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• C. sikamea's habitat in China will expand 
northward and remain constant 
southern. 

• C. sikamea poised to expand north 
beyond SBB in the future. 

• C. sikamea maintains niche stability but 
occupies different niche spaces. 

• Significant niche expansion will occur in 
lower temperature.  
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A B S T R A C T   

Global climate change drives species redistribution, threatening biodiversity and ecosystem heterogeneity. The 
Kumamoto oyster, Crassostrea sikamea (Amemiya, 1928), one of the most promising aquaculture species because 
of its delayed reproductive timing, was once prevalent in southern China. In this study, an ensemble species 
distribution model was employed to analyze the distribution range shift and ecological niche dynamics of 
C. sikamea along China's coastline under the current and future climate scenarios (RCP 2.6–8.5 covering 2050 s 
and 2100 s). The model results indicated that the current habitat distribution for C. sikamea consists of a 
continuous stretch extending from the coastlines of Hainan Province to the northern shores of Jiangsu Province. 
By the 2050 s, the distribution range will stabilize at its southern end along the coast of Hainan Province, while 
expanding northward to cover the coastal areas of Shandong Province, showing a more dramatic trend of 

Abbreviations: YREBB, Yangtze River Estuary Biogeographical Barrier; SBB, Subei Biogeographical Barrier; LN, Liaoning; HB, Hebei; TJ, Tianjin; SD, Shandong; JS, 
Jiangsu; SH, Shanghai; ZJ, Zhejiang; FJ, Fujian; GD, Guangdong; GX, Guangxi; HN, Hainan; BS, Bohai sea; BB, Bohai Bay; LzB, Laizhou Bay; YS, Yellow Sea; ECS, East 
China Sea; SCS, South China Sea; Chl, Chlorophyll; CV, Current velocity; DO, Dissolved oxygen; NO3, Nitrate; PHY, Phytoplankton; PP, Primary productivity; Sal, 
Salinity; SST, Sea surface temperature; Dshore, Distance from shore; PCA-env, environmental principal component analysis. 

* Corresponding author at: Department of Marine Organism Taxonomy & Phylogeny, Institute of Oceanology, Chine Academy of Sciences, Qingdao 266071, PR 
China. 

E-mail address: haiyanwang@qdio.ac.cn (H. Wang).  

Contents lists available at ScienceDirect 

Science of the Total Environment 

journal homepage: www.elsevier.com/locate/scitotenv 

https://doi.org/10.1016/j.scitotenv.2024.171061 
Received 6 December 2023; Received in revised form 25 January 2024; Accepted 16 February 2024   

mailto:haiyanwang@qdio.ac.cn
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.171061
https://doi.org/10.1016/j.scitotenv.2024.171061
https://doi.org/10.1016/j.scitotenv.2024.171061
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.171061&domain=pdf


Science of the Total Environment 920 (2024) 171061

2

contraction in the south and invasion in the north by the 2100 s. In RCP8.5, the southern end retracts to the 
coasts of Guangdong, whereas the northern end covers all of China's coastal areas north of 34◦N. C. sikamea can 
maintain relatively stable ecological niche characteristics, while it may occupy different ecological niche spaces 
under future climate conditions. Significant niche expansion will occur in lower temperature. We concluded 
C. sikamea habitats are susceptible to climate change. The rapid northward expansion of C. sikamea may open 
new possibilities for oyster farming in China, but it will also have important consequences for the ecological 
balance and biodiversity of receiving areas. It's imperative that we closely examine and strategize to address 
these repercussions for a win-win situation.   

1. Introduction 

Historical climate change, coupled with regional variation, has been 
instrumental in defining contemporary ecosystems and species distri
butions. Increasing evidence suggests that global change influences the 
redistribution of driving species on a global scale (Easterling et al., 2000; 
McCarty, 2001; Parmesan and Yohe, 2003). Since the 1970 s, approxi
mately 84 % of these species have undergone polar migration (Thomas, 
2010). An array of terrestrial organisms, including flora, vertebrates, 
and invertebrates, demonstrate accelerated ascension to higher alti
tudes, proceeding at velocities estimated to be double or triple those 
previously documented (Chen et al., 2011). Species endemic to moun
tainous regions consistently relocate to frigid, higher elevations and seek 
refuge from the escalating warmth of the lowlands (Chen et al., 2009). 
Compared to terrestrial species, marine organisms appear to be more 
sensitive to climate change, migrating poleward at velocities reportedly 
six times greater than their terrestrial counterparts and meticulously 
mirroring the migration of temperature bands (Lenoir et al., 2020). Such 
rapid changes in habitual zones profoundly alter the composition, ar
chitecture, and inter-species dynamics of emerging ecological commu
nities (Davis and Shaw, 2001; Veloz et al., 2012). This phenomenon is an 
imminent threat to biodiversity on a planetary scale and to the hetero
geneity of global ecosystems (Hu et al., 2019; Xiao et al., 2020). 

