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of local extinctions (e.g. habitat degradation versus overharvesting) can lead to

Handling Editor: Aashna Sharma misinterpretation of optimal habitat conditions. We investigated how life-stage
specific ecological requirements and historical causes of population decline affect
habitat suitability assessment in the critically endangered Formosan landlocked
salmon (Oncorhynchus masou formosanus).

2. We compared Chichiawan Creek (a remnant population) with Hehuan Creek
(@ reintroduced population) using field surveys and in situ experiments. We
quantified redd density, nest site selection and hatching rates. We also estimated
multidimensional niche hypervolumes based on five key aquatic environmental
parameters (water temperature, conductivity, pH, dissolved oxygen and stream
velocity) for the nesting and hatching stages, and assessed the influence of these
factors on reproduction and early development.

3. Habitat suitability, defined as the relationship between environmental variables
and species' fitness, was higher in Hehuan Creek than Chichiawan Creek for both
the nesting and hatching stages. The hatching hypervolume was substantially
smaller (49.5%) than the nesting hypervolume, indicating more stringent
environmental requirements for successful egg development compared to
adult nesting behaviour, and representing a critical ecological bottleneck for
conservation planning.

4. Redddensityincreased with streamvelocity but decreased with water conductivity

and temperature. Female salmon selected nest sites with lower stream velocities,
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more neutral pH values, lower conductivity and higher dissolved oxygen levels.
Hatching success was most strongly associated with lower water conductivity,
temperature and moderate stream velocity, while indicators of eutrophication

levels (dissolved oxygen and pH) had less influence on egg development.

. Synthesis and applications. Our results challenge the assumption that remnant

habitats represent optimal conditions for endangered species, especially when
historical local extinctions were caused by overharvesting rather than habitat
degradation. This study provides a framework for comprehensive conservation
strategies that integrate historical distribution data with quantitative assess-
ments of stage-specific ecological requirements for salmonids. This approach will
enable conservation practitioners to better identify suitable areas for protection
and reintroduction, improving endangered species management under rapid en-

vironmental change.
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1 | INTRODUCTION

In the context of rapidly declining global biodiversity, in situ con-
servation and species reintroduction have become key strategies
for protecting endangered species (IUCN/SSC, 2013; Seddon
et al., 2014). However, these methods face new challenges from
global environmental change and therefore require constant
adaptation. Understanding the historical factors driving spe-
cies decline is crucial for effective conservation (Armstrong &
Seddon, 2008). When habitat degradation drives extinctions, rem-
nant populations often persist in remaining high-quality habitats
(Brown, 1995; Johnson, 2004; Lawton et al., 1995; Pulliam, 1988;
Pulliam & Danielson, 1991). In such cases, the distribution of
remnant populations may better reflect the environmental needs
of the species, providing a reliable guide to conservation strat-
egies. Although conservation practitioners often assume that
remnant populations occupy optimal habitats, this assumption
may not hold true if factors other than habitat degradation are
the primary cause of decline (IUCN/SSC, 2013). When popula-
tion declines stem from human exploitation (e.g. overharvesting)
(Yackulic et al., 2011) or sudden natural disasters (Walters, 1997),
the situation becomes more complicated for habitat assessment
and conservation planning. Unlike habitat degradation that pre-
serves the habitat-population relationship, these non-habitat fac-
tors can eliminate populations from optimal habitats while leaving
populations in marginal areas that happen to escape exploitation
or disaster impacts. These same factors can affect even optimal
habitats, leading to remnant populations occurring in subopti-
mal areas (Channell & Lomolino, 2000). Thus, assessing habitat
suitability based only on current population distributions can be
misleading. Holistic conservation strategies require the integra-
tion of habitat restoration, reduction of anthropogenic pressures

endangered species conservation, Formosan landlocked salmon, habitat suitability, life stage,
niche space, Oncorhynchus masou formosanus, reintroduction

(including overfishing) and targeted interventions that minimize
human-induced ecosystem disturbances, such as pollution, altered
hydrological regimes and recreational impacts. These evidence-
based approaches, combined with carefully planned reintroduc-
tions guided by comprehensive scientific assessments, provide the
foundation for effective species recovery.

