Complete Python code for generating all figures in the paper:
"Dispersal-mediated coexistence and extinction dynamics in three archetypal food webs"


import numpy as np
from scipy.integrate import odeint
import matplotlib.pyplot as plt
from matplotlib.colors import ListedColormap
import warnings
warnings.filterwarnings('ignore')

# ====================== Reused Original Model & Simulation Engine (Unmodified except parameter names) ======================
class FoodWebModel:
    """Base class for food web models with different dispersal patterns"""
    def __init__(self, c1=1.0, c2=1.0, c3=1.0, e1=0.05, e2=0.05,
                 e31=0.15, e32=0.05, pred_21=0.025, pred_2=0.025, pred_31=0.075,
                 alpha_CP=0.1, alpha_PC=0.02, alpha_R1R2=0.1, alpha_R2R1=0.02):
        self.c1 = c1
        self.c2 = c2
        self.c3 = c3
        self.e1 = e1
        self.e2 = e2
        self.e31 = e31
        self.e32 = e32
        self.pred_21 = pred_21
        self.pred_2 = pred_2
        self.pred_31 = pred_31
        self.alpha_CP = alpha_CP
        self.alpha_PC = alpha_PC
        self.alpha_R1R2 = alpha_R1R2
        self.alpha_R2R1 = alpha_R2R1

    def get_dynamics(self, dispersal_pattern, architecture):
        if architecture == 'simple_chain':
            return self._simple_chain_dynamics(dispersal_pattern)
        elif architecture == 'exploitative_competition':
            return self._exploitative_competition_dynamics(dispersal_pattern)
        elif architecture == 'apparent_competition':
            return self._apparent_competition_dynamics(dispersal_pattern)
        else:
            raise ValueError(f"Unknown architecture: {architecture}")

    def _simple_chain_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, C, R = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - F) * (1 - U - R) - self.e1 * R - self.pred_21 * R * C
            elif dispersal_pattern == 'GLL':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) * q_SS - self.e1 * R - self.pred_21 * R * C * q_SS
            elif dispersal_pattern == 'GGL':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) * q_SS - self.e1 * R - self.pred_21 * R * C
            elif dispersal_pattern == 'GGG':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) - self.e1 * R - self.pred_21 * R * C
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dC, dR]
        return system

    def _exploitative_competition_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, C, R = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_21 * C * R
                      - self.alpha_PC * P * C)
                dR = (self.c1 * R * (1 - F) * (1 - U - R) - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GLL':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_21 * C * R
                      - self.alpha_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) * q_SS - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GGL':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_21 * C * R
                      - self.alpha_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) * q_SS - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GGG':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_21 * C * R
                      - self.alpha_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dC, dR]
        return system

    def _apparent_competition_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, R1, R2 = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - F) * (1 - U - R1) - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.alpha_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * q_SS * R1 * (1 - U - R2) * q_SS - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GLL':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) * q_SS - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.alpha_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * q_SS * R1 * (1 - U - R2) * q_SS - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GGL':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) * q_SS - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.alpha_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * R1 * (1 - U - R2) - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GGG':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.alpha_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * R1 * (1 - U - R2) - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dR1, dR2]
        return system

class SimulationEngine:
    def __init__(self, model, architecture, dispersal_pattern):
        self.model = model
        self.architecture = architecture
        self.dispersal_pattern = dispersal_pattern
        self.system = model.get_dynamics(dispersal_pattern, architecture)
        self.extinction_threshold = 1e-4
        self.simulation_time = 10000
        self.num_time_points = 1000
        if architecture == 'apparent_competition':
            self.initial_conditions = [0.01, 0.005, 0.0025]
        else:
            self.initial_conditions = [0.01, 0.005, 0.0025]

    def run_single_sim(self, U, F):
        """Single U & F simulation, return number of coexisting species for multi-parameter sweeping"""
        time_eval = np.linspace(0, self.simulation_time, self.num_time_points)
        sol = odeint(self.system, self.initial_conditions, time_eval, args=(U, F))
        P_avg = np.mean(sol[-100:, 0])
        C_avg = np.mean(sol[-100:, 1])
        R_avg = np.mean(sol[-100:, 2])
        p_surv = 1 if P_avg > self.extinction_threshold else 0
        c_surv = 1 if C_avg > self.extinction_threshold else 0
        r_surv = 1 if R_avg > self.extinction_threshold else 0
        total_coex = p_surv + c_surv + r_surv
        return total_coex

# ====================== New Module: Multi-Parameter Coupled Sensitivity Analysis (Address Reviewer Comment) ======================
class MultiParameterCouplingSensitivity:
    def __init__(self, fixed_U=0.45, fixed_F=0.35):
        plt.rcParams['font.family'] = 'Times New Roman'
        plt.rcParams['font.size'] = 11
        plt.rcParams['axes.labelsize'] = 12
        plt.rcParams['axes.titlesize'] = 13
        plt.rcParams['figure.dpi'] = 300
        plt.rcParams['savefig.dpi'] = 300
        self.fixed_U = fixed_U
        self.fixed_F = fixed_F
        self.dispersal_modes = ['GLN', 'GLL', 'GGL', 'GGG']
        self.arch_list = ["simple_chain", "exploitative_competition", "apparent_competition"]
        self.arch_titles = ["Simple food chain", "Exploitative competition", "Apparent competition"]

    def sweep_c1_c3_couple(self, save_dir=None):
        """Trade-off 1: Two-dimensional sweep of basal colonization c1 & top predator colonization c3"""
        c1_range = np.linspace(0.1, 2.0, 22)
        c3_range = np.linspace(0.1, 2.0, 22)
        c3_grid, c1_grid = np.meshgrid(c3_range, c1_range)