The Kumamoto oyster, Crassostrea sikamea (C. sikamea, Amemiya, 
1928), is a native species widely distributed in southern China (Reece 
et al., 2008; Wang et al., 2013; Qin et al., 2021). Due to its confusing 
taxonomic status and relatively small size, C. sikamea has not been 
cultured systematically (Ma et al., 2022). Traditional oyster farming 
varieties have faced developmental limitations in recent years, and 
C. sikamea has emerged as one of the most promising aquaculture spe
cies because of its terrifying taste, high nutritional value, and ability to 
spawn later in summer, thereby filling the market gap (Robinson, 1992; 
Gordon et al., 2003). Historically, C. sikamea was found as far north as 
the Liyashan oyster reef in Jiangsu Province (32.13◦N) in coastal China 
until 2006 (Wang et al., 2013). This distribution is plausibly due to the 
Yangtze River Estuary Biogeographical Barrier (YREBB), which is a 
decisive ecological demarcation separating the Cold and Warm 
Temperate Northwest Pacific Provinces (Xu et al., 2020; Liu, 2013; Ni 
et al., 2017). Recent ecological dynamics, including habitat fragmen
tation (Wang et al., 2020), alterations in ocean currents (Dong et al., 
2016; Wang et al., 2020), and climatic factors (Spence and Tingley, 
2020), have attenuated the restrictive capacity of the YREBB, giving rise 
to the Subei Biogeographical Barrier (SBB) at 33◦N to 34◦N (Hu and 
Dong, 2022a; Dong et al., 2016; Wang et al., 2020). This shift has 
enabled numerous marine species to traverse historical biogeographical 
confines, leading to the colonization of new habitats (Bulleri and Airoldi, 
2005; Dong et al., 2016; Wang et al., 2020). Empirical data from a July 
2023 expedition, complemented by previous studies (Hu and Dong, 
2022b), consistently indicate C. sikamea has successfully breached the 
YREBB, pushing its distributional frontiers to 33–34◦N latitude. This 
rapid alteration in distribution patterns is of considerable ecological 
significance. Elucidating the prospective distributional adaptations and 
ecological niche modifications of C. sikamea is paramount for enhancing 
strategic responses to the challenges imposed by global changes in 
oyster aquaculture and ecological preservation. 

Species Distribution Models (SDMs) represent a critical nexus in 
predictive ecology, enabling comprehensive forecasts of potential hab
itats of species by correlating environmental conditions with occurrence 
data. SDMs have been widely integrated into various disciplines within 
life and environmental sciences (Cheung et al., 2009; Robinson et al., 
2011), including projecting climate change implications on species 
habitats (Zhang et al., 2019), analyzing habitat loss constraints on spe
cies territories (Vasconcelos and Doro, 2016), deciphering the me
chanics behind biological invasions (Zhang et al., 2020), and optimizing 
the placement of aquaculture establishments (Dong et al., 2020). A 
primary obstacle arises from the burgeoning array of modeling tech
niques, which complicates the selection of an optimal approach (Elith 
et al., 2006). To address this complexity, recent scholarly discourse 
advocates the implementation of multiple methodologies in tandem, 
referred to as ensemble modeling, within a unified modeling framework 
(Araújo and New, 2007; Thuiller et al., 2009). This advanced frame
work, delineated in foundational literature (Thuiller, 2004; Marmion 
et al., 2009), mitigates the inherent predictive uncertainties of individ
ual models through integrative approaches (Buisson et al., 2010; Gre
nouillet et al., 2011), thereby enhancing the precision of species 
distribution projections (Marmion et al., 2009). 

A climatic niche is the range of climatic conditions in which a species 
can survive, and determines the ability to survive in specific climatic 
regions and adapt to future climate change (Porter and Kearney, 2009; 
Bozinovic et al., 2014). When climate changes, a species may lose its 
current suitable habitat or invade new areas, and its climatic niche will 
respond directly. For example, a species may rapidly evolve and expe
rience niche shifts to a new range, enhancing its tolerance to the envi
ronment and causing changes in its ecological niche (Guisan et al., 
2014). The quantification of climatic niches often relies on SDMs, which 
use various specific algorithms to link environmental variables with 
geographical data to assess niche differentiation, thereby presenting a 
projection in the geographical landscape to estimate niche overlap 
(Guisan and Thuiller, 2005). By quantifying the climatic niche of a 
species, we can better explain its geographical distribution changes, 
evaluate its vulnerability to climate change and ecological adaptation, 
and maintain its biodiversity (Tingley et al., 2014; Atwater et al., 2018). 

In this study, we utilized valuable primary data and employed an 
ensemble modeling strategy to analyze the distribution range shift and 
ecological niche dynamics of C. sikamea along the coastline of China. 
This is the first integration of SDM and ecological niche analysis for this 
species. Due to China's extensive latitude, one species distributed across 
different regions exhibits significantly varied levels of sensitivity in 
response to climate change. Therefore, it is of representative significance 
to study the species capable of rapid northward migration, such as 
C. sikamea, in the coastal regions of China. We hope that our findings can 
serve as a valuable “China case”, offering a reference for global-scale 
studies on the rapid northward shift of intertidal species in response to 
global climate change. This research was specifically designed to fulfill 
several objectives: (i) to extrapolate the potential habitat distribution of 
C. sikamea under current and future climatic conditions, (ii) to spatially 
delineate range contraction/expansion, and (iii) to evaluate anticipated 
shifts in the ecological niche of C. sikamea. 