Accurately assessing habitat suitability requires evaluat-
ing species' biotic and abiotic requirements across different life
stages as well as quantifying species-environment interactions
using robust empirical approaches (Armstrong et al., 2003; IUCN/
SSC, 2013). Moreover, assessing habitat suitability using short-
term establishment of reintroduced populations can misrepresent
long-term species viability and population dynamics, since the fac-
tors driving initial establishment are often different from those re-
quired for long-term persistence (Armstrong & Seddon, 2008; lles
et al., 2016; Robert et al., 2015). Species may thrive initially but
later face challenges like resource depletion or increased compe-
tition (lles et al., 2016; Robert et al., 2015). In conservation prac-
tice, reintroduction sites are often chosen based on two simple
but potentially misleading criteria: (i) the focal species previously
existed at the site; or (ii) the site meets basic habitat criteria for
the species based on current observable conditions (Osborne &
Seddon, 2012). However, this approach may overlook key eco-
logical processes and long-term adaptive mechanisms. Failure to
adequately address the initial causes of species decline and rec-
ognize unsuitable habitat conditions (e.g. water quality and avail-
ability of food or reproductive resources) has been shown to be
the most important predictors of reintroduction failure (Cochran-
Biederman et al., 2015; Godefroid et al., 2011). These findings
highlight the limitations of relying solely on historical records or
simple habitat characteristics when planning reintroductions.
Instead, reintroduction sites should be selected using a systematic
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approach to comprehensively assess habitat suitability, including
addressing initial causes of decline, accurately quantifying exist-
ing habitat conditions and simulating the effects of future envi-
ronmental changes (Cochran-Biederman et al., 2015; Osborne &
Seddon, 2012).

Recent work has increasingly shown that considering the envi-
ronmental requirements of only a single life stage can lead to seri-
ous misjudgements of habitat suitability. For example, research on
Atlantic salmon, brown trout and Arctic charr has emphasized that
eggs and juveniles have more stringent requirements than adults
for water quality, flow and substrate characteristics (Armstrong
et al., 2003; Elliott & Elliott, 2010). For these salmonid species, eggs
consistently have the lowest temperature tolerance of all life stages,
making them particularly vulnerable to climate change. Building on
these earlier findings, a comprehensive meta-analysis examining 694
marine and freshwater fish species from all climate zones, including
34 species or subspecies of salmonids, demonstrated that spawning
adults and embryonic stages have the narrowest thermal tolerance
ranges, making them less tolerant to warming water than juveniles
and non-breeding adults (Dahlke et al., 2020). This finding further
confirms the inherent limitations of approaches that consider only
a single life stage for conservation management. As a result, some
habitats may be suitable for adults but not for reproduction or ju-
venile development, potentially leading to long-term population
declines. These studies highlight that focusing solely on adult re-
quirements overlooks critical developmental stages necessary for
population persistence. Therefore, a comprehensive assessment
of habitat suitability must consider the diverse needs of a species
throughout its life cycle.

Here, we use the Formosan landlocked salmon (Oncorhynchus
masou formosanus), an endangered subspecies endemic to Taiwan, to
develop anintegrated approach for comprehensive habitat suitability
assessment. The Formosan landlocked salmon is found exclusively in
the upper reaches of the Dajia River in Taiwan (Figure 1a), repre-
senting the southernmost natural salmon population in the Western
Pacific (Morita, 2018; Oshima, 1936). Since the 1950s, this popula-
tion has experienced a severe population decline (Lin et al., 2004;
Zheng, 1987), with a population bottleneck of approximately 200
individuals remaining in a 5km stretch of Chichiawan Creek in 1984
(Lin & Chang, 1989). Since the late 1980s, several in situ restocking
programs and habitat restoration efforts have been undertaken in
Chichiawan Creek. In addition, since 2017, a reintroduction program
was initiated in Hehuan Creek, a historical habitat where the spe-
cies once existed but later became extinct. According to a long-term
study documenting the historical population trends of Formosan
landlocked salmon since 1950, the construction of the Central
Cross-Island Highway in central Taiwan in 1956 allowed gold min-
ers to enter Hehuan Creek. This access led to extensive overfishing
(using ichthyotoxins and electrofishing) between 1956 and 1969, ul-
timately resulting in the local extinction of the Hehuan Creek salmon
population (Zheng, 1987). This finding strongly suggests that the pri-
mary cause of the historical local extinction of Formosan landlocked
salmon may have been due to anthropogenic factors rather than

habitat degradation. Consequently, Hehuan Creek may not nec-
essarily be inferior to Chichiawan Creek as a habitat for Formosan
landlocked salmon, and the reintroduction efforts there provided an
opportunity to assess its suitability for the recovery of the species.
Our study has three key objectives: (1) to determine whether hab-
itat suitability differs between remnant and historical habitats, chal-
lenging the common assumption that remnant populations persist in
optimal conditions; (2) to quantify how environmental requirements
vary across different life stages (particularly nesting and hatching),
testing the hypothesis that reproductive stages have more stringent
environmental requirements than adult survival; and (3) to identify
critical environmental factors that influence population persistence
at each life stage. We predict that if historical local extinctions were
primarily driven by anthropogenic factors like overharvesting rather
than habitat degradation, Hehuan Creek may provide equivalent or
superior habitat conditions compared to Chichiawan Creek. Our ap-
proach integrates comparative field surveys of population dynamics,
redd distribution and hatching success with experimental assess-
ments of stage-specific habitat requirements. By quantifying niche
hypervolumes based on five key aquatic environmental parameters
(water temperature, conductivity, pH, dissolved oxygen and stream
velocity) for different life stages and analysing the contribution
of each creek to these niche spaces, we provide a comprehensive
framework for habitat suitability assessment that accounts for both
historical distribution patterns and life-stage-specific requirements.
This integrated approach has broad implications for conservation
strategies, particularly for endangered species whose current dis-

tributions may not reflect their complete ecological requirements.

