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Wildlife Biology To cope with highly stochastic and/or heterogeneous environmental conditions,
2026: €01629 animals must balance energy resource allocation across physiological processes. The
doi: 10.1002/wlb3.01629 digestive tract and brain exhibit structural variations under strong developmental
T : and selective pressures that vary across environmental gradients both between and
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Accepted 23 December 2025 brain size (scale mass index, SMI residuals) for 67 Chinese pygmy dormice Typhlomys

daloushanensis (29 females and 38 males), an ancient, small, arboreal rodent spe-
cies with echolocation abilities, captured at 37 sites between 414 and 1757 m a.s.l.
From standardized major axis (SMA) regressions, we found no significant relation-
ship between body size (SMI) and elevation. Notably, neither digestive tract seg-
ment lengths and their residuals nor brain weight (absolute and residual) correlated
significantly with elevation in either sex, and slopes did not differ between males and
females, providing no support for the digestive tract theory (DTT) or the cogni-
tive buffer hypothesis (CBH). However, brain—digestive tract relationships exhibited
sex-specific differences, partially supporting the expensive tissue hypothesis (ETH),
suggesting that energy allocation to high-cost organs is sex-dependent. Males main-
tained relatively heavier brain weight under comparable digestive tract lengths, likely
to meet cognitive demands associated with mate competition, territorial defense, and
exploratory behavior, whereas females tended to prioritize digestive tract investment
to meet the energetic demands of gestation and lactation. Thus, classical predictions
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of body size—environment relationships may be overridden by sex-specific physiological tradeoffs in specialized species, pro-
viding new insights into how small mammals may adapt to rapid environmental change.

Keywords: cognitive buffer hypothesis, digestive tract theory, elevation gradient, expensive tissue hypothesis, sexual size

dimorphism, Byphlomys daloushanensis

Introduction

In complex and changeable ecosystems, environmental het-
erogeneity is universally acknowledged as a primary factor
driving developmental phenotypic plasticity and the adap-
tive evolution of species (Edelaar et al. 2023). High latitude,
temperature extremes, and seasonal and stochastic variations
in resources not only shape the behavioral patterns and life
history strategies of animals (Bright Ross et al. 2020) but can
also profoundly influence their physiology and energy alloca-
tion budgets (Bright Ross et al. 2025). Genotypic adaptation,
via Darwinian selection, takes generations to occur (Barnosky
and Kraatz 2007). Consequently, behavioral and physiologi-
cal plasticity provide the most immediate tactical response
to changing conditions, where animals attempt to maintain
their survival and reproductive rates through a combination
of mechanisms including behavioral adjustments (i.e. migra-
tion and foraging strategies; Noonan et al. 2018), physiologi-
cal regulation (i.e. changes in metabolic rate and fat storage;
Bright Ross et al. 2021), and even developmental organ
structure remodeling (Hildebrandt 2023).

Ecophysiology posits that organ systems serve as a cru-
cial bridge between the external environment and internal
physiological regulation in adaptive phenotypic responses
(Burraco et al. 2025). Given the fundamental relationship
expressed by Kleiber’s law (Kleiber 1975, Ballesteros et al.
2015), where an animal’s basal metabolic rate tends to scale
to the 34 power of mass (Rao 2021), changes in animal
body size have been recognized to constitute a third univer-
sal response to contemporary climate change (Gardner et al.
2011), in addition to changes in distribution and phenol-
ogy. Generally, within species, body size is often taken as
a proxy for specific underlying factors, such as metabolic
resource availability, body surface area and total muscle mass
(Schoenemann 2004). Although structural size and body
mass result from different genetic, physiological and eco-
logical mechanisms and represent energy allocation to dif-
ferent functions (Piersma and Van Gils 2011), these are used
interchangeably in studies evaluating population responses to
environmental change, especially in trait-based demographic
models (Canale et al. 2016).