B. Liu et al.                                                                                                                                                                                                                                       
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2. Materials and methods 

2.1. Species distribution data 

Species distribution data for C. sikamea were derived from historical 
sampling data collected by our research team. These data cover the 
period from 2004 to 2023 and include 3615 samples collected from 
various locations along the coastal regions of China, with the most 
recent data from July 2023 representing the northernmost distribution. 
The samples were collected from Hainan (165 samples), Guangxi (371 
samples), Guangdong (1761 samples), Fujian (658 samples), Zhejiang 
(229 samples), Shanghai (34 samples), and Jiangsu (397 samples) in 
China (Table S1) (Liu et al., 2024). To enhance the dataset, we also 
incorporated relevant research literature (Wang et al., 2013; Li et al., 
2017; Hu et al., 2018; Liu et al., 2021; Hu and Dong, 2022b) and in
formation available in global public databases, such as the Global 
Biodiversity Information Facility (GBIF, http://www.gbif.org) and the 
Ocean Biodiversity Information System (OBIS, http://www.obis.org). 
Considering the feasibility of field sampling surveys and the availability 
of accurate distribution data (Camara et al., 2008; Hong et al., 2012), we 
defined the study scope as the China's coastal regions (17.5–41.5◦N, 
107.0–125.0◦E) and retained the distribution data within this range. 

For each data point, we obtained geocoordinates either from litera
ture or by referencing Google Earth coordinates (version 7.3.4). To 
ensure the accuracy of our dataset, we carefully reviewed the data to 
eliminate duplicates or instances in which the location was unclear. To 
address potential survey bias before conducting modeling, only one 
presence point per raster cell (1 km × 1 km) was retained, and these 
points were further filtered to be at least 1 km apart using a function we 
defined (shown in Appendix) in R (version 4.3.1). Consequently, we 
obtained 216 distribution records, which were used to construct the 
model (Fig. 1). 

2.2. Environmental variables 

Owing to data availability and species-environment associations, we 
initially selected 11 environmental variables that potentially affected 
the distribution of C. sikamea (Table 1) (Bayne, 1985; Wang and Li, 
2017; Haley et al., 2018; Palumbi, 1994; Metian et al., 2020; Simon 
et al., 2020). The data distance from the shore was downloaded from the 
Global Fishing Watch Datasets (https://globalfishingwatch.org/). The 
data for the remaining ten variables were downloaded from the marine 

data layers (Bio-ORACLE, https://bio-oracle.org/index.php). 
The Bio-ORACLE dataset provides projections for two future time 

periods in the 2050 s (average for 2040–2050) and 2100 s (average for 
2090–2100), which are representative of mid- and long-term future 
climatic conditions (Assis et al., 2018). Four Representative Concen
tration Pathways (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) predicted by 
the Coupled Model Intercomparison Project 5 were used to predict the 
future variance of species distribution in detail (Assis et al., 2018). RCPs 
are a set of integrated concentration and emission scenarios that char
acterize the future emissions of greenhouse gases, reactive gases, aero
sols, and atmospheric constituent concentrations in the face of changes 
in population, socioeconomics, science and technology, energy con
sumption, and land use (Moss et al., 2010; Ma and Sun, 2018). Among 
them, RCP2.6 was considered the best case for limiting anthropogenic 
climate change under a low-emission scenario; RCP4.5, and RCP6.0, 
were selected as two intermediate stabilization scenarios; and RCP8.5, 
which was generally regarded as a high-emission scenario (Table S2) 
(Taylor et al., 2012). 

We employed several methods, including principal component 
analysis (PCA) (Fig. S1) (Cunze et al., 2020), jackknife test (Fig. S2) 
(Zhang et al., 2021), contribution rates (Table S3) (Ouyang et al., 2022) 
and Pearson's correlation analysis (Fig. S3) (Dormann et al., 2013; 
Worthington et al., 2016) to mitigate the effects of multicollinearity and 
provide more robust insights into the relationships between environ
mental variables. Considering the special ecological characteristics of 
intertidal species (Chen et al., 2021; Chen et al., 2017), we retained six 

Fig. 1. Occurrence records of C. sikamea in coastal China (JS: Jiangsu; SH: Shanghai; ZJ: Zhejiang; FJ: Fujian; GD: Guangdong; GX: Guangxi; HN: Hainan. BS: Bohai 
sea; YS: Yellow Sea; ECS: East China Sea; SCS: South China Sea; SBB: Subei biogeographical barrier; YREBB, Yangtze River biogeographical barrier). 

Table 1 
Environmental variables that potentially affected the distribution of C. sikamea. 
Bolded text in the environment variables column indicates the modeling envi
ronment variables.  