        fig, axes = plt.subplots(4, 3, figsize=(16, 14))
        fig.suptitle("Two-parameter coupled sensitivity: Basal colonization $c_1$ vs Top predator colonization $c_3$", fontsize=15)
        cmap = ListedColormap(["#A6A6A6", "#E7298A", "#7570B3", "#1B9E77"])

        for disp_idx, disp in enumerate(self.dispersal_modes):
            for arch_idx, arch in enumerate(self.arch_list):
                coex_mat = np.zeros_like(c1_grid)
                for i, c1 in enumerate(c1_range):
                    for j, c3 in enumerate(c3_range):
                        mod = FoodWebModel(c1=c1, c3=c3)
                        eng = SimulationEngine(mod, arch, disp)
                        coex_mat[i,j] = eng.run_single_sim(self.fixed_U, self.fixed_F)
                ax = axes[disp_idx, arch_idx]
                im = ax.imshow(coex_mat, extent=[c3_range.min(), c3_range.max(), c1_range.min(), c1_range.max()],
                               origin="lower", cmap=cmap, vmin=0, vmax=3, aspect="auto")
                ax.contour(c3_range, c1_range, coex_mat, levels=[0.5,1.5,2.5], colors="black", linewidths=0.6)
                ax.set_xlabel("$c_3$ (Top predator colonization)")
                ax.set_ylabel("$c_1$ (Basal species colonization)")
                ax.set_title(f"{self.arch_titles[arch_idx]} | {disp}")
                ax.tick_params(labelsize=9)
        # Shared color bar
        cbar_ax = fig.add_axes([0.92, 0.12, 0.018, 0.75])
        cb = fig.colorbar(im, cax=cbar_ax)
        cb.set_label("Number of coexisting species")
        cb.set_ticks([0,1,2,3])
        cb.set_ticklabels(["0 all extinct","1 single species","2 two-species coexist","3 full coexistence"])

        plt.tight_layout(rect=[0,0,0.91,0.96])
        if save_dir:
            import os
            os.makedirs(save_dir, exist_ok=True)
            plt.savefig(f"{save_dir}/Sensitivity_Couple_c1_c3.png", bbox_inches="tight")
        plt.show()
        return fig

    def sweep_alpha_couple(self, save_dir=None):
        """Trade-off 2: Coupling between competition intensity alpha_CP and dispersal modes (exploitative competition trade-off)"""
        alpha_range = np.linspace(0.01, 0.3, 20)
        c3_fix, c1_fix = 1.0, 1.0
        fig, axes = plt.subplots(3,1, figsize=(12,10))
        fig.suptitle("Coupled competition-dispersal trade-off: Competition intensity $\\alpha_{CP}$ across dispersal modes", fontsize=15)
        colors = ["#D95F02","#1B9E77","#7570B3","#E7298A"]
        for arch_idx, arch in enumerate(self.arch_list):
            ax = axes[arch_idx]
            for disp_idx, disp in enumerate(self.dispersal_modes):
                coex_curve = []
                for alpha in alpha_range:
                    mod = FoodWebModel(c1=c1_fix, c3=c3_fix, alpha_CP=alpha)
                    eng = SimulationEngine(mod, arch, disp)
                    coex = eng.run_single_sim(self.fixed_U, self.fixed_F)
                    coex_curve.append(coex)
                ax.plot(alpha_range, coex_curve, color=colors[disp_idx], linewidth=2, label=disp)
            ax.set_xlabel("Competitive suppression $\\alpha_{CP}$")
            ax.set_ylabel("Coexisting species count")
            ax.set_title(self.arch_titles[arch_idx])
            ax.set_ylim(-0.1, 3.2)
            ax.grid(alpha=0.3)
            ax.legend()
        plt.tight_layout(rect=[0,0,1,0.95])
        if save_dir:
            import os
            os.makedirs(save_dir, exist_ok=True)
            plt.savefig(f"{save_dir}/Sensitivity_Couple_Alpha_Dispersal.png", bbox_inches="tight")
        plt.show()
        return fig

    def sweep_e1_pred31_couple(self, save_dir=None):
        """Trade-off 3: Coupling between basal intrinsic extinction e1 and predation mortality pred31"""
        e1_range = np.linspace(0.01, 0.2, 20)
        pred_range = np.linspace(0.02, 0.12, 20)
        pred_grid, e1_grid = np.meshgrid(pred_range, e1_range)
        disp_target = "GLN"
        fig, axes = plt.subplots(1,3, figsize=(16,6))
        fig.suptitle(f"Coupled mortality trade-off: Intrinsic extinction $e_1$ vs Predation loss $pred_{{31}}$ (Dispersal = {disp_target})", fontsize=15)
        cmap = ListedColormap(["#A6A6A6", "#E7298A", "#7570B3", "#1B9E77"])
        for arch_idx, arch in enumerate(self.arch_list):
            ax = axes[arch_idx]
            coex_mat = np.zeros_like(e1_grid)
            for i, e1 in enumerate(e1_range):
                for j, pr in enumerate(pred_range):
                    mod = FoodWebModel(e1=e1, pred_31=pr)
                    eng = SimulationEngine(mod, arch, disp_target)
                    coex_mat[i,j] = eng.run_single_sim(self.fixed_U, self.fixed_F)
            im = ax.imshow(coex_mat, extent=[pred_range.min(), pred_range.max(), e1_range.min(), e1_range.max()],
                           origin="lower", cmap=cmap, vmin=0, vmax=3)
            ax.contour(pred_range, e1_range, coex_mat, levels=[0.5,1.5,2.5], colors="black", linewidths=0.6)
            ax.set_xlabel("$pred_{31}$ Predation mortality")
            ax.set_ylabel("$e_1$ Intrinsic basal extinction")
            ax.set_title(self.arch_titles[arch_idx])
        cbar_ax = fig.add_axes([0.93, 0.18, 0.018, 0.65])
        cb = fig.colorbar(im, cax=cbar_ax)
        cb.set_label("Number of coexisting species")
        plt.tight_layout(rect=[0,0,0.92,0.94])
        if save_dir:
            import os
            os.makedirs(save_dir, exist_ok=True)
            plt.savefig(f"{save_dir}/Sensitivity_Couple_e1_pred31.png", bbox_inches="tight")
        plt.show()
        return fig