Differences in diet composition can have a profound
effect on intestinal morphology (Langer and Clauss 2018).
The digestive tract theory (DTT; Penry and Jumars 1987,
Wang et al. 2003) posits that structural adjustments in the
digestive system are driven mainly by the digestibility of food
consumed: when the proportion of indigestible components
in food is relatively high, such as in poorer habitats, animals
tend to have longer intestines to increase retention time,
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thereby enhancing digestive efficiency and energy acquisi-
tion rate (Chapman and McLean 2023, Duque-Correa et al.
2025). More specifically, different functional segments of the
digestive tract respond differently to environmental factors:
low temperatures usually promote an increase in small intes-
tine length to enhance its chemical digestive capacity, while
the cecum, as the main site for microbial fermentation in
non-ruminant mammals, tends to increase in volume when
consuming high-fiber foods (Wang et al. 2003). This can
result in a relationship between body size, diet quality and
digestive strategy, such that smaller animals (especially herbi-
vores) require a richer diet than larger animals, as formulated
by the Jarman—Bell principle (Bell 1971, Jarman 1974, Potter
and Pringle 2023).

The effects of environmental conditions on energy-inten-
sive organs are not limited to the digestive tract. The brain
also exerts substantial and continuous energy demands and
exhibits variations in size and structure in response to envi-
ronmental complexity, resource predictability, home-range
size, habitat stability and sociality (Gonda et al. 2013). The
cognitive buffer hypothesis (CBH) posits that a relatively
larger brain can enhance an animal’s cognitive abilities and
behavioral flexibility, enabling it to respond more effectively
to environmental stressors such as unpredictable spatiotem-
poral food scarcity, increased predation pressure, or unstable
climatic conditions (Sol et al. 2016). Therefore, individuals
with relatively larger brains may have a phenotypic, and pos-
sibly a selective, advantage. For instance, Schuck-Paim et al.
(2008) found that among Neotropical parrots brain size
increased with greater climate variability. In terms of sur-
vival strategies, individuals with larger brains mitigate the
need for crypsis (e.g. coat color, spots or stripes, etc.) because
enhanced cognitive abilities allow them to evade predators
through active behavior (Liao et al. 2022); regarding repro-
ductive strategies, brain size promotes nest-building behavior
and reproductive success (Bialas et al. 2024); in male-male
competition, brain size is positively associated with competi-
tive success (Liao et al. 2025); and in social and mating sys-
tems, larger-brained birds show more stable pair bonds and
lower rates of extra-pair paternity (Liu et al. 2023).

Because of their high metabolic requirements, the
brain and digestive tract are particularly prone to pheno-
typic adaptation arising from energy reallocation strategies
(Heldstab et al. 2022). Consequently, structural and func-
tional changes in these organs reflect how animals respond
to various ecological pressures, such as social interactions and
foraging resource landscapes (Hartwig et al. 2011). Similarly,
because the vertebrate brain requires a continuous and sta-
ble energy supply to maintain physiological homeostasis,



homeorhesis, sensory information processing, and shaping
individual identity through integration, learning, memory,
emotion and cognition (Pereira 2021), this can impose seri-
ous constraints on brain size evolution, despite concomitant
cognitive benefits (Tsuboi et al. 2015). The expensive tissue
hypothesis (ETH), initially proposed by Aiello and Wheeler
in (1995), therefore posits that brain size can only increase
through a reduction in the mass of other energetically costly
organs, such as the digestive tract. This results in a redistribu-
tion of metabolic resources among organ systems (Isler and
Van Schaik 2006, Liao et al. 2016), which generally requires
an improvement in foraging efficiency or nutrient availabil-
ity in the environment. Isler and Van Schaik (2009) further
expanded this hypothesis and proposed a more comprehen-
sive framework for metabolic energy allocation, extending
the tradeoff range from the intestine to other high-energy-
consuming systems such as somatic growth and maintenance
(Isler and van Schaik 2006), locomotion (Saxena et al. 2022),
and reproduction (Isler and Van Schaik 2009), while empha-
sizing the regulatory role of life history traits on brain evolu-
tion (Song et al. 2023).