Environment variables Abbreviate Unit Source 

Chlorophyll Chl mg.m− 3 

Bio-ORACLE 

Currents velocity CV m.s− 1 

Dissolved oxygen DO mol.m− 3 

Nitrate NO3 mol.m− 3 

pH – – 
Phytoplankton PHY umol.m− 3 

Primary productivity PP g.m− 3.day− 1 

Salinity Sal PSS 
Sea surface temperature SST ◦C 
Depth Depth m 
Distance from shore Dshore m Global Fishing Watch  

B. Liu et al.                                                                                                                                                                                                                                       
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environmental variables with Variance Inflation Factor (VIF) values <10 
(Table S4) (Diaz-Carballido et al., 2022): chlorophyll (Chl), current 
velocity (CV), pH, salinity (Sal), sea surface temperature (SST), and 
distance from shore (Dshore) (Table 1). With other environmental var
iables fixed at their means, we calculated the contribution rates of the 
three values (max, mean and min) of Chl, CV, Sal and SST respectively 
(Table S5), and retained variables that gained the highest contribution 
rates within each group (Li et al., 2022; Zhuo et al., 2020). Ultimately, 
we selected Chl-min, CV-max, pH, Sal-max, SST-mean, and Dshore for 
species distribution modeling and prediction. All environmental data 
layers were extracted uniformly from the boundary of the study area 
(17.5–41.5◦N, 107.0–125.0◦E) using ArcGIS (version 10.7). 

2.3. Modeling procedures 

The potential suitable area of C. sikamea was modeled using nine 
single-species distribution models (Generalized Linear Model (GLM; 
McCullagh and Nelder, 1989), Generalized Boosted Models (GBM; 
Ridgeway, 1999), Classification Tree Analysis (CTA; Breiman et al., 
1984), Multivariate Adaptive Regression Splines (MARS; Friedman, 
1991), Artificial Neural Networks (ANN; Lek and Guegan, 1999), Sur
face Response Envelope (SRE; Breiman, 2001a), Flexible Discriminant 
Analysis (FDA; Hastie et al., 1994), Random Forest (RF; Breiman, 
2001b), and Maximum Entropy (MAXENT; Phillips et al., 2006)) in 
Biomod2 (version 4.2–4) (Thuiller et al., 2016) based on species distri
bution data and environmental variables. In the single-species distri
bution model setup, 75 % of the species occurrence records were used as 
training data, and the remaining 25 % were used as test data; 10,000 
pseudo-absence points were randomly selected (Thuiller et al., 2023; 
Zhang et al., 2019; Barbet-Massin et al., 2012; Adhikari et al., 2023), and 
the model was repeated 10 times. 

The model performance was quantified using three commonly used 
evaluation metrics: (1) the area under the curve (AUC) of the receiver 
operating characteristic (ROC; Hanley and McNeil, 1982), (2) the true 
skill statistic (TSS; Allouche et al., 2006) and (3) the Cohen's Kappa 
(Kappa; Cohen, 1960). The reference standards for each evaluation 
metric were shown in Table S3 (McPherson et al., 2004; Vuuren et al., 
2007). An ensemble modeling approach was used to model and map the 
distribution of C. sikamea because of its potential ability to outperform 
individual models (Zhang et al., 2019). Individual models with AUC ≥
0.95, TSS ≥ 0.90, and Kappa ≥0.80 were included in the ensemble 
model construction based on a range of published work (Silva et al., 
2016; Ruiz-Navarro et al., 2016). The ensemble model was built by 
weighing the individual models according to their calculated TSS values, 
which were used to predict the potentially suitable areas for C. sikamea. 

2.4. Potential distribution and species range change 

The current and future occurrence probabilities of C. sikamea were 
estimated for each geographic grid using the ensemble model, with 
values ranging from 0 to 1, where 1 indicates the highest probability of 
occurrence and 0 represents the lowest. We used the SDM toolbox 
(Brown, 2014) in ArcGIS to quantify and represent range changes under 
future climatic scenarios for C. sikamea. This production function ex
hibits two outputs: a table containing a brief description related to the 
statistics of species range change and a spatial map that shows the 
probable areas where the species will show habitat gain or loss in future 
climate scenarios. A grid could have four different situations under 
future scenarios: (1) “lost” represents the grid is predicted to be lost by 
the species in the future; (2) “gain” represents the grid was not occupied 
currently, but is predicted to be occupied in the future; (3) “pres” rep
resents the grid is occupied now and in the future; (4) “abs” represents 
the grid is not occupied now nor in the future. 

2.5. Ecological niche analysis 

The environmental principal component analysis (PCA-env) in the R 
package ecospat (version 3.5.1) (Di Cola et al., 2017) was used to study 
the ecological niche shifts of C. sikamea under current and future cli
matic scenarios. The environmental variables were transformed into a 
two-dimensional space defined by two principal components. The two- 
dimensional environmental space was then projected onto a grid cell 
with a diameter of 100 × 100 and bounded by the minimum and 
maximum PCA values in the background. A smooth key density function 
was used to overcome sampling bias owing to the lower number of 
occurrence data points (Petitpierre et al., 2012). 

The Schoener's D metric was used to determine the extent of 
ecological niche overlap. The index had a value range from 0 to 1, with 
larger values indicating a higher overlap rate of ecological niches. To 
understand the importance of niche overlap in geographic areas, niche 
equivalency and similarity tests were performed (Broennimann et al., 
2012). The niche equivalency test was performed by comparing the 
niche overlap (D) values for current and future climatic scenarios to the 
overlap of the null distribution, which was created by extracting climatic 
variables from a randomly selected set of coordinates across the back
ground region of the study area (Broennimann et al., 2012). The niche 
equivalency test assessed whether the niches of the two entities were 
equal (full overlap), moderately similar (partial overlap), or distinctly 
different (no overlap). The niche similarity test assessed whether the 
niches of the two entities being compared were more similar (or 
different) than expected by chance, also considering the surrounding 
environmental conditions throughout the geographic area (Warren 
et al., 2008). The test was randomly repeated 1000 times, and the null 
hypothesis of ecological niche equivalence or similarity could be rejec
ted if the observed niche values (D) were significantly lower than the 
overlap value from the null distribution (P < 0.05) (Broennimann et al., 
2012). 