2 | MATERIALS AND METHODS
2.1 | Studyarea

In 2021 and 2022, we conducted the study in two creek sys-
tems in the upper reaches of the Dajia River (Figure 1a) in Taiwan.
Chichiawan Creek (Figure 1b) is the last known natural habitat of the
remnant population of Formosan landlocked salmon. Hehuan Creek
(Figure 1c) is a historical habitat in which the salmon went extinct by
the late 1960s and was the focus of a comprehensive reintroduction
program between 2017 and 2019 (Figure 1d). This reintroduction
program established three sectors within Hehuan Creek: Taiyang
City, Huagang Tribe and Hehuan Creek Trail. Initial reintroduction
efforts began in October 2017 with the release of 900 juvenile
salmon (age 0+), followed by subsequent releases of 3000 juve-
niles in 2018 and 2400 juveniles in 2019, all within their first year
of life (O+) (Liao et al., 2024). Our study was conducted beginning
in 2021, 4years after the first reintroduction in 2017, allowing suf-
ficient time for multiple generations of the reintroduced population
to establish. We selected eight sectors within these creeks: Dam 4
(ca. 1900m in elevation), Dam 3 (ca. 1830m), Dam 2 (ca. 1780m),
Dam 1 (ca. 1760m), Taiwan Salmon Eco Center (ca. 1720 m), Wuling
Guest House (ca. 1690m) in Chichiawan Creek and Hehuan Creek
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FIGURE 1 Study sites. (a) Historical range of the Formosan landlocked salmon and the locations of our study sites. (b, c) A real map for
(b) Chichiawan Creek and (c) Hehuan Creek. (d) Salmon population trends in the two study creek systems. In (b) and (c), transparent white
lines represent the creeks. Lines with different colours represent different sites, with solid lines indicating transects where redd density was
surveyed, and dashed lines marking areas for population density survey and hatching experiment.

Trail (ca. 2550m) and Huagang Tribe (ca. 2250m) in Hehuan Creek

(Figure 1b,c).

2.2 | Field survey and experiment

We obtained salmon density data for 2021 and 2022 from an-
nual snorkelling surveys conducted by volunteers in both creeks in

Shei-Pa National Park (see Supporting Information). These surveys
have been conducted annually since 1987 (Chung et al., 2007). We
also surveyed for salmon redds, or rows of nests constructed by a
single female salmon that are formed when she uses her tail and
flanks to excavate and cover one or more depressions in the gravel
to protect fertilized eggs during incubation (Fleming et al., 1996). We
identified redds by observing salmon nesting behaviour in combina-
tion with distinct site characteristics, such as newly disturbed gravel,
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visible depressions or fresh gravel mounds, which typically indicate
an active redd. We established a transect at each study sector to
survey for salmon redds and visited each transect every 5-6days
throughout the 2021 and 2022 breeding seasons to locate and re-
cord any new redds. We also randomly selected sites for further
environmental comparison with redd sites. We divided the study
reaches of Chichiawan Creek and Hehuan Creek into 1364 and 1119
cells on the aerial map, respectively, and randomly selected cell
numbers to determine these random sites.

We also conducted in situ hatching experiments to investigate
how environmental variables affect the hatching rate of salmon
eggs. For these experiments, we specifically selected only natural
redd sites identified in our previous surveys (n=17 in Chichiawan
Creek; n=15 in Hehuan Creek) that represented different environ-
mental conditions. We installed three replicate Whitlock-Vibert
boxes (Whitlock, 1977) at each of these natural redd sites to deposit
salmon eggs obtained from a single captive population. By using only
natural redd locations, we aimed to understand how the environ-
mental conditions at sites naturally selected by salmon for spawning
affect hatching success. This semi-manipulative field experimental
design controlled for egg quality and deposition conditions while uti-
lizing natural environmental gradients across sites. We standardized
egg sources, placement depth and substrate conditions, allowing us
to isolate the effects of aquatic environmental variables on hatching
success. After 3weeks, we retrieved the boxes and counted the num-
ber of successfully hatched alevins, enabling systematic comparison
of hatching rates across varying environmental conditions. For each
redd site, random site and experimental site (with Whitlock-Vibert
boxes), we measured pH, dissolved oxygen, conductivity, stream ve-
locity and water temperature for further analysis. Detailed informa-
tion on survey methods, experimental procedures and measurement
techniques is provided in the Supporting Information (Appendix S1).