The tradeoff between larger brain size and reduced diges-
tive tract length is complex, as the digestive system must be
scaled to fulfill metabolic demands and thus exhibits con-
siderable plasticity in response to the availability of nutri-
tional resources and environmental variability (Secor 2001).
The ETH has subsequently been applied to various animal
groups. Among endothermic species, the ETH has been used
as a framework to study the energy tradeoffs between the
brain and other tissues in birds (Isler and Van Schaik 2006)
and bats (Jones and MacLarnon 2004). Among ectotherms,
similar investigations have been conducted in amphibians
(Liao et al. 2016, Luo et al. 2017) and fish (Tsuboi et al.
2015). The accumulation of empirical studies across differ-
ent groups has provided support for the ETH, but studies
have also shown that its applicability may be influenced by
ecological conditions, life history strategies and evolutionary
backgrounds.

Capacity to trade off expensive tissues may also be sex
dependent, as an extension of sexual size dimorphism (SSD)
theory (Hedrick and Temeles 1989, Isaac 2005, Tombak et al.
2024, Winkler et al. 2024), where the extent to which males
must compete for access to females determines male body
size, aggression and armaments, with females preferentially
selecting larger, stronger males, i.e. the Darwin—Bateman-
Trivers paradigm (Dewsbury 2005; versus the Ghiselin—Reiss
small-male hypothesis in systems dominated by scramble
competition; Blanckenhorn et al. 1995). Simultaneously, in
mammals, minimal energy intakes for females are determined
by the elevated costs of gestation and lactation (Fokidis et al.
2007). When female size matches of exceeds that of males,
this is typically due to selection pressures that affect homeo-
thermy during pregnancy, good-quality milk production, off-
spring protection and transport, and other forms of parental
care, (i.e. the big mother hypothesis; Ralls 1976), or arises
when species are more social, for example, due to environ-
mental or resource pressure (Firman et al. 2020).

High-clevation habitats are typically characterized by
lower temperatures, shorter growing seasons with lower
primary productivity, shifts in vegetation composition, and
reduced oxygen concentrations (Xu et al. 2024). These fac-
tors can exacerbate pressures on energy acquisition and uti-
lization substantially. Such constraints may, in turn, drive
developmental and adaptive selection for longer and more
efficient digestive systems. However, this energetic realloca-
tion may come at a potential cost to maintaining investment
in brain size, which serves as a proxy for cognitive capacity at
both structural and functional levels. The responses of mon-
tane species thus provide excellent indicators of vulnerability
to climate change and thus forecast likely future impacts on
biodiversity (Vitasse et al. 2021).

In this study, we examined relative organ size in the Chinese
pygmy dormouse (hereafter Typhlomys daloushanensis) — an
ancient, small, arboreal rodent species (Qian et al. 2024) that
occurs among a guild of 38 other rodent species in the for-
ested, mountainous Shennongjia region of Hubei Province,
in sub-tropical China (Zhou and Lei 2019). The genus
Typhlomys has diminished vision and relies instead on echo-
location capabilities (Qian et al. 2024), foraging for leaves,
stems, fruits and seeds (Smith and Xie 2008). The majority of
previous studies on 7. daloushanensis have mainly focused on
its taxonomy, phylogeny, distribution, species differentiation
and echolocation (Hu et al. 2021, Qian et al. 2024), whereas
research on the relationships between its physiological traits
and environmental factors remains limited. However, the
biology and elevational distribution of 7. daloushanensis
make it ideally suited for investigating the potential tradeoffs
among organ systems as environmental conditions change
with elevation. Cui et al. (2020) observed substantial hetero-
geneity in the morphometric traits of 7. daloushanensis with
elevation in the same study population as used in this cur-
rent study (these individuals were originally recorded as 7.
cinereus, but following taxonomic revisions, they have been
reclassified as 7. daloushanensis; Qian et al. 2024), although
they observed no ecogeographical clines in relation to
Bergmann’s, Allen’s (except ear size), or Hesse’s rule. In terms
of body-size, Qin et al. (2024) established a significant male-
biased sexual size dimorphism (SSD) in 7. daloushanensis,
with males exhibiting notably greater body length (+4.3%)
and body mass (+16.7%) compared to females. In relation to
a link between body-size and reproductive capacity through
SSD, T’ daloushanensis typically produces just one litter per
annum of two to four offspring, which is relatively low, for a
small rodent species (Smith and Xie 2008).