    def run_all_coupled_analysis(self, save_dir="./multi_param_sensitivity"):
        print("===== Start multi-parameter coupled sensitivity analysis =====")
        print("1. Execute two-dimensional sweep for c1 & c3 colonization rates")
        self.sweep_c1_c3_couple(save_dir=save_dir)
        print("2. Execute competition intensity and dispersal mode trade-off simulation")
        self.sweep_alpha_couple(save_dir=save_dir)
        print("3. Execute coupled heatmap for intrinsic extinction and predation mortality")
        self.sweep_e1_pred31_couple(save_dir=save_dir)
        print("===== All coupled sensitivity plotting tasks completed =====")
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Appendix: Individual species coexistence heatmaps and occupancy curves (separate figures A1-A7)


import numpy as np
from scipy.integrate import odeint
import matplotlib.pyplot as plt
from matplotlib.colors import ListedColormap, LinearSegmentedColormap
from matplotlib.patches import Rectangle
import warnings
warnings.filterwarnings('ignore')

# =============================================================================
# SECTION 1: MODEL DEFINITIONS (identical to main code)
# =============================================================================

class FoodWebModel:
    """Base class for food web models with different dispersal patterns"""
    def __init__(self, c1=1.0, c2=1.0, c3=1.0, e1=0.05, e2=0.05,
                 e31=0.15, e32=0.05, pred_21=0.025, pred_2=0.025, pred_31=0.075,
                 alpha_CP=0.1, beta_PC=0.02, alpha_R1R2=0.1, beta_R2R1=0.02):
        self.c1 = c1
        self.c2 = c2
        self.c3 = c3
        self.e1 = e1
        self.e2 = e2
        self.e31 = e31
        self.e32 = e32
        self.pred_21 = pred_21
        self.pred_2 = pred_2
        self.pred_31 = pred_31
        self.alpha_CP = alpha_CP
        self.beta_PC = beta_PC
        self.alpha_R1R2 = alpha_R1R2
        self.beta_R2R1 = beta_R2R1

    def get_dynamics(self, dispersal_pattern, architecture):
        if architecture == 'simple_chain':
            return self._simple_chain_dynamics(dispersal_pattern)
        elif architecture == 'exploitative_competition':
            return self._exploitative_competition_dynamics(dispersal_pattern)
        elif architecture == 'apparent_competition':
            return self._apparent_competition_dynamics(dispersal_pattern)
        else:
            raise ValueError(f"Unknown architecture: {architecture}")

    def _simple_chain_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, C, R = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - F) * (1 - U - R) - self.e1 * R - self.pred_21 * R * C
            elif dispersal_pattern == 'GLL':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) * q_SS - self.e1 * R - self.pred_21 * R * C * q_SS
            elif dispersal_pattern == 'GGL':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) * q_SS - self.e1 * R - self.pred_21 * R * C
            elif dispersal_pattern == 'GGG':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) - self.e1 * R - self.pred_21 * R * C
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dC, dR]
        return system

    def _exploitative_competition_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, C, R = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_21 * C * R
                      - self.beta_PC * P * C)
                dR = (self.c1 * R * (1 - F) * (1 - U - R) - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GLL':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_21 * C * R
                      - self.beta_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) * q_SS - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GGL':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_21 * C * R
                      - self.beta_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) * q_SS - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GGG':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_21 * C * R
                      - self.beta_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dC, dR]
        return system

    def _apparent_competition_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, R1, R2 = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - F) * (1 - U - R1) - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.beta_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * q_SS * R1 * (1 - U - R2) * q_SS - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GLL':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) * q_SS - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.beta_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * q_SS * R1 * (1 - U - R2) * q_SS - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GGL':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) * q_SS - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.beta_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * R1 * (1 - U - R2) - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GGG':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.beta_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * R1 * (1 - U - R2) - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dR1, dR2]
        return system

# =============================================================================
# SECTION 2: SIMULATION ENGINE
# =============================================================================

class SimulationEngine:
    def __init__(self, model, architecture, dispersal_pattern):
        self.model = model
        self.architecture = architecture
        self.dispersal_pattern = dispersal_pattern
        self.system = model.get_dynamics(dispersal_pattern, architecture)
        self.extinction_threshold = 1e-4
        self.simulation_time = 10000
        self.num_time_points = 1000
        if architecture == 'apparent_competition':
            self.initial_conditions = [0.01, 0.005, 0.0025]
        else:
            self.initial_conditions = [0.01, 0.005, 0.0025]