Permits for the field study were issued by Shei-Pa National Park
(1110002834) for Chichiawan Creek and by Taroko National Park
(1110003283) for Hehuan Creek. Permits for the experimental
use of salmon eggs were issued by the Forestry Bureau of Taiwan
(1101611340, 1111701591). This study did not require additional

ethical approval according to the regulations in Taiwan.

2.3 | Data analysis

We used linear mixed models (LMMs; Ime4 package; Bates
et al., 2015) to assess environmental effects on redd density among
transects, with transect ID as a random factor. To analyse nest site
selection and hatching success at microhabitat (site) level, we em-
ployed two complementary approaches: (1) generalized linear mixed
models (GLMMs) for interpretable individual variable effects; and (2)
Random Forest with SHapley Additive exPlanations (SHAP) to han-
dle complex non-linear relationships and provide objective assess-
ments of effect sizes.

For nest site selection, we used a binomial GLMM with a binary
response (1=redd site, 0=random site) with transect ID as a random

factor. For hatching success, we used a negative binomial GLM
(MASS package; Venables & Ripley, 2002) to compare differences
among transects, and a negative binomial GLMM with hatched
alevins as the response variable, log(total egg number) as an offset
term and transect ID as a random factor. We used the randomForest
package (Liaw & Wiener, 2002) and the shapviz package (Mayer &
Stando, 2023) for Random Forest and SHAP analyses, respectively.

To address multicollinearity, we also performed principal compo-
nent analysis (PCA) on aquatic environmental variables (pH, stream
velocity, dissolved oxygen, conductivity, water temperature) and
used the resulting components as predictors in separate models.

To quantify differences in ecological niches between nesting
and hatching stages, we estimated hypervolumes using the Gaussian
kernel density approach (Blonder et al., 2014, 2018). After perform-
ing PCA on the pooled environmental data, we constructed separate
hypervolumes for nesting and hatching in PCA space. We used per-
mutation MANOVA (adonis2 function in vegan package; Oksanen
et al., 2022) to test for differences between these hypervolumes.
We calculated the overlap between nesting and hatching hyper-
volumes and estimated the unique contribution of each creek and
transect to both hypervolumes using the hypervolume_set function
(Blonder et al., 2014, 2018).

For spatial visualization of habitat suitability, we projected pre-
dicted nesting and hatching probabilities onto creek maps using
loess regression (stats package; R Core Team, 2022). We calculated
overall habitat suitability as the square root of the product of nest-
ing and hatching probabilities. All analyses were performed using R
v4.2.1 (R Core Team, 2022), with detailed methods provided in the
Supporting Information (Appendix S1).

3 | RESULTS

3.1 | Niche hypervolume analysis of nesting and
hatching stages

Our hypervolume analysis quantified the environmental niche
spaces during the nesting (=283 redd sites and 205 random points)
and egg hatching (n=190 from 32 sites) stages of the Formosan
landlocked salmon. PCA of the environmental variables revealed
three major independent environmental dimensions (Figure 2;
Figure S1; Table S1). PC1 explained 40.2% of the variation, repre-
senting temperature-related stress, and was positively related to
mean water temperature and conductivity (Figure 2; Table S1). PC2
explained 26.2% of the variation and was associated with eutrophi-
cation, positively correlated with daytime pH and negatively corre-
lated with dissolved oxygen and stream velocity (Figure 2; Table S1).
PC3 explained 14.9% of the variation and was primarily positively
correlated with stream velocity (Figure S1; Table S1).

The permutation MANOVA revealed that nesting and hatching
hypervolumes differed significantly in their position across these
environmental dimensions (F=35.20, p=0.001; Figure 2). The hy-
pervolume overlap analysis showed only 25.9% overlap between
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the two stages, indicating distinct environmental requirements for
nesting versus hatching. Additionally, the hatching hypervolume was
49.5% (313.6/634.1) the size of the nesting hypervolume, suggest-
ing more stringent environmental conditions for successful hatching

compared to initial nest site selection.

3.2 | Effects of environmental variables on salmon
redd density at the transect level

The field survey revealed substantial variation in redd density across
transects, with the highest densities observed at Huagang Tribe and
Hehuan Creek Trail (approximately 0.018 and 0.014 redds/m?, re-
spectively) and the lowest density at the Taiwan Salmon Eco Center
(approximately 0.001 redds/m?) (Figure 3a).