Building on existing knowledge of morphological organ
variation in 7. daloushanensis (Cui et al. 2020), here we
examined its relative energy allocation to brain weight and
digestive tract length along an elevational gradient. We first
re-tested and confirmed Cui et al.’s (2020) assessment that
overall body mass in this population does not increase with
elevation (i.e. with cooler conditions). Subsequently, we
integrated the digestive tract theory (DTT), the cognitive
buffer hypothesis (CBH), and the expensive tissue hypoth-
esis (ETH) to investigate potential tradeoffs between energy
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allocation and ecological adaptation and whether effects dif-
fer between the sexes.
We tested four hypotheses/theories:

1) The digestive tract theory (DTT), predicting an increase
in digestive tract length with higher (colder) elevation to
cope with poorer food quality/availability and to maintain
energy allocation to brain tissue;

2) The cognitive buffer hypothesis (CBH), predicting an
increase in brain weight with higher elevation to enhance
cognitive and adaptive abilities; that is, that larger brain
size may enhance foraging efficiency and compensate for
shorter digestive tract length;

3) The expensive tissue hypothesis (ETH), predicting a
negative tradeoff between brain weight and digestive tract
length, where an energy uptake insufficiency could com-
promise either or both organ systems; and

4) Sexual size dimorphism (SSD), predicting that the
demands of gestation and lactation may influence female
energy allocation with a bias toward DTT effects, whereas

males may benefit from investing in intelligence with a
bias toward CBH effects.

Material and methods

Study area

This study was conducted at the Shennongjia World Natural
Heritage Site (31°15'-31°57’N, 109°56'-110°58'E), a bio-
diversity hotspot and conservation priority area (Xie et al.
2017), and in Yichang (29°56'-31°34'N, 110°15'—
112°04’E), both in Hubei Province, central China. Here, ele-
vation ranges from 50 m a.s.l. in the deepest valleys to 3106
m at Shennong Peak, the highest point in central China. The
Képpen—Geiger climate classification for the Shennongjia
region is transitional between Cwb — temperate monsoon cli-
mate (dry winter, cool summer) and Cfa — subtropical mon-
soon climate zones (Wu et al. 2025). The region experiences
a mean annual precipitation of 1381 mm, which is evenly
distributed throughout the year and increases with elevation
from 400 to 2000 mm (Xiang et al. 2025). Annual tempera-
ture averages 10.4°C, with a mean of —0.6°C for the cold-
est month (January), and the frost period typically extends
from late September to the end of the following April. Both
mean temperature and temperature seasonality decrease with
elevation (Cui et al. 2020, Supporting information). These
climatic data were obtained from 27 standard meteorological
stations distributed across the study area for the period 2012—
2018 (nine stations operated by the Shennongjia Forestry
District Meteorological Bureau, 13 by the Xingshan County
Meteorological Bureau, and 5 by the National Field Research
Station for Forest Ecosystem of Shennongjia). The elevational
distribution of 7. daloushanensis typically ranges from 400 to
2000 m (Zhou and Lei 2019). Within this range, below 900
m, vegetation consists of evergreen broadleaf forests, domi-
nated by species such as Quercus serrata and Q. aliena. These
forests are widely distributed, but plant species diversity is
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relatively low. Between 900 and 1500 m, there is a mixed
forest zone of evergreen and deciduous broadleaf trees. From
1500 to 2000 m, the vegetation transitions to deciduous
broadleaf forests, with a complex plant species composition,
commonly including species such as various Fagaceae spp.
(Xiang et al. 2025).