    def run_sweep(self, U_values, F_values):
        U_grid, F_grid = np.meshgrid(U_values, F_values)
        n_rows, n_cols = U_grid.shape
        P_occ = np.full((n_rows, n_cols), np.nan)
        C_occ = np.full((n_rows, n_cols), np.nan)
        R_occ = np.full((n_rows, n_cols), np.nan)
        coex = np.full((n_rows, n_cols), -1)
        time_eval = np.linspace(0, self.simulation_time, self.num_time_points)
        for i in range(n_rows):
            for j in range(n_cols):
                U = U_grid[i, j]
                F = F_grid[i, j]
                if U >= 1 or F > U / (1 - U) or U < 0.01:
                    continue
                try:
                    sol = odeint(self.system, self.initial_conditions, time_eval, args=(U, F))
                    P_avg = np.mean(sol[-100:, 0])
                    C_avg = np.mean(sol[-100:, 1])
                    R_avg = np.mean(sol[-100:, 2])
                    P_occ[i, j] = P_avg if P_avg > self.extinction_threshold else 0
                    C_occ[i, j] = C_avg if C_avg > self.extinction_threshold else 0
                    R_occ[i, j] = R_avg if R_avg > self.extinction_threshold else 0
                    # Coexistence coding (only used for main figures; not used in appendix)
                    if R_occ[i,j] > 0 and C_occ[i,j] > 0 and P_occ[i,j] > 0:
                        coex[i,j] = 0
                    elif R_occ[i,j] > 0 and C_occ[i,j] > 0 and P_occ[i,j] == 0:
                        coex[i,j] = 1
                    elif R_occ[i,j] > 0 and P_occ[i,j] > 0 and C_occ[i,j] == 0:
                        coex[i,j] = 2
                    elif R_occ[i,j] > 0 and C_occ[i,j] == 0 and P_occ[i,j] == 0:
                        coex[i,j] = 3
                    else:
                        coex[i,j] = 4
                except:
                    continue
        return {
            'U_grid': U_grid,
            'F_grid': F_grid,
            'P_occupancy': P_occ,
            'C_occupancy': C_occ,
            'R_occupancy': R_occ,
            'coexistence': coex
        }

# =============================================================================
# SECTION 3: APPENDIX FIGURE GENERATOR (modified titles and combined plot legend)
# =============================================================================

class AppendixFigureGenerator:
    """Generate appendix figures: species-specific heatmaps and occupancy curves under different dispersal modes."""
    def __init__(self):
        plt.rcParams['font.family'] = 'Times New Roman'
        plt.rcParams['font.size'] = 11
        plt.rcParams['axes.labelsize'] = 12
        plt.rcParams['axes.titlesize'] = 14
        plt.rcParams['legend.fontsize'] = 10
        plt.rcParams['figure.dpi'] = 300
        plt.rcParams['savefig.dpi'] = 300
        plt.rcParams['mathtext.fontset'] = 'stix'
        plt.rcParams['axes.unicode_minus'] = False

        self.species_cmaps = {
            'P': LinearSegmentedColormap.from_list('P_cmap', ['#FFF5F0', '#D55E00']),
            'C': LinearSegmentedColormap.from_list('C_cmap', ['#F0F8FF', '#0072B2']),
            'R': LinearSegmentedColormap.from_list('R_cmap', ['#F0FFF0', '#009E73']),
            'R1': LinearSegmentedColormap.from_list('R1_cmap', ['#F0F8FF', '#0072B2']),
            'R2': LinearSegmentedColormap.from_list('R2_cmap', ['#F0FFF0', '#009E73']),
        }
        self.species_line_colors = {
            'P': '#D55E00',
            'C': '#0072B2',
            'R': '#009E73',
            'R1': '#0072B2',
            'R2': '#009E73',
        }
        self.species_line_styles = {
            'P': '-',
            'C': '--',
            'R': '-.',
            'R1': '--',
            'R2': '-.',
        }
        self.species_labels = {
            'simple_chain': {
                'P': 'Top predator (P₃)',
                'C': 'Intermediate (C₂)',
                'R': 'Basal (R₁)'
            },
            'exploitative_competition': {
                'P': 'Inferior competitor (P₃)',
                'C': 'Superior competitor (C₂)',
                'R': 'Resource (R₁)'
            },
            'apparent_competition': {
                'P': 'Shared predator (P₃)',
                'C': 'Superior prey (R₁)',
                'R': 'Inferior prey (R₂)'
            }
        }

    def _validate_constraint(self, U, F):
        if U >= 1:
            return False
        return F <= U / (1 - U)

    def _plot_species_heatmap(self, ax, occupancy_data, U_values, F_values,
                              species_name, cmap):
        mask = np.zeros_like(occupancy_data, dtype=bool)
        for i, U in enumerate(U_values):
            for j, F in enumerate(F_values):
                if not self._validate_constraint(U, F):
                    mask[j, i] = True
        masked_data = np.ma.masked_where(mask, occupancy_data)
        vmin = 0
        vmax = np.nanmax(occupancy_data) if np.nanmax(occupancy_data) > 0 else 0.5
        im = ax.imshow(masked_data,
                       extent=[U_values.min(), U_values.max(), F_values.min(), F_values.max()],
                       origin='lower', cmap=cmap, vmin=vmin, vmax=vmax, aspect='auto')
        ax.set_xlabel('Habitat loss (U)', fontsize=11)
        ax.set_ylabel('Habitat fragmentation (F)', fontsize=11)
        ax.tick_params(labelsize=9)
        for spine in ax.spines.values():
            spine.set_linewidth(1.5)
            spine.set_color('black')
        return im