Our linear mixed models analysing environmental effects on
redd density showed that redd density decreased significantly with
increasing conductivity (LMM, p=0.01; Figure 3b; Table S2a), which
was highly correlated with water temperature (r=0.87). When we
excluded conductivity from the model, temperature showed a neg-
ative effect on redd density approaching statistical significance
(p=0.057; Figure 3c; Table S2b), though model performance de-
creased when excluding conductivity (Rzm decreased from 0.57 to
0.46). Neither dissolved oxygen (LMM, p=0.17; Figure 3d) nor pH

FIGURE 3 Environmental factors affecting salmon redd
densities. (a) Redd densities among sites. (b-g) Effect of
environmental variables and population density on redd density.
(h-j) Effect of environmental principal components on redd density.
In panel (a), the bars represent the mean red densities of the two
survey years. In panels (b)-(j), points represent samples, while
trends and confidence intervals are estimated using negative
binomial GLMMs. Solid lines represent significant trends (p <0.05),
dashed lines represent marginally significant trends (0.05 <p <0.10),
and dotted lines represent non-significant relationships (p > 0.10).

(LMM, p=0.57; Figure 3e; Table S2a) had significant effects on redd
density. After controlling for other factors, stream velocity showed
a significant positive correlation with redd density (LMM, p=0.03;
Figure 3f; Table S2a), while population density had no significant ef-
fect (LMM, p=0.80; Figure 3g; Table S2a).

When using principal components as predictors in our models, we
found that high PC1 (representing water temperature and conduc-
tivity) also reduced redd density approaching statistical significance
(LMM, p=0.06; Figure 3h; Table S2c), and high PC3 (representing
high flow velocity) promoted a significant increase in redd density
(LMM, p=0.03; Figure 3j; Table S2c), whereas PC2 (eutrophication)
showed no apparent effect (LMM, p=0.29; Figure 3i; Table S2c).
These results collectively demonstrate that at the transect level,
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FIGURE 4 Environmental factors affecting salmon nest site selection. (a) SHAP (SHapley Additive exPlanations) summary plot for the
effect sizes of environmental variables and population density on salmon nest site selection. (b-g) Effects of environmental variables

and population density. (h) SHAP summary plot for the effect sizes of environmental principal components. (i-k) Effect of environmental
principal components. In panels (a) and (h), the vertical axis lists features (environmental variables or principal components) ranked by
importance, with the most critical features at the top. The horizontal axis displays the SHAP values, indicating the extent to which each
feature affects the model's output. Point colours represent feature values, with each point corresponding to an individual sample and
illustrating how the feature value affects the prediction for that sample. The two SHAP summary plots illustrate the effect sizes of
environmental variables and population density, while the effect sizes of sites are shown in Figure S2. In panels (b)-(g) and (i)-(k), points
represent samples, whereas trends and confidence intervals are estimated using binomial GLMMs. Solid lines represent significant trends
(p=0.05) and dotted lines represent non-significant relationships (p>0.05). Points are jittered along the vertical axes for clarity, and points
closer to one indicate nesting sites, whereas points closer to zero indicate random sites.

cooler, less ion-rich and faster-flowing streams tend to have higher

redd densities.

3.3 | Effects of environmental variables on salmon
nest site selection at the microhabitat level

At the microhabitat level, we examined the relative contributions
of environmental variables to salmon nest site selection based on
estimated effect sizes (mean absolute SHAP values; Figure 4a). Our
GLMM analysis revealed that salmon nest site selection was associ-
ated with lower stream velocities (p <0.001; Figure 4b; Table S3a),
pH values closer to neutral (p<0.001; Figure 4c; Table S3a) and
lower conductivity (p=0.003; Figure 4d; Table S3a). Notably, water
temperature had an effect size close to conductivity in the SHAP
analysis (Figure 4a), but showed a non-significant relationship with

nest site selection in the GLMM (p=0.23; Figure 4e; Table S3a), likely
due to its high correlation with conductivity. Salmon also favoured
waters with higher dissolved oxygen (GLMM, p=0.002; Figure 3f;
Table S2a). In addition to these aquatic environmental parameters,
salmon density negatively influenced nesting probability (GLMM,
p=0.008; Figure 4g; Table S3a). The SHAP effect size of population
density ranked after stream velocity and pH and was larger than all
other environmental variables (Figure 4a).

Our supplementary analysis using principal components pro-
vided additional insights. In the GLMM analysis, stream velocity
(PC3) emerged as the most influential factor on nest site selection
(p<0.001; Figure 4h,i; Table S3b), followed by water temperature
and conductivity (PC1) (p <0.001; Figure 4h,j; Table S3b), and finally
eutrophication level (PC2) (p=0.01; Figure 4h,k; Table S3b). The
smaller effect size of salmon density compared to all environmen-

tal principal components in the SHAP analysis (Figure 4h) suggests
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that correlations between variables may have underestimated the
importance of environmental features in the previous model, and

that the principal components better capture their importance.
3.4 | Effects of environmental variables on
hatching rate

Our hatching experiment showed substantial variation in hatching

success across transects. Huagang Tribe and Hehuan Creek Trail in
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Hehuan Creek had the highest hatching rates, followed by Dam 4 in
Chichiawan Creek, while Wuling Guest House in Chichiawan Creek
had the lowest hatching rate (Figure 5a).