Data collection
The individuals analyzed in this study correspond with those
used by Cui et al. (2020), and thus all trapping localities and
climatic conditions align with those described in that study.
Trapping for 7. daloushanensis (synonym 7. cinereus; ITUCN:
Least Concern, ver. 3.1, 2017) was conducted sequentially
over 25 nights at 4-6 sites per night, transcending an eleva-
tional gradient from 45 to 2900 m. At each site, 150 snap
traps (155 X 85 mm) were placed at intervals of 2-3 m (total
n=115 sites X 150 traps X 1 [night site™']). Traps were baited
with chestnuts Castanea mollissima (Cui et al. 2020) that
occur naturally and extensively across the study region and
have been shown to produce high capture rates in regional
rodent—seed dispersal studies (Chen et al. 2019). Traps were
inspected at around 7:00 h on the following morning, and the
species and sex of each captured individual were documented
with respect to elevation using a GPSmap 60CSx device. The
primary purpose of this lethal trapping was to examine the
role of T. daloushanensis in the transmission of lethal patho-
gens such as lymphocytic choriomeningitis virus, plague
and hemorrhagic fever (Wong and Qiu 2018), and thus our
study leveraged these necropsy data as an existing resource.
This study was formally approved by the Ethics Committee
of China Three Gorges University (no. 2022025A) and all
trapping procedures were carried out in full compliance with
the provisions of the National Wildlife Conservation Law of
China. For more detailed information see Cui et al. (2020).
Only adult specimens were necropsied, as established
from their reproductive status. For males, individuals were
considered reproductively mature when testes were clearly
descended into the scrotum. Female maturity was determined
by the presence of an unfused, open vagina. Females showing
clear signs of pregnancy were not included in the analysis.
For all individuals captured, body was measured using an
electronic balance accurate to 0.01 g and body length (BL;
from snout to anus) was measured with a ruler. Individuals
were then dissected. The brain was carefully removed and
weighed using an electronic balance accurate to 0.1 mg, as a
metric of brain size. The entire digestive tract was then care-
fully extracted, and all surrounding mesenteric tissues were
removed. The total length of the relaxed digestive tract was
measured using a ruler (Muise et al. 2016), where diges-
tive tract length, rather than mass, is most closely related to
nutrient (energy) absorption capacity (Weaver et al. 1991).
Finally, the digestive tract was separated into four principal
parts — stomach, small intestine, large intestine and cecum —
each of which was fully extended to its maximum length and
measured with the same ruler. All measurements were carried
out by a single researcher to reduce inter-observer variation.
Given that all specimens were collected from a geographically



restricted region, it can be reasonably inferred that they con-
stitute a single genetic population subjected to comparable
regional selective pressures (Miiller et al. 2014).

Statistical analyses

To characterize the elevational trend of temperature as a
background environmental gradient, we incorporated the
lapse rate reported by Cui et al. (2020). In that study, the
authors quantified the relationships of mean annual temper-
ature, mean temperature of the coldest and warmest three
months, and temperature seasonality with elevation using a
generalized additive model (GAM), to allow for non-linear
responses. Their fitted lapse-rate functions were used here to
represent the temperature—elevation pattern for the region
(Supporting information).

Establishing parametric morphological variables is vital
in the assessment of allometric responses (Cui et al. 2020).
Although body length is commonly used for standardiza-
tion, several studies have noted its limitations (Miiller et al.
2014, Cui et al. 2020). Furthermore, body mass is subject
to seasonal fluctuations in calorific intake and fat storage
relating to resource availability, and to cyclical changes in
energy expenditure (e.g. mating and reproduction) (Bright
Ross et al. 2021), making direct use unreliable. In contrast,
using a scale mass index (SMI) provides a more effective
method to normalize inter-individual body size differences
by quantifying the scaling relationship between body mass
and body length, thereby capturing their inter-dependence
(Peig and Green 2009).

SMI = Mi [II_:OJbSMA

i

Where M, and L, represent the actual measured body mass
and body length of the individual 7, L represents the arith-
metic mean body length of the study population, and bg,,,
provides the regression slope of In (body mass) on In (body
length) obtained from a standardized major axis (SMA).

All data, including body mass, BL, as well as total intes-
tine length, stomach, small intestine, large intestine, and
cecum lengths, SMI, brain weight, and elevation were log; -
transformed to reduce skew and better meet the assumptions
of normality. To control for the effects of body size, diges-
tive tract lengths and brain weight were standardized using
the SMI. Residuals from linear regressions with SMI as the
predictor were used as size-corrected values for subsequent
analyses.

To investigate the effects of elevation on digestive tract
length and brain weight, we utilized standardized major axis
(SMA) regression (following Cui et al. 2020). Initially, SMA
regressions were conducted with elevation as the independent
variable and both brain weight and DT length actual val-
ues and their corresponding residuals as dependent variables,
generating estimates of slopes, intercepts, and coeflicients
of determination (R?), along with results from significance
tests. Subsequently, SMA analyses were carried out using

total digestive tract length as the predictor variable and brain
weight as the response variable to explore the relationship
between these two traits and to identify any potential sex-
based differences.