To assess niche dynamic metrics, a set of environments represented 
niche expansion if it was available in both current and future ranges, but 
was only occupied in the future range (Guisan et al., 2014). Similarly, a 
set of environments was considered to result from niche stability if it was 
occupied in both current and future ranges, and niche unfilling if it was 
used in the current range and was available, but not yet exploited, in the 
future range (Broennimann et al., 2012; Guisan et al., 2014). Values for 
expansion, stability, and unfilling ranging from 0 to 100 % were 
considered significant at >10 % (Hill et al., 2017; Petitpierre et al., 
2012; Strubbe and Matthysen, 2014). Niche expansion is considered the 
only measure that truly describes shifts in a realized niche (Li et al., 
2014; Liu et al., 2020; Petitpierre et al., 2012; Strubbe et al., 2013). 

3. Results 

3.1. Evaluation of model performance 

The cross-validation results (Fig. 2) indicated a difference in pre
dictive efficacy among the models. CTA, GBM, GLM, MARS, RF, ANN, 
and FDA exhibited robust performance across all evaluation metrics 
(AUC, TSS, and Kappa), whereas MAXENT showed suboptimal results, 
and SRE performed the least effectively. Individual models with AUC ≥
0.95, TSS ≥ 0.90, and Kappa ≥0.80 were incorporated into the ensemble 
model, including ANN, CTA, FDA, GBM, GLM, and MARS. The ensemble 
model, with scores of 0.991, 0.953, and 0.801 for AUC, TSS, and Kappa, 
respectively, generated projections with remarkable validity and accu
racy, surpassing those of its constituent models. Because of its enhanced 
predictive precision and dependability, the ensemble model was 
selected to delineate the current and future habitat distributions of 
C. sikamea. 

B. Liu et al.                                                                                                                                                                                                                                       
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3.2. The importance of environmental variables 

The variable importance analysis highlighted the predominant role 
of Dshore (0.843) in determining C. sikamea's range (Fig. S4). This 
prominence was attributed to the restricted threshold of offshore dis
tance data correlating with species distribution points, leading the 
model to perceive this as a critically selective constraint on the distri
bution scope. SST (0.125) was more important than Sal (0.013), pH 
(0.011), Chl (0.004), and CV (0.004) (Fig. S4). Response curves for each 
environmental variable were provided in Fig. S5. 

3.3. Habitat distribution and range shift under current and future climate 
scenarios 

Under current climatic scenario, the ensemble model indicated that 
the potential habitat distribution for C. sikamea is a continuous stretch 
extending from the coastlines of Hainan Province to the northern shores 

of Jiangsu Province, and that the suitability of this range is remarkably 
high (Fig. 3). The predicted distribution was consistent with the actual 
sampling results. 

Projections under future climate scenarios indicated that large areas 
of potential habitat along the coast from Hainan Province to the north of 
Lianyungang, Jiangsu Province, will continue to be suitable until the 
2050 s (Fig. 4A–D). In addition, some areas north of Lianyungang, such 
as the west coast of the Yellow Sea, Laizhou Bay, and Bohai Bay, will 
show better suitability than the current climate scenario (Fig. 4A–D). 
Based on the overall changes in potential distribution, C. sikamea is 
expected to maintain its current potential habitat and gain habitat along 
the western coast of the Yellow Sea and in some areas along the western 
coast of the Bohai Sea (Fig. 4E–H). There will be no significant large- 
scale habitat loss (Figs. 4E–H, S6). The distribution range of the spe
cies will stabilize at its southern end along the coast of Hainan Province, 
while expanding northward to cover the coastal areas of Shandong 
Province by the 2050 s (Fig. 4E–H). 

By the 2100 s, with the increase in emissions, the potential habitat 
along the coast from Hainan Province to the north of Lianyungang, 
Jiangsu Province, will not be able to maintain its original suitability 
(Fig. 5A–D). The suitability of the original southern areas, such as the 
coasts of Hainan Province, Guangdong Province, Fujian Province, and 
the Yangtze River Delta, will gradually decrease (Fig. 5A–D). However, 
the suitability of northern areas, such as the coasts of Shandong Province 
and the Bohai Sea, will gradually increase (Fig. 5A–D). Based on the 
overall changes in the potential distribution, C. sikamea is projected to 
experience a significant loss of habitat along the coast of Hainan Prov
ince, Guangdong Province, and the Yangtze River Delta and gradually 
gain suitable areas along the coast of Shandong Province and the coastal 
areas around the Bohai Sea (Figs. 5E–H, S6). The potential habitat of 
C. sikamea will show a contracting trend in the south and an expanding 
trend in the north (Fig. 5E–H). In scenario RCP8.5, the southern end of 
the habitat will contract to the coasts of Guangdong and Fujian Prov
inces, and the northern end will expand to cover all coastal areas north 
of Lianyungang (Fig. 5D, H). 