    # ---------- Heatmaps (one figure per architecture: 4 dispersal modes × 3 species) ----------
    def figure_heatmaps_simple_chain(self, model, save_dir=None):
        U_values = np.arange(0.01, 0.99, 0.02)
        F_values = np.arange(0.01, 0.99, 0.02)
        dispersal_patterns = ['GLN', 'GLL', 'GGL', 'GGG']
        species_keys = ['P', 'C', 'R']
        pattern_titles = ['(a) GLN', '(b) GLL', '(c) GGL', '(d) GGG']
        fig, axes = plt.subplots(4, 3, figsize=(15, 14))
        labels = self.species_labels['simple_chain']
        cmaps = self.species_cmaps
        for pat_idx, pattern in enumerate(dispersal_patterns):
            print(f"Running heatmaps: simple food web, {pattern}...")
            engine = SimulationEngine(model, 'simple_chain', pattern)
            results = engine.run_sweep(U_values, F_values)
            for sp_idx, species_key in enumerate(species_keys):
                ax = axes[pat_idx, sp_idx]
                if species_key == 'P':
                    occupancy = results['P_occupancy']
                elif species_key == 'C':
                    occupancy = results['C_occupancy']
                elif species_key == 'R':
                    occupancy = results['R_occupancy']
                else:
                    continue
                im = self._plot_species_heatmap(ax, occupancy, U_values, F_values,
                                                labels[species_key], cmaps[species_key])
                if pat_idx == 0:
                    ax.set_title(f'{labels[species_key]}', fontsize=11, fontweight='bold')
                if sp_idx == 0:
                    ax.text(-0.12, 0.5, f'{pattern_titles[pat_idx]}',
                            transform=ax.transAxes, ha='right', va='center',
                            fontsize=12, fontweight='bold')
        fig.suptitle('Appendix Figure: Simple Food web - Species Coexistence Heatmaps',
                     fontsize=14, fontweight='bold', y=0.98)
        plt.tight_layout()
        if save_dir:
            plt.savefig(f'{save_dir}/Heatmaps_SimpleFoodWeb.png', bbox_inches='tight', dpi=300)
        plt.show()
        return fig

    def figure_heatmaps_exploitative(self, model, save_dir=None):
        U_values = np.arange(0.01, 0.99, 0.02)
        F_values = np.arange(0.01, 0.99, 0.02)
        dispersal_patterns = ['GLN', 'GLL', 'GGL', 'GGG']
        species_keys = ['P', 'C', 'R']
        pattern_titles = ['(a) GLN', '(b) GLL', '(c) GGL', '(d) GGG']
        fig, axes = plt.subplots(4, 3, figsize=(15, 14))
        labels = self.species_labels['exploitative_competition']
        cmaps = self.species_cmaps
        for pat_idx, pattern in enumerate(dispersal_patterns):
            print(f"Running heatmaps: exploitative, {pattern}...")
            engine = SimulationEngine(model, 'exploitative_competition', pattern)
            results = engine.run_sweep(U_values, F_values)
            for sp_idx, species_key in enumerate(species_keys):
                ax = axes[pat_idx, sp_idx]
                if species_key == 'P':
                    occupancy = results['P_occupancy']
                elif species_key == 'C':
                    occupancy = results['C_occupancy']
                elif species_key == 'R':
                    occupancy = results['R_occupancy']
                else:
                    continue
                im = self._plot_species_heatmap(ax, occupancy, U_values, F_values,
                                                labels[species_key], cmaps[species_key])
                if pat_idx == 0:
                    ax.set_title(f'{labels[species_key]}', fontsize=11, fontweight='bold')
                if sp_idx == 0:
                    ax.text(-0.12, 0.5, f'{pattern_titles[pat_idx]}',
                            transform=ax.transAxes, ha='right', va='center',
                            fontsize=12, fontweight='bold')
        fig.suptitle('Appendix Figure: Exploitative Competition - Species Coexistence Heatmaps',
                     fontsize=14, fontweight='bold', y=0.98)
        plt.tight_layout()
        if save_dir:
            plt.savefig(f'{save_dir}/Heatmaps_Exploitative.png', bbox_inches='tight', dpi=300)
        plt.show()
        return fig

    def figure_heatmaps_apparent(self, model, save_dir=None):
        U_values = np.arange(0.01, 0.99, 0.02)
        F_values = np.arange(0.01, 0.99, 0.02)
        dispersal_patterns = ['GLN', 'GLL', 'GGL', 'GGG']
        species_keys = ['P', 'C', 'R']
        pattern_titles = ['(a) GLN', '(b) GLL', '(c) GGL', '(d) GGG']
        fig, axes = plt.subplots(4, 3, figsize=(15, 14))
        labels = self.species_labels['apparent_competition']
        cmaps = self.species_cmaps
        for pat_idx, pattern in enumerate(dispersal_patterns):
            print(f"Running heatmaps: apparent, {pattern}...")
            engine = SimulationEngine(model, 'apparent_competition', pattern)
            results = engine.run_sweep(U_values, F_values)
            for sp_idx, species_key in enumerate(species_keys):
                ax = axes[pat_idx, sp_idx]
                if species_key == 'P':
                    occupancy = results['P_occupancy']
                elif species_key == 'C':
                    occupancy = results['C_occupancy']
                elif species_key == 'R':
                    occupancy = results['R_occupancy']
                else:
                    continue
                im = self._plot_species_heatmap(ax, occupancy, U_values, F_values,
                                                labels[species_key], cmaps[species_key])
                if pat_idx == 0:
                    ax.set_title(f'{labels[species_key]}', fontsize=11, fontweight='bold')
                if sp_idx == 0:
                    ax.text(-0.12, 0.5, f'{pattern_titles[pat_idx]}',
                            transform=ax.transAxes, ha='right', va='center',
                            fontsize=12, fontweight='bold')
        fig.suptitle('Appendix Figure: Apparent Competition - Species Coexistence Heatmaps',
                     fontsize=14, fontweight='bold', y=0.98)
        plt.tight_layout()
        if save_dir:
            plt.savefig(f'{save_dir}/Heatmaps_Apparent.png', bbox_inches='tight', dpi=300)
        plt.show()
        return fig