Four theoretical frameworks were employed for hypoth-
esis testing: 1) under the DTT, total digestive tract length
and its components — including the stomach, large intestine,
small intestine and cecum — were treated as response variables
to investigate trends in both actual and residual digestive tract
lengths, with elevation as the predictor variable; 2) under
the CBH, brain weight, including both actual and residual
values, was modeled in response to elevation; 3) under the
ETH, both actual digestive tract length and its residual val-
ues were utilized as response variables, with brain weight and
its residuals as predictors, to explore the potential tradeoff
between neural and digestive tissue investment; and 4) under
SDD, separate SMA regressions were performed for males
and females, and likelihood-ratio tests were applied to assess
heterogeneity in slope parameters between the two sexes. All
statistical analyses were conducted using R ver. 4.3.3.

Results

Trait variation

A total of 67 adult 7 daloushanensis (females, n=29; males,
n=38) were captured at 37 sites ranging in elevation from
414 to 1757 m. Over this sample we observed substantial
variation in morphological, brain, and digestive tract traits:
body mass=13.60-26.28 g; body length=66-93 mm;
total digestive tract length=40.83-87.52 mm; stomach
length=13.47-34.5 mm; large intestine length=4.5-16.52
mm; small intestine length=10.10-43.25 mm; cecum
length=1.99-5.80 mm; and brain weight=0.420-0.748 g.
There were no significant differences in total digestive tract
length between the sexes or in any of its components (total
digestive tract: t=-1.18, p=0.241; stomach: t=-0.16,
p=0.871; small intestine: t=-1.13, p=0.262; large intes-
tine: t=-0.83, p=0.412; cecum: t=0.29, p=0.772).

DTT

Inconsistent with the predictions of the DT'T, elevation had
no significant effect on either the actual or residual lengths
of the stomach, cecum, small intestine or large intestine

(Table 1, Fig. 1).

CBH
Inconsistent with the CBH, neither actual nor residual

brain weight exhibited correlated significantly with elevation
(Table 1, Fig. 2).

ETH
Inconsistent with the predictions of ETH, neither the actual
nor the residual values of digestive tract length and brain

weight showed significant correlations across the full sample
(Table 1, Fig. 3).
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0.598
0.440

0.277

0.448
0.715

0.021

93.753

0.287

0.031

101.260

Elevation
Elevation

Digestive tract length

The digestive tract theory (DTT)

0.595

0.005

0.172

0.262

0.035

0.276

Residual digestive tract

length (SMI)
Stomach length

0.970

0.001
0.071

0.005 0.726

35.239

0.216

0.042

8.026
-0.267
16.994

Elevation
Elevation
Elevation
Elevation

0.789
0.422

0.003 0.762

0.276

0.153
0.489

0.056

Residual stomach length (SMI)

Large intestine length

0.644
1.333

0.127
0.086

0.084

0.105

0.819
—0.385

0.013

0.248

0.514

0.012

0.298

Residual large intestine

length (SMI)
Small intestine length

0.974

0.001
0.481

0.058 55.027 0.064 0.184
0.268

0.096

57.966

Elevation
Elevation

0.483

0.045

0.334

0.052

0.100

0.408

Residual small intestine

length (SMI)
Cecum length

0.796
0.695
0.067

0.065

0.016 0.511

0.468
—0.385

0.002 0.796

7.229
0.444

Elevation
Elevation
Elevation
Elevation

0.154
3.338
3.291

0.408
0.324
0.545
0.826

0.025

0.606

0.007

Residual cecum length (SMI)

Brain weight

0.036

0.920
0.228

0.402

0.019

0.415
-0.147

The cognitive buffer hypothesis (CBH)

0.069

0.013

0.219

0.042

Residual brain weight (SMI)

Brain weight

0.020

5.403
5.341

0.002
0.021

1.387
-0.013

0.174 0.025 0.343
0.586

0.009

Digestive tract length
Residual digestive

The expensive tissue hypothesis (ETH)