We examined the relative contributions of environmental vari-
ables to salmon egg hatching rates based on estimated effect sizes
(mean absolute SHAP values; Figure 5b). Our GLMM analysis re-
vealed that higher hatching rates were associated with sites having
lower stream velocities (p=0.003; Figure 5c; Table S4a), pH val-
ues closer to neutral (p=0.02; Figure 5d; Table S4a) and conduc-

tivity around 0.117 mS/cm (conductivity, p=0.12; conductivityz,
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FIGURE 5 Environmental factors affecting salmon egg hatching rate. (a) Hatching rates among sites (b) SHAP (SHapley Additive
exPlanations) summary plot for the effect sizes of environmental variables on hatching rate. (c-g) Effects of environmental variables. (h)
SHAP summary plot for the effect sizes of environmental principal components. (i-k) Effects of environmental principal components. In
panel (a), bars indicate mean hatching rate and error bars indicate standard errors estimated from GLM. In panels (b) and (h), the vertical
axis lists features (environmental variables or principal components) ranked by importance, with the most critical features at the top. The
horizontal axis displays the SHAP values, indicating the extent to which each feature affects the model's output. Point colours represent
feature values, with each point corresponding to an individual sample and illustrating how the feature value affects the prediction for that
sample. The two SHAP summary plots illustrate the effect sizes of environmental variables, whereas the effect sizes of sites are shown in
Figure S3. In panels (c)-(g) and (i)-(k), points represent samples, while trends and confidence intervals are estimated using negative-binomial
GLMMs. Solid lines represent significant trends (p <0.05), and dotted lines represent non-significant relationships (p>0.05).
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p=0.04; Figure 5e; Table S4a). Water temperature did not sig-
nificantly affect hatching rates in the GLMM (p=0.74; Figure 5f;
Table S4a). Sites with higher dissolved oxygen showed significantly
lower hatching rates (GLMM, p=0.05; Figure 5g; Table S4a).

It is worth noting that in the SHAP analysis, conductivity and
water temperature had the smallest effect sizes, while dissolved
oxygen had only a slightly larger effect (Figure 5b), which is incon-
sistent with the results of significance tests and could be due to
the high correlation between the explanatory variables. To address
these potential model uncertainties, we conducted further analysis
using principal components. The GLMM results showed that water
temperature and conductivity (PC1) had the greatest impact on
hatching (p <0.001; Figure 5h,i; Table S4b), followed by stream ve-
locity (PC3) (p=0.05; Figure 5h,j; Table S4b), while eutrophication
(PC2; correlated with dissolved oxygen levels) had no significant
effect on hatching rates (p=0.20; Figure 5h,k; Table S4b). These re-
sults suggest a greater indirect influence of water temperature on
hatching rate through water conductivity (potentially determined by

dissolved ionic concentration) than on nest site selection.

3.5 | Differential contributions of creeks to salmon
niche space

We visualized the nesting probability (redd density x nest site selec-
tion probability) and hatching rates estimated by our GLMMs and
Random Forest models on a two-dimensional plane constructed
by PC axes (Figure 6a,b). Further analysis of the contributions of
Chichiawan Creek and Hehuan Creek to the nesting and hatching
hypervolumes revealed that these two creeks contributed to dif-
ferent portions within both the nesting (PERMANOVA, F=67.6;
p=0.001; Figure 6c) and hatching hypervolumes (PERMANOVA,
F=85.1; p=0.001; Figure 6d).

The hypervolume analysis showed that Chichiawan Creek
alone contributed 63.3% to the nesting hypervolume, whereas
Hehuan Creek contributed 24.0%, with an overlap of only 12.7%
(Figure 6c). For the hatching hypervolume, Chichiawan Creek
alone contributed 51.6%, whereas Hehuan Creek contributed
33.8%, with an overlap of 14.6% (Figure 6d). These patterns indi-
cate that Chichiawan Creek and Hehuan Creek offer substantial
non-overlapping habitat conditions for both nesting and hatching,
highlighting the complementary nature of these two creek sys-

tems for salmon reproduction.

3.6 | Differential contributions of transects to
salmon niche space

Our transect-level hypervolume analysis revealed that Dam 2
made the largest unique contribution (42.4%) to the nesting hy-
pervolume, with other transects contributing less than 20% each
(Figure 6e; Table S5a). In contrast, Hehuan Creek Trail made the
largest unique contribution (16.5%) to the hatching hypervolume,
with all other transects contributing less than 15% (Figure 6f;
Table S5b).

