
and recognition of neighboring conspecifics [22]. Increases in
neuron density could support the greater cognitive demands

of these behaviors in more complex habitats. Experimental
studies have shown anoles can solve multiple cognitive tasks
[41,42], suggesting an unexpected level of behavioural flexi-
bility. Although neuron density is linked to cognition [5], it
is still unclear how neuron density relates to cognition in
anoles [28] and in vertebrates more generally.

The association we observed between habitat complexity and
neuroanatomy in Anolis parallels findings in other vertebrate
taxa. Studies in Aegean wall lizards [43], three-spine sticklebacks
[44] and zebrafish [45] found that individuals from more complex
habitats performed better in spatial learning tasks. Other
studies report similar findings at the level of neuroanatomy
[14-16,18,20,21,46,47] (but see [19,48]) and cognition [49].

Few empirical studies have explored the effect of neuron
density on behaviour and cognition. Theory suggests that
higher neuron packing density enables signals to transmit
more efficiently in the brain [5,6,50,51]. In primates, neuron
density correlates with connectivity [52]. Cognitive abilities
observed in primates [7,35,53] and core land birds [7,54]
could be related to their high neuron densities. Three species
of corvids were found to have higher neuron densities rela-
tive to other birds in the associative pallium, a brain region
that supports complex cognition in these species [11]. Cortical
neuron density is linked to quantitative discrimination [55]
(see also [56]). Diurnal primates, which rely heavily on
vision, have high neuron densities in visual areas of the
cerebral cortex [53]. Nevertheless, the functional implications
of neuron density on behaviour are largely unknown and
require further investigation.

Historically, the evolution of neuroanatomy and its
relationship to species ecology has been investigated primar-
ily at the level of brain size. Here we found that the number of
neurons in the telencephalon and ROB increased with habitat
complexity across six closely related species of Puerto Rican
anoles. These results suggest that habitat complexity has
potentially selected for interspecific differences in neuroanat-
omy across the Puerto Rican anole radiation. Further studies
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are needed to test if this pattern is present across other
anole radiations. Furthermore, our results demonstrate that
novel patterns in brain evolution can be revealed by using
alternative measures of neuroanatomy [6,8].

Ethics. This research adhered to the guidelines of the Institutional
Animal Care and Use Committee at University of Missouri, protocol
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Amphibians and Reptiles [57] in the treatment of all animals used
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tales of Puerto Rico issued permits (DRNA 2022-IC-045) for the
collection of animals used in this study.
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