0.021

0.454

0.008

Residual brain weight (SMI)

tract length (SMI)

SSD

Although males had significantly heavier brains than females
(t=-2.08, p=0.044), indicating SSD, the sex-specific slopes
of brain weight in relation to elevation were not statistically
different (Table 1, Fig. 2). In relation to the ETH, however,
slopes differed significantly between sexes (actual: t=75.403,
p=0.020; residual: t=5.341, p=0.021; Table 1, Fig. 3)
indicating that energy allocation to high-cost organs differed
between the sexes, with males maintaining relatively larger
brain weight relative to DT length, whereas female brain
weight decreased with DT length.

Discussion

Overall, we established that neither the lengths of digestive
tract segments (refuting DTT) nor brain weight (refuting
CBH) varied significantly with elevation, nor were diges-
tive tract segment lengths and brain weight inversely corre-
lated, suggesting no tradeoff was occurring (refuting EBH).
Interestingly, however, distinct patterns were evident when
separating these data by sex, supporting SSD.

The consistent lack of support for DTT (Table 1, Fig. 1)
may arise because there was no overall increase in 77 dalousha-
nensis body-size with elevation (Cui et al. 2020); that is, the
Jarman—Bell principle did not apply (Miiller et al. 2013),
where DT length may instead be linked to other dietary and
behavioral strategies in this species. Although digestive tract
theory predicts that any decline in diet quality or food digest-
ibility with increasing elevation should favor longer intestines,
1. daloushanensis preferentially forages for and consumes
high-energy, easily digestible seeds and engages in food cach-
ing behavior (Smith and Xie 2008). This diet apparently buf-
fers any differences in resource availability linked to changing
habitat conditions with elevation (Penry and Jumars 1987,
Russo et al. 2025), obviating the need for digestive tract
elongation to meet metabolic demands. Indeed, recent stud-
ies indicate that DT morphology is influenced not only by
food digestibility but also by bioclimatic zone, phylogeny
and life-history traits (Chapman and McLean 2023, Duque-
Correa et al. 2025).

In relation to the CBH, brain size is closely linked to cog-
nition (Gonda et al. 2013) and can provide a proxy for intel-
ligence (i.e. cognitive performance) across and within species,
enabling individuals to utilize the resources in their habitat
more efficiently and to exploit novel assets (Heldstab et al.
2022). For example, larger-brained and thus more intelli-
gent vertebrate species tend to live in more complex habitats,
linked to superior spatial memory and use more sophisticated
foraging techniques to gain continuous access to difficult-
to-extract but nutrient-rich food resources (Heldstab et al.
2016) or, in the case of bird species with relatively larger
brains, achieve greater nest-building complexity (Li et al.
2023). Furthermore, higher intelligence is associated with
lower mortality rates, presumably because of superior preda-
tor and parasite avoidance (Stankowich and Romero 2017).
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Figure 2. Testing the cognitive buffer hypothesis (CBH). Responses
of brain weight actual (a) and residual values (b) (SMI) to elevation
for 67 adult Typhlomys daloushanensis. Pink = females; Blue = males.

That we found no significant relationship between brain
size and elevation in 7. daloushanensis (Table 1, Fig. 2) may
relate to its brain size being driven by other subtle factors.
Typhlomys daloushanensis uses echolocation (Qian et al. 2024)
and spends the majority of its nocturnal activity period
climbing or burrowing (Vignieri 2017). This may have
resulted in these drivers of encephalization eclipsing other
elevation-related selection pressures; that is, the evolution of
larger auditory nuclei linked to echolocation (McCurry et al.
2021), larger petrosal lobules and neocortical sizes linked
to scansoriality, and a larger hippocampus linked to spatial
memory (Bertrand et al. 2021). Specifically, among small
mammals, Mace et al. (1981) found that forest-dwelling gen-
era have larger brains than grassland forms; granivores, insec-
tivores, and frugivores have larger brains than folivores or
dietary specialists; arboreal genera have larger brains than ter-
restrial species; and that nocturnal genera have larger brains
than diurnal ones. Furthermore, recent research has found
that echolocation, and its cognitive demands, are generally
associated with smaller body size across mammalian taxa (

Li et al. 2025), potentially constraining the potential for
body size responses to elevation in 7 daloushanensis.