Notably, despite its substantial contribution to the nesting hy-
pervolume, Dam 2 only accounted for 6.0% of the hatching hyper-
volume (Figure 6f; Table S5b). This suggests that while salmon at this
transect use a wide range of conditions for nesting, the environmen-
tal conditions that allow for successful hatching generally overlap
with those at other transects. In contrast, Hehuan Creek Trail and
Wauling Guest House had different environmental conditions that
led to varying hatching success rates (Figure 6b,f). Hehuan Creek
Trail, with its cooler water temperatures and lower conductivity,
produced a high hatch rate (Figure 6b,f). Conversely, Wuling Guest
House, with its warmer water temperatures and higher conductivity,

had a lower hatching rate (Figure 6b,f).

3.7 | Spatial projection of habitat suitability

To visualize habitat suitability across streams, we mapped the pre-
dicted nesting and hatching probabilities and their product based
on our Random Forest models, providing an intuitive display of the
spatial distribution of habitat suitability in Chichiawan Creek and
Hehuan Creek. The results revealed a surprising finding: Hehuan
Creek had higher suitability than Chichiawan Creek for both nesting
and hatching probability (Figure 7). Specifically, our spatial projec-
tions showed that Hehuan Creek had a significantly higher over-
all nesting probability than Chichiawan Creek (Figure 7a). Hehuan
Creek also exhibited significantly higher overall hatching rates,
whereas Chichiawan Creek showed high rates only in a small upper
reach (Figure 7b). When considering both nesting and hatching rates
together, we found that the overall habitat suitability of Hehuan
Creek was far superior to that of Chichiawan Creek, with Chichiawan
Creek showing slightly higher suitability only in its upstream reaches
(Figure 7c). Taken together, these results not only show that the

reintroduced Hehuan Creek is indeed more suitable for Formosan

FIGURE 6 Contribution of creeks and sites to nesting and hatching hypervolumes. (a, b) Nesting probability (a) and hatching rate (b)
across the environmental space. (c, d) Contribution of each creek to the nesting (c) and hatching (d) hypervolumes. (e, f) Contribution of each
site to the nesting (e) and hatching (f) hypervolumes. In (a), points represent both nesting sites and random points, and the colour gradient
shows the estimated nesting probability by the product of redd density estimated by GLM and the nest site selection probability estimated
by the random forest model, with environmental principal components as predictors. In b, points represent hatching experiment samples,
and the colour gradient displays the estimated hatching probability by the random forest model with environmental principal components
as predictors. In (c) and (d), different coloured contour lines enclose hypervolumes contributed by different creeks. In (e) and (f), different
coloured contour lines enclose hypervolumes contributed by different sites. In (c) and (e), points represent nesting sites. In (d) and (f), points
represent hatching experiment samples with an observed hatching rate greater than zero.
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landlocked salmon than Chichiawan Creek but also provide impor-
tant evidence for us to rethink habitat assessment and conservation
strategies.

4 | DISCUSSION

Our study provides empirical evidence addressing a fundamental
question in conservation biology: Does the habitat of a remnant
population truly represent the optimal environment for an endan-
gered species? Our systematic comparison between Chichiawan
Creek (a remnant habitat) and Hehuan Creek (a reintroduced histori-
cal habitat) yielded three key findings. First, Hehuan Creek provides
superior environmental conditions for Formosan landlocked salmon,
particularly during the critical hatching stage, with lower water
temperatures and conductivity levels that better meet the species'
requirements. These differences are especially pronounced during
winter reproduction months, highlighting the seasonal dimension of
habitat suitability.

Second, our results support the historical narrative docu-
mented by Zheng (1987) that overfishing, rather than habitat
degradation, was the primary cause of the Formosan landlocked
salmon's extinction in Hehuan Creek. By comparing environmental
conditions and reproductive success between remnant and rein-
troduced historical habitats, our approach demonstrates that inte-
grating life stage-specific requirements with habitat comparisons
provides more accurate suitability assessments than relying solely
on remnant population distributions. This method effectively dis-
tinguishes between remnant habitats that represent ecological
optima versus those that merely serve as refuges from anthropo-
genic threats. Our findings align with studies showing that current
species distributions may not reflect optimal ecological conditions,
as demonstrated in European bison (Kuemmerle et al., 2011), giant
kangaroo rats (Rutrough et al., 2019), and other globally extinct
and extirpated mammals whose natural ranges were reconstructed
(Faurby & Svenning, 2015).