3.4. Ecological niche dynamics under future climate scenarios 

Niche analyses contrasting current and future climatic conditions 
revealed a consistent moderate niche overlap across all scenario com
parisons, ranging from 23 % (Schoener's D = 0.23) for current vs. 
RCP8.5–2100 s to 41 % (Schoener's D = 0.41) for current vs. 
RCP6.0–2050 s (Fig. 6; Table 2). This pattern exhibited a prospective 
59–77 % loss of the present climatic niche for C. sikamea within the 
ensuing climatic framework. The PCA-env revealed that the variation 
retained by principal component 1 (PC1) ranged from a minimum of 
38.41 % in the case of current vs RCP8.5–2100 s comparison to a 
maximum of 41.69 % for current vs RCP2.6–2100 s comparison (Fig. S7; 
Table 2). Similarly, for principal component 2 (PC2), the retained 
variation ranged from a minimum of 23.57 % for the current vs. 

Fig. 2. Distributions of overall accuracy of different individual SDM. Box plots showing the estimated mean (squares), estimated median (horizontal lines), outliers 
(diamonds), 25th–75th percentiles (boxes) and the range (line segments) of AUC (A), TSS (B) and Kappa (C). Dotted horizontal line represents the selecting criterion 
(AUC = 0.95, TSS = 0.90, Kappa = 0.80) of individual models for inclusion in the ensemble model. 

Fig. 3. Current habitat distribution of C. sikamea predicted by the ensemble 
model. Color gradient indicates variation in habitat suitability (red = highest, 
blue = lowest). (LN: Liaoning; HB: Hebei; TJ: Tianjin; SD: Shandong; JS: 
Jiangsu; LYG: Lianyungang; SH: Shanghai; ZJ: Zhejiang; FJ: Fujian; GD: 
Guangdong; GX: Guangxi; HN: Hainan. BS: Bohai sea; BB: Bohai Bay; LzB: 
Laizhou Bay; YS: Yellow Sea; ECS: East China Sea; SCS: South China Sea). 
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RCP2.6–2100 s comparison to a maximum of 25.82 % for the current vs. 
RCP8.5–2100 s comparison (Fig. S7; Table 2). 

Furthermore, we extended the exploration of niche equivalency and 
similarity. In a pairwise analysis of the climatic niches of the species 
under current and future climatic scenarios, the null hypotheses for 
niche equivalency were not rejected in any of the pairwise comparisons 
(P > 0.05) (Table 2). The niche similarity test for the null hypothesis 
were not rejected in most cases (P > 0.05), except for the current vs 

RCP4.5–2100 s comparison and the current vs RCP6.0–2050 s compar
ison (P < 0.05) (Table 2). This suggested that C. sikamea may have 
similar ecological niche characteristics in terms of resource utilization 
and structural features in both current and future scenarios. The values 
of ecological niche expansion, stability, and unfilling suggested that the 
climatic ecological niche of C. sikamea will significantly expand (>20 %) 
in the future (Table 2). With rising emission levels and the passage of 
time, the level of ecological niche expansion will increase while the 

Fig. 4. Predicted habitat distribution (A: RCP2.6–2050 s; B: RCP4.5–2050 s; C: RCP6.0–2050 s; D: RCP8.5–2050 s) and occupied area change (E: RCP2.6–2050 s; F: 
RCP4.5–2050 s; G: RCP6.0–2050 s; H: RCP8.5–2050 s). Color gradient in A-D indicates variation in habitat suitability (red = highest, blue = lowest). 

Fig. 5. Predicted habitat distribution (A: RCP2.6–2100 s; B: RCP4.5–2100 s; C: RCP6.0–2100 s; D: RCP8.5–2100 s) and occupied area change (E: RCP2.6–2100 s; F: 
RCP4.5–2100 s; G: RCP6.0–2100 s; H: RCP8.5–2100 s). Color gradient in A–D indicates variation in habitat suitability (red = highest, blue = lowest). 
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stability of the ecological niche will gradually decline (Table 2). 
Comparing the species occurrence densities of environment variables 
between the current and future climate scenarios, we found that 
C. sikamea will expand its climate niche to lower temperature environ
ments (Fig. S8). 

4. Discussion 

This study presented an investigation into the effects of climate 
change on the geographical distribution and ecological niche dynamics 
of C. sikamea. The results highlighted the significance of Dshore and SST 
in depicting the geographical distribution of C. sikamea. The model 
projections revealed a future expansion beyond the SBB, signifying a 
notable northward shift for this traditionally ‘southern species’. 
C. sikamea can maintain stable ecological niche characteristics while 
occupying different ecological niche spaces under future climate con
ditions. This implies potential competition with local species for re
sources and territory, and alteration of the northern habitat. At the same 
time, this northward migration of C. sikamea also presents new oppor
tunities for oyster aquaculture in China. 