In terms of support for the expensive tissue hypothesis
(ETH), the application of this hypothesis is by no means uni-
versal, with particular taxa showing no, or even positive cor-
relations (Jones and MacLarnon 2004). Certainly, additional
mechanisms such as gut microbiota and fat storage may
also play a role in these tradeoffs (Bright Ross et al. 2020,
Cheng et al. 2025). While we found no overarching evidence
for ETH tradeoffs across our full sample (Table 1, Fig. 3), we
did detect a pronounced sex-specific pattern, indicating SSD
effects: males maintained relatively larger brain weight rela-
tive to overall DT length, whereas female brain size decreased
with DT length. This suggests that males prioritize sustain-
ing brain investment under increasing energetic constraints
with elevation to continue to support the cognitive demands
associated with mate competition, territorial defense, and
exploratory behavior (Qin et al. 2024). In contrast, females
allocate or increase investment in the digestive system or other
energy-acquisition organs to meet the energetic requirements
of gestation and lactation (Corral-Lépez et al. 2017), where

Page 8 of 11

—_
()
-
—_
(=2}
-
o

4 : ° L] .. =~
0.7 = .“" ~... E
_ 3 =
&n e %o, ° =
= | et e s
Bogl — e *es °g 2
153 ° — =l
Z °s ) ° ‘§
g o7 .t £
=3} S
0.5 = =
. 7
" %% @ &
40 50 60 70 80 -0.2 0.1 0.0 0.1

Total intestine length (cm) Residual total intestine length (SMI)

sex « Female ® Male

Figure 3. Testing the expensive tissue hypothesis (ETH).
Relationships between (a) absolute and (b) relative sizes (SMI resid-
uals) of digestive tract length and brain weight for 67 adult
Typhlomys daloushanensis. Pink =females; Blue = males.

their low reproductive rate for a rodent species suggests that
reproduction exerts a high demand on 7. daloushanensis. For
comparison, Chapman and McLean (2023) found that the
DT lengths of male and female eastern deer mice Peromyscus
maniculatus responded in sex-specific ways to demands of
reproduction.

Cui et al. (2020) established significant SSD in relation
to body weight and SMI among the individuals we sampled,
with males larger than females. Given that the direction and
extent of sexual dimorphism in body size typically relates a
species’ social system, where males tend to be substantially
larger than females in polygynous rodent species (Wolff
2007), the extent of male-biased SSD observed in 1. dalousha-
nensis (Qin et al. 2024) suggests that heavier body weight
may provide males with a competitive advantage when con-
testing access to females. Links between larger body size and
larger brain size in male 7. daloushanensis are likely driven by
the need for competitive and exploratory capacities; however,
this will place males under higher metabolic demands, incur-
ring higher food acquisition and foraging expenditure costs.
According with the Darwin—Bateman—Trivers paradigm, male
biased SSD suggests that male 7. daloushanensis must com-
pete for mating opportunities, although this activity must be
traded off against foraging effort (Blanckenhorn et al. 1995),
thus a larger brain may allow males to forage smarter, not
longer. This could be particularly advantageous in high eleva-
tion habitats with high resource diversity but low abundance.

Conclusion

The climatic variability hypothesis (CVH) posits that, due to
an increase in climatic variability at higher latitudes or eleva-
tions, individuals living in these areas should exhibit increased
phenotypic flexibility (Naya et al. 2012). This greater flexibil-
ity should in turn allow phenotypically flexible populations
to thrive and become more widely distributed throughout
those habitats (Naya et al. 2012, Wu et al. 2024). That we
detected no substantive phenotypic responses to elevation
for expensive organ systems in 7. daloushanensis may arise
due to this species’ combination of climbing and burrowing



behaviors, along with its use of echolocation — specialized
traits that override simpler, direct energetic plasticity trad-
eoffs. This highlights the extent to which species respond dif-
ferently to climatic gradients (Kingsolver and Buckley 2017)
and thus will likely respond differently to ongoing rapid cli-
mate change (Fei et al. 2017).
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