Third, our hypervolume analysis revealed an ‘environmental

bottleneck’ at the egg stage, with hatching requirements being
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considerably more stringent than nesting requirements. Using this
analysis to quantify the ecological niche for salmon at different life
stages, we demonstrated that eggs are particularly sensitive to in-
creases in water temperature and conductivity. These results con-
firm previous findings on salmonids (Armstrong et al., 2003; Elliott
& Elliott, 2010) and align with the broader patterns identified by
(Dahlke et al., 2020) regarding the narrower thermal tolerance of
embryonic stages, reinforcing the need for multi-stage conservation
assessment. Our study also demonstrates complex stage-specific
environmental responses in Formosan landlocked salmon. For in-
stance, stream velocity positively affects redd density but nega-
tively impacts nest site selection and hatching rates. Such trade-offs
have been documented in desert iguanas (Porter & Tracy, 1983) and
California condors (D'Elia et al., 2015), suggesting this phenome-
non may be widespread. North American coho salmon (O. kisutch)
reintroduction projects corroborate our findings, showing that fo-
cusing on robust life stages (smolts or adults) can substantially un-
derestimate long-term population viability when early life stages
with narrower environmental tolerances are overlooked (Plumb &
Perry, 2020). Similarly, Japan's chum salmon (O. keta) restoration in
Sapporo's Toyohira River provides a particularly relevant parallel,
where inadequate early-stage habitats limited population viability
despite robust adult returns (Morita & Aruga, 2017). Our hypervol-
ume metrics provide quantitative evidence of niche contraction at
the egg stage compared to nesting stages, with implications for un-
derstanding evolutionary constraints and adaptation potential.

Although our study was conducted 2-5years after reintroduc-
tion, the reintroduced population was likely beyond the initial es-
tablishment phase. This land-locked subspecies matures at 1-2 years
of age and rarely survives past 3years of age, which means that our
study covered multiple generations. The strong performance metrics
observed at Hehuan Creek, including sustained reproductive suc-
cess and stable age structure, align with a population transitioning
from establishment to growth phase. Recent surveys indicating nu-
merical stabilization and spatial expansion (Liao et al., 2025) suggest
successful adaptation to the local environment, though longer-term
monitoring would be needed to fully assess population dynamics
across varied environmental conditions. These observations, along
with the superior habitat conditions that we identified in Hehuan
Creek, support our hypothesis that historical local extinctions were
primarily driven by overfishing rather than habitat degradation.
This finding has implications for reintroduction programs globally,
suggesting historical habitats should be reconsidered even when
local extinctions occurred decades ago. Collectively, findings from
freshwater fishes, including 130 salmonid studies of reintroduction,
affirm that success depends on restoring critical environmental pa-
rameters—especially for early life stages—while mitigating anthropo-
genic stressors (Cochran-Biederman et al., 2015).

Based on our findings, we propose specific management impli-
cations focused on the identified environmental bottleneck at the
egg stage. We recommend that national park authorities implement

enhanced protection protocols during the salmon breeding season,

1389

especially during egg hatching from November to December when
the species' sensitivity to environmental pollution peaks. Effective
strategies may include limiting the number of visitors to camp-
grounds and hotels near the Chichiawan Stream, and more impor-
tantly, strengthening sewage monitoring and regulating sewage
discharge to protect critical incubation periods while allowing human
activities during less sensitive times. This approach recognizes that
complete restriction of human activities is neither practical nor nec-
essary, especially at Wuling Farm where tourism exceeds 250,000
visitors annually. Instead, targeted protection during critical periods
offers the greatest conservation return on management investment
for Taiwan's Formosan landlocked salmon.

More broadly, our methodological framework advances conser-
vation science by providing a quantitative approach to identifying
stage-specific environmental bottlenecks through hypervolume
analysis, applicable to other threatened species with complex life
cycles. Our findings shift conservation paradigms from static assess-
ments to dynamic, multi-stage evaluations that better capture spe-
cies' requirements throughout their life cycle. In the context of global
environmental change (Pecl et al., 2017), conservation must evolve
from protecting individual habitats to preserving species' complete
ecological niches (Hanson et al., 2020). While the Kunming-Montreal
Global Biodiversity Framework advocates protecting 30% of global
land area by 2030 (CBD, 2022), our approach provides scientific cri-
teria for designating protected areas that encompass all critical en-
vironments required throughout species' life cycles. By considering
both ecological requirements across life stages and historical distri-
butions, and accounting for life stage-specific constraints, minimiz-
ing human-driven disturbances and maintaining sufficient genetic
diversity, our framework offers a comprehensive approach applica-
ble to other endangered species facing similar challenges, ultimately
helping to develop more effective conservation strategies in re-
sponse to global environmental change. Most importantly, the suc-
cessful reintroduction of Formosan landlocked salmon to Hehuan
Creek challenges the common assumption that remnant habitats
represent optimal conditions and highlights the critical importance
of distinguishing between habitat degradation and overharvest as
causes of local extinctions when planning conservation strategies

for endangered species.
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