4.1. Environmental variables influencing the geographic distribution of 
Crassostrea sikamea 

This study demonstrated the significant role of Dshore in delineating 
the distribution of C. sikamea (Fig. S4). Oysters are intertidal species that 
predominantly adhere to rigid substrates. The absence of comprehensive 
data concerning the bottom material necessitated the adoption of 
Dshore as a surrogate indicator to produce a more accurate distribution 
portrayal. When the Dshore was not included in the model, the model's 
performance decreased (Fig. S9), and there were significant discrep
ancies between the model's predictions and the actual observations 
(Fig. S10). The restricted range of Dshore data correlating with the 
species distribution points led the model to perceive it as a critically 
selective constraint on the distribution scope, which does not inherently 
elevate Dshore as the paramount determinant of C. sikamea distribution. 

In our study of habitat range delineation for intertidal organisms, 
water depth was also considered as a potential indicator. However, the 
negligible contribution rate (0 %) of water depth implied that it may not 
be a reliable factor (Table S3). Intertidal species, such as oysters, expe
rience fluctuating water depths due to tidal changes. The inaccuracy of 
water depth data can introduce biases in species distribution models for 
these organisms. 

SST emerged as the principal elements that dictated C. sikamea 

Fig. 6. Niches overlap of C. sikamea between current and future climatic scenarios. The green and red shadings represent density of species occurrences in current 
and future scenario and red arrows mark Schoener's D (Niche overlap) estimate. Purple indicates the niche overlap between the two scenarios. 

Table 2 
Niche comparisons and variation between the current and future projected distribution ranges of C. sikamea.  

Niche comparison pairs PC1 
(%) 

PC2 
(%) 

Niche overlap 
(D) 

Niche equivalency 
(P) 

Niche similarity 
(P) 

Niche Expansion 
(%) 

Niche Stability 
(%) 

Niche Unfilling 
(%) 

Current vs 
RCP2.6–2050 s  40.96  24.31  0.37  0.98  0.06  26.52  73.48  0.35 

Current vs 
RCP2.6–2100 s  

41.69  23.57  0.34  0.97  0.06  25.11  74.89  0.02 

Current vs 
RCP4.5–2050 s  

41.26  23.93  0.31  0.99  0.06  27.47  72.53  0.52 

Current vs 
RCP4.5–2100 s  

39.93  24.64  0.36  0.94  0.03  26.44  73.56  1.98 

Current vs 
RCP6.0–2050 s  40.50  23.80  0.41  0.96  0.01  21.75  78.25  2.68 

Current vs 
RCP6.0–2100 s  

38.83  25.29  0.38  0.91  0.05  25.51  74.49  1.74 

Current vs 
RCP8.5–2050 s  

40.00  24.32  0.34  0.95  0.09  24.77  75.23  3.24 

Current vs 
RCP8.5–2100 s  38.41  25.82  0.23  1.00  0.13  38.94  61.06  9.49  
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distribution (Fig. S4), corroborating the conclusions of previous studies 
(Kinne, 1964; Robinson, 1992; Wang and Li, 2017). Our research sug
gested that C. sikamea can maintain its current suitable habitat range in 
the increasingly warm southern seas. While the species might extend its 
ecological niche to lower temperature environments, its main ecological 
niche will remain within the range of 25–28 ◦C (Fig. S8). This suggested 
a certain tolerance of C. sikamea to high temperatures, potentially linked 
to their summer reproductive habits. In natural marine environments, 
C. sikamea sexual maturity peaks between July and August, aligning 
with the year's highest water temperatures. Furthermore, the optimal 
temperature range for oyster spat growth and survival is 24–28 ◦C, and 
rising water temperatures can enhance the growth and survival of oyster 
spat during the rearing period (Wang and Li, 2017). 

Salinity and pH gained approximately equal importance scores 
(Fig. S4), and their ecological niche in the future was expected to remain 
consistent with the current conditions (Figs. S11, S12). C. sikamea 
growth relies on stable salinity and pH levels. Significant salinity fluc
tuations cause marine bivalves to close their mantle membranes (Berger 
and Kharazova, 1997). This response hinders water exchange with the 
external environment, regulates hemolymph osmotic pressure, and 
lowers respiratory metabolism and other physiological activities (Berger 
and Kharazova, 1997). Moreover, a decrease in seawater pH impacts 
bivalve larvae settlement (Kripa et al., 2014) and shell calcification 
(Haley et al., 2018). 

Building upon prior research (Liu et al., 2024), this study employed 
an ensemble model with enhanced precision to predict the distribution 
of C. sikamea along China's coasts. It is important to note that due to 
limitations in the availability of environmental data, the modeling 
approach used in this study did not incorporate changes in circulation 
patterns (Dong et al., 2012; Ni et al., 2014; Wang et al., 2016), larval 
dispersal potential (Feary et al., 2014; Cowen and Sponaugle, 2009), 
inter-species dynamics (Zhang et al., 2022), and human impact (Gal
lardo et al., 2015). Therefore, comprehensive research is warranted to 
reconcile these model projections with the actual distribution patterns of 
C. sikamea. 