    # ---------- Occupancy curves (one figure per architecture, all species together) ----------
    def figure_curves_simple_chain(self, model, save_dir=None):
        U_values = np.arange(0.01, 0.80, 0.02)
        F_fixed = 0.5
        dispersal_patterns = ['GLN', 'GLL', 'GGL', 'GGG']
        species_keys = ['P', 'C', 'R']
        pattern_titles = ['(a) GLN', '(b) GLL', '(c) GGL', '(d) GGG']
        fig, axes = plt.subplots(2, 2, figsize=(14, 10))
        axes = axes.flatten()
        labels = self.species_labels['simple_chain']
        colors = self.species_line_colors
        styles = self.species_line_styles
        for pat_idx, pattern in enumerate(dispersal_patterns):
            print(f"Running curves: simple food web, {pattern}...")
            engine = SimulationEngine(model, 'simple_chain', pattern)
            results = engine.run_sweep(U_values, np.array([F_fixed]))
            ax = axes[pat_idx]
            for species_key in species_keys:
                if species_key == 'P':
                    occupancy = results['P_occupancy'][0, :]
                elif species_key == 'C':
                    occupancy = results['C_occupancy'][0, :]
                elif species_key == 'R':
                    occupancy = results['R_occupancy'][0, :]
                else:
                    continue
                ax.plot(U_values, occupancy,
                        color=colors[species_key],
                        linestyle=styles[species_key],
                        linewidth=2.5,
                        label=labels[species_key])
            ax.set_xlabel('Habitat loss (U)', fontsize=11)
            ax.set_ylabel('Patch occupancy', fontsize=11)
            ax.set_title(pattern_titles[pat_idx], fontsize=12, fontweight='bold')
            ax.set_ylim(0, 0.5)
            ax.grid(True, alpha=0.3)
            ax.tick_params(labelsize=9)
            if pat_idx == 0:
                ax.legend(fontsize=10, loc='best', frameon=True, fancybox=True)
            for spine in ax.spines.values():
                spine.set_linewidth(1.5)
                spine.set_color('black')
        fig.suptitle('Appendix Figure: Simple Food web - Species Occupancy Curves (F=0.5)',
                     fontsize=14, fontweight='bold', y=0.98)
        plt.tight_layout()
        if save_dir:
            plt.savefig(f'{save_dir}/Curves_SimpleFoodWeb.png', bbox_inches='tight', dpi=300)
        plt.show()
        return fig

    def figure_curves_exploitative(self, model, save_dir=None):
        U_values = np.arange(0.01, 0.80, 0.02)
        F_fixed = 0.5
        dispersal_patterns = ['GLN', 'GLL', 'GGL', 'GGG']
        species_keys = ['P', 'C', 'R']
        pattern_titles = ['(a) GLN', '(b) GLL', '(c) GGL', '(d) GGG']
        fig, axes = plt.subplots(2, 2, figsize=(14, 10))
        axes = axes.flatten()
        labels = self.species_labels['exploitative_competition']
        colors = self.species_line_colors
        styles = self.species_line_styles
        for pat_idx, pattern in enumerate(dispersal_patterns):
            print(f"Running curves: exploitative, {pattern}...")
            engine = SimulationEngine(model, 'exploitative_competition', pattern)
            results = engine.run_sweep(U_values, np.array([F_fixed]))
            ax = axes[pat_idx]
            for species_key in species_keys:
                if species_key == 'P':
                    occupancy = results['P_occupancy'][0, :]
                elif species_key == 'C':
                    occupancy = results['C_occupancy'][0, :]
                elif species_key == 'R':
                    occupancy = results['R_occupancy'][0, :]
                else:
                    continue
                ax.plot(U_values, occupancy,
                        color=colors[species_key],
                        linestyle=styles[species_key],
                        linewidth=2.5,
                        label=labels[species_key])
            ax.set_xlabel('Habitat loss (U)', fontsize=11)
            ax.set_ylabel('Patch occupancy', fontsize=11)
            ax.set_title(pattern_titles[pat_idx], fontsize=12, fontweight='bold')
            ax.set_ylim(0, 0.5)
            ax.grid(True, alpha=0.3)
            ax.tick_params(labelsize=9)
            if pat_idx == 0:
                ax.legend(fontsize=10, loc='best', frameon=True, fancybox=True)
            for spine in ax.spines.values():
                spine.set_linewidth(1.5)
                spine.set_color('black')
        fig.suptitle('Appendix Figure: Exploitative Competition - Species Occupancy Curves (F=0.5)',
                     fontsize=14, fontweight='bold', y=0.98)
        plt.tight_layout()
        if save_dir:
            plt.savefig(f'{save_dir}/Curves_Exploitative.png', bbox_inches='tight', dpi=300)
        plt.show()
        return fig

    def figure_curves_apparent(self, model, save_dir=None):
        U_values = np.arange(0.01, 0.80, 0.02)
        F_fixed = 0.5
        dispersal_patterns = ['GLN', 'GLL', 'GGL', 'GGG']
        species_keys = ['P', 'C', 'R']
        pattern_titles = ['(a) GLN', '(b) GLL', '(c) GGL', '(d) GGG']
        fig, axes = plt.subplots(2, 2, figsize=(14, 10))
        axes = axes.flatten()
        labels = self.species_labels['apparent_competition']
        colors = self.species_line_colors
        styles = self.species_line_styles
        for pat_idx, pattern in enumerate(dispersal_patterns):
            print(f"Running curves: apparent, {pattern}...")
            engine = SimulationEngine(model, 'apparent_competition', pattern)
            results = engine.run_sweep(U_values, np.array([F_fixed]))
            ax = axes[pat_idx]
            for species_key in species_keys:
                if species_key == 'P':
                    occupancy = results['P_occupancy'][0, :]
                elif species_key == 'C':
                    occupancy = results['C_occupancy'][0, :]
                elif species_key == 'R':
                    occupancy = results['R_occupancy'][0, :]
                else:
                    continue
                ax.plot(U_values, occupancy,
                        color=colors[species_key],
                        linestyle=styles[species_key],
                        linewidth=2.5,
                        label=labels[species_key])
            ax.set_xlabel('Habitat loss (U)', fontsize=11)
            ax.set_ylabel('Patch occupancy', fontsize=11)
            ax.set_title(pattern_titles[pat_idx], fontsize=12, fontweight='bold')
            ax.set_ylim(0, 0.5)
            ax.grid(True, alpha=0.3)
            ax.tick_params(labelsize=9)
            if pat_idx == 0:
                ax.legend(fontsize=10, loc='best', frameon=True, fancybox=True)
            for spine in ax.spines.values():
                spine.set_linewidth(1.5)
                spine.set_color('black')
        fig.suptitle('Appendix Figure: Apparent Competition - Species Occupancy Curves (F=0.5)',
                     fontsize=14, fontweight='bold', y=0.98)
        plt.tight_layout()
        if save_dir:
            plt.savefig(f'{save_dir}/Curves_Apparent.png', bbox_inches='tight', dpi=300)
        plt.show()
        return fig

