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Supplementary Method 1
To investigate the potential drivers of bacterial and fungal richness in Zostera japonica bed microbial communities, this study employed generalized additive models (GAMs) using the mgcv package to examine the relationships between major environmental gradients and microbial richness indices across different microhabitats. This approach allows the isolation of the partial effects of individual environmental variables while controlling for the influence of other covariates, thereby clarifying the relationship between community diversity and environmental factors.
GAMs are an extension of linear models that accommodate potential nonlinear relationships between response and predictor variables. Previous studies have shown that each explanatory variable in a GAM is modeled independently using a smooth function, which captures the changes in the response variable as a function of the predictor [1, 2]. When environmental factors exhibit collinearity, GAMs can flexibly adjust the shape of the smooth functions to capture complex relationships between variables, reducing the direct impact of collinearity on model parameter estimates.
The calculation formula for GAM is as follows:
g(E(Y)) = ε +β0 + f1(x1) + f2(x2) + ... + fi(xi)
Here, g() is the link function,(E(Y) is the expected value of the response variable, β₀ is the intercept, fi(xi) represents the smooth function of the (i)-th predictor, and ε is the error term.

Supplementary Method 2
To investigate the influence of environmental factors on microbial diversity in Zostera japonica seagrass beds across different geographic regions, this study calculated response ratios (RRs) separately for bacterial and fungal communities, considering both the overall sample set and the northern and southern regions. The response ratio (RR) was calculated using the following formula:
 	 					   		 (1)
Here, Xt and Xc represent the mean values of the microbial diversity metric (richness index) in the high-value and low-value groups, respectively [3]. Because this study is based on field observations rather than controlled experiments, continuous environmental variables were divided into two groups according to their median values: samples above the median were assigned to the “high-value group,” and those below the median to the “low-value group.” This dichotomization creates an analytical framework analogous to treatment–control comparisons in experimental designs, intended solely for comparative purposes and not to imply causality. In this analysis, the high-value group serves as the “treatment” group, while the low-value group serves as the “control” group.
The variance of response ratio is calculated using the following formula:
  	 				  	 (2)
Here, s2, n, and  represent the variance, sample size, and mean of each group, respectively. Confidence intervals were calculated under the assumption of a normal distribution (). The thresholds used to define the groups were based entirely on the median values of each environmental factor, determined by the data distribution rather than preset ecological thresholds. All calculations were performed in R using the “metafor” package, and visualizations were generated with ggplot2.
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