4.2. Crassostrea sikamea poised to expand north beyond SBB in the future 

C. sikamea exhibited a distinct response to global climate change 
(Sorte et al., 2010), with an anticipated northward expansion of its 
suitable habitat while its southern boundary remains unchanged 
(Figs. 4, 5). This is notable given that global changes, such as rising 
temperatures and more frequent extreme weather events, are generally 
expected to diminish habitat suitability for some species or contract 
their distribution ranges. The current distribution indicated that the 
C. sikamea has gradually extended beyond the SBB, and our research 
predicted future expansion will mainly occur along the coasts of Shan
dong Province and the Bohai Sea, indicating a significant northern shift 
for this traditionally ‘southern species’ (Hu and Dong, 2022b). The 
continued rise in ocean temperature was one of the primary factors 
driving this migration. Temperature fluctuations can directly and pre
dictably influence population connectivity, with larval duration and 
survival rate closely linked to environmental temperatures (O'Connor 
et al., 2007). 

C. sikamea has been a prominent species crossing the YREBB and SBB 
over the past decade, extending its distribution to the coastal areas of 
Lianyungang, Jiangsu Province. This is attributed to C. sikamea unique 
biological characteristics. Firstly, C. sikamea has multiple genetic sour
ces, with some reef populations in thermally stressful regions along the 
Chinese coast. These populations are pre-adapted to high temperatures, 
providing adaptive genotypes for northern populations (Hu and Dong, 
2022b). Genetic admixtures from different regions enhances population 
expansion by increasing adaptive potential and environmental tolerance 
(Geburzi et al., 2020). Secondly, C. sikamea reproductive period during 
summer aligns with stronger northward wind-driven ocean currents, 
and the species possess a high reproductive rate and abundant larval 

supply (Wu et al., 2018; Yuan et al., 2017). Additionally, the develop
ment of artificial hard substrates along coastal areas (Amarasekare and 
Simon, 2020; Pinsky et al., 2020) has also facilitated this classical 
habitat generalist species' northward expansion. C. sikamea can occupy a 
wider range of habitats, such as coastal defense structures, artificial 
docks, and concrete pillars (Platts et al., 2019). 

This trend of northward migration due to climate change on coastal 
areas has been observed in other warm-water species such as Schizaster 
lacunosus (Xu et al., 2020) and Nerita yoldii (Wang et al., 2018), which 
have crossed the YREBB and expanded their range towards the SBB. As a 
pioneer in the northward migration, the notable distribution range 
change of C. sikamea indicates a significant shift in the migration pat
terns of southern species to northern regions. 

4.3. Ecological challenges and aquaculture opportunities of Crassostrea 
sikamea's northward migration 

The results of ecological niche equivalency and similarity (Table 2) 
indicated that C. sikamea can maintain relatively stable ecological niche 
characteristics while adapting to future climate change (Fernández and 
Hamilton, 2015). However, the low overlap and significant expansion 
(Table 2) of its ecological niche suggested that C. sikamea may occupy 
different ecological niche spaces under future climate conditions (Wei 
et al., 2017; Pili et al., 2020). This was consistent with our conclusion 
regarding its potential northward migration. It further implies that 
during the process of C. sikamea migrating northward and adapting to 
new environments due to climate change, there will be competition with 
local species for survival resources and space (Dukes and Mooney, 1999; 
Vitousek et al., 1997; Rosenzweig et al., 2008). Given that the compe
tition among species increases with functional similarity (Dick et al., 
2017; Wardle et al., 2011), the northward migration of C. sikamea may 
lead to the decline of similar local species (Byers, 2009), such as Cras
sostrea gigas (Thunberg, 1793). Oysters are known as ecosystem engi
neers for their ability to form extensive reefs, increase settling areas for 
various species, and promote colonization (Padilla, 2010). Conse
quently, the northward migration of C. sikamea might profoundly alter 
the native system, potentially impacting local biodiversity, protected 
habitats, and commercial species (King et al., 2021; Crooks, 2009). 

Vulnerability assessments on key fishery species reveal that oyster 
farming faces significantly higher risks than fisheries (Doubleday et al., 
2013; Johnson and Welch, 2016). This increased vulnerability is 
attributed to the negative directional effects of climate change and the 
limited ability to migration caused by sessile lifestyles (Mahu et al., 
2022). Integrated aquaculture can enhance the ecological stability of the 
aquaculture system (Ahmed et al., 2019). The northward migration of 
C. sikamea suggests the possibility of cultivating native southern oyster 
species in northern areas, which can alleviate the pressure of expand 
aquaculture in certain areas (Jo et al., 2012), and enhance the produc
tivity, environmental sustainability, and capacity of aquaculture to 
adapt to climate change (Ahmed et al., 2019). 

It is imperative that the advancement of C. sikamea aquaculture is 
paralleled by thorough risk evaluations undertaken by governing bodies 
encompassing ecological, economic, and societal dimensions. The 
enforcement of rigorous aquaculture protocols and managerial strate
gies is critical for mitigating ecological disruptions, with the aim of 
preserving regional biotic harmony. 

5. Conclusion 

The habitats of C. sikamea are susceptible to climate change, result
ing in changes in suitable areas and ecological niches of the species 
along the Chinese coastline. The potential rapid northward migration of 
C. sikamea offers new avenues for oyster aquaculture in China. However, 
this movement could have significant implications for the ecological 
structure and functions of marine ecosystem. We aimed for this study to 
serve as a benchmark for extensive international research on the rapid 
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shift in intertidal species. This, in turn, promotes further exploration of 
the impact of climate change on marine ecosystems and fosters collab
orative endeavors aimed at devising conservation and adaptation stra
tegies in this unparalleled era of environmental change. 
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