    # ---------- Combined curves (all architectures together, legend in first column of each row) ----------
    def figure_all_curves_combined(self, model, save_dir=None):
        U_values = np.arange(0.01, 0.80, 0.02)
        F_fixed = 0.5
        architectures = ['simple_chain', 'exploitative_competition', 'apparent_competition']
        arch_labels = ['Simple Food web', 'Exploitative Competition', 'Apparent Competition']
        dispersal_patterns = ['GLN', 'GLL', 'GGL', 'GGG']
        fig, axes = plt.subplots(3, 4, figsize=(18, 12))
        colors = self.species_line_colors
        styles = self.species_line_styles

        for arch_idx, (architecture, arch_label) in enumerate(zip(architectures, arch_labels)):
            labels = self.species_labels[architecture]
            species_keys = ['P', 'C', 'R']
            for pat_idx, pattern in enumerate(dispersal_patterns):
                print(f"Running combined: {arch_label}, {pattern}...")
                engine = SimulationEngine(model, architecture, pattern)
                results = engine.run_sweep(U_values, np.array([F_fixed]))
                ax = axes[arch_idx, pat_idx]
                for species_key in species_keys:
                    if species_key == 'P':
                        occupancy = results['P_occupancy'][0, :]
                    elif species_key == 'C':
                        occupancy = results['C_occupancy'][0, :]
                    elif species_key == 'R':
                        occupancy = results['R_occupancy'][0, :]
                    else:
                        continue
                    ax.plot(U_values, occupancy,
                            color=colors[species_key],
                            linestyle=styles[species_key],
                            linewidth=2.5,
                            label=labels[species_key])
                ax.set_xlabel('Habitat loss (U)', fontsize=9)
                ax.set_ylabel('Patch occupancy', fontsize=9)
                ax.set_ylim(0, 0.5)
                ax.grid(True, alpha=0.3)
                ax.tick_params(labelsize=8)
                if arch_idx == 0:
                    ax.set_title(f'({chr(97 + pat_idx)}) {pattern}', fontsize=10, fontweight='bold')
                if pat_idx == 0:
                    ax.text(-0.12, 0.5, f'{arch_label}',
                            transform=ax.transAxes, ha='right', va='center',
                            fontsize=10, fontweight='bold',
                            bbox=dict(boxstyle='round', facecolor='white', alpha=0.8))
                # Add legend to the first column of each row
                if pat_idx == 0:
                    ax.legend(fontsize=8, loc='best', frameon=True, fancybox=True)
        fig.suptitle('Appendix Figure: Species Occupancy Curves Across Architectures (F=0.5)',
                     fontsize=14, fontweight='bold', y=0.98)
        plt.tight_layout()
        if save_dir:
            plt.savefig(f'{save_dir}/Curves_All_Combined.png', bbox_inches='tight', dpi=300)
        plt.show()
        return fig

    # ---------- Generate all appendix figures ----------
    def generate_all_figures(self, save_dir=None):
        if save_dir:
            import os
            os.makedirs(save_dir, exist_ok=True)
        model = FoodWebModel()
        print("="*70)
        print("SECTION 1: GENERATING HEATMAP FIGURES")
        print("="*70)
        print("\n1.1 Simple Food web Heatmaps")
        self.figure_heatmaps_simple_chain(model, save_dir)
        print("\n1.2 Exploitative Competition Heatmaps")
        self.figure_heatmaps_exploitative(model, save_dir)
        print("\n1.3 Apparent Competition Heatmaps")
        self.figure_heatmaps_apparent(model, save_dir)
        print("\n"+"="*70)
        print("SECTION 2: GENERATING OCCUPANCY CURVE FIGURES")
        print("="*70)
        print("\n2.1 Simple Food web Curves")
        self.figure_curves_simple_chain(model, save_dir)
        print("\n2.2 Exploitative Competition Curves")
        self.figure_curves_exploitative(model, save_dir)
        print("\n2.3 Apparent Competition Curves")
        self.figure_curves_apparent(model, save_dir)
        print("\n2.4 Combined Curves (All Architectures)")
        self.figure_all_curves_combined(model, save_dir)
        print("\n"+"="*70)
        print("All appendix figures generated successfully!")

# =============================================================================
# MAIN EXECUTION
# =============================================================================

if __name__ == "__main__":
    # Generate appendix figures (heatmaps and occupancy curves for each species under different dispersal modes)
    app_gen = AppendixFigureGenerator()
    app_gen.generate_all_figures(save_dir='./appendix_figures')

    # To generate main figures (Figures 2-6), uncomment the following lines and comment the above two:
    # from FigureGenerator import FigureGenerator
    # generator = FigureGenerator()
# generator.generate_all_figures(save_dir='./figures')   












Full Python Code for Multi-Parameter Coupled Sensitivity Analysis

import numpy as np
from scipy.integrate import odeint
import matplotlib.pyplot as plt
from matplotlib.colors import ListedColormap
import warnings
warnings.filterwarnings('ignore')

# ====================== Reused Original Model & Simulation Engine (Unmodified except parameter names) ======================
class FoodWebModel:
    """Base class for food web models with different dispersal patterns"""
    def __init__(self, c1=1.0, c2=1.0, c3=1.0, e1=0.05, e2=0.05,
                 e31=0.15, e32=0.05, pred_21=0.025, pred_2=0.025, pred_31=0.075,
                 alpha_CP=0.1, alpha_PC=0.02, alpha_R1R2=0.1, alpha_R2R1=0.02):
        self.c1 = c1
        self.c2 = c2
        self.c3 = c3
        self.e1 = e1
        self.e2 = e2
        self.e31 = e31
        self.e32 = e32
        self.pred_21 = pred_21
        self.pred_2 = pred_2
        self.pred_31 = pred_31
        self.alpha_CP = alpha_CP
        self.alpha_PC = alpha_PC
        self.alpha_R1R2 = alpha_R1R2
        self.alpha_R2R1 = alpha_R2R1

    def get_dynamics(self, dispersal_pattern, architecture):
        if architecture == 'simple_chain':
            return self._simple_chain_dynamics(dispersal_pattern)
        elif architecture == 'exploitative_competition':
            return self._exploitative_competition_dynamics(dispersal_pattern)
        elif architecture == 'apparent_competition':
            return self._apparent_competition_dynamics(dispersal_pattern)
        else:
            raise ValueError(f"Unknown architecture: {architecture}")

    def _simple_chain_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, C, R = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - F) * (1 - U - R) - self.e1 * R - self.pred_21 * R * C
            elif dispersal_pattern == 'GLL':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) * q_SS - self.e1 * R - self.pred_21 * R * C * q_SS
            elif dispersal_pattern == 'GGL':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) * q_SS - self.e1 * R - self.pred_21 * R * C
            elif dispersal_pattern == 'GGG':
                dP = self.c3 * P * C * (1 - U - P) - (self.e31 + self.e32) * P
                dC = self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_2 * C * P
                dR = self.c1 * R * (1 - U - R) - self.e1 * R - self.pred_21 * R * C
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dC, dR]
        return system

    def _exploitative_competition_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, C, R = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_21 * C * R
                      - self.alpha_PC * P * C)
                dR = (self.c1 * R * (1 - F) * (1 - U - R) - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GLL':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * q_SS * R * (1 - U - C) * q_SS - self.e2 * C - self.pred_21 * C * R
                      - self.alpha_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) * q_SS - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GGL':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_21 * C * R
                      - self.alpha_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) * q_SS - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            elif dispersal_pattern == 'GGG':
                dP = (self.c3 * P * R * (1 - U - P) - self.e32 * P - self.pred_31 * P * R
                      - self.alpha_CP * C * P)
                dC = (self.c2 * C * R * (1 - U - C) - self.e2 * C - self.pred_21 * C * R
                      - self.alpha_PC * P * C)
                dR = (self.c1 * R * (1 - U - R) - self.e1 * R
                      - self.pred_21 * R * C - self.pred_31 * R * P)
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dC, dR]
        return system

    def _apparent_competition_dynamics(self, dispersal_pattern):
        def system(x, t, U, F):
            P, R1, R2 = x[0], x[1], x[2]
            q_SS = 1 - F
            if dispersal_pattern == 'GLN':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - F) * (1 - U - R1) - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.alpha_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * q_SS * R1 * (1 - U - R2) * q_SS - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GLL':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) * q_SS - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.alpha_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * q_SS * R1 * (1 - U - R2) * q_SS - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GGL':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) * q_SS - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.alpha_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * R1 * (1 - U - R2) - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            elif dispersal_pattern == 'GGG':
                dP = self.c3 * P * (R1 + R2) * (1 - U - P) - (self.e31 + self.e32) * P
                dR1 = (self.c1 * R1 * (1 - U - R1) - self.e1 * R1
                       - self.pred_31 * R1 * P - self.pred_21 * R1 * R2
                       - self.alpha_R2R1 * R2 * R1)
                dR2 = (self.c2 * R2 * R1 * (1 - U - R2) - self.e2 * R2
                       - self.pred_2 * R2 * P - self.pred_21 * R2 * R1
                       - self.alpha_R1R2 * R1 * R2)
            else:
                raise ValueError(f"Unknown dispersal pattern: {dispersal_pattern}")
            return [dP, dR1, dR2]
        return system

class SimulationEngine:
    def __init__(self, model, architecture, dispersal_pattern):
        self.model = model
        self.architecture = architecture
        self.dispersal_pattern = dispersal_pattern
        self.system = model.get_dynamics(dispersal_pattern, architecture)
        self.extinction_threshold = 1e-4
        self.simulation_time = 10000
        self.num_time_points = 1000
        if architecture == 'apparent_competition':
            self.initial_conditions = [0.01, 0.005, 0.0025]
        else:
            self.initial_conditions = [0.01, 0.005, 0.0025]

    def run_single_sim(self, U, F):
        """Single U & F simulation, return number of coexisting species for multi-parameter sweeping"""
        time_eval = np.linspace(0, self.simulation_time, self.num_time_points)
        sol = odeint(self.system, self.initial_conditions, time_eval, args=(U, F))
        P_avg = np.mean(sol[-100:, 0])
        C_avg = np.mean(sol[-100:, 1])
        R_avg = np.mean(sol[-100:, 2])
        p_surv = 1 if P_avg > self.extinction_threshold else 0
        c_surv = 1 if C_avg > self.extinction_threshold else 0
        r_surv = 1 if R_avg > self.extinction_threshold else 0
        total_coex = p_surv + c_surv + r_surv
        return total_coex

# ====================== New Module: Multi-Parameter Coupled Sensitivity Analysis (Address Reviewer Comment) ======================
class MultiParameterCouplingSensitivity:
    def __init__(self, fixed_U=0.45, fixed_F=0.35):
        plt.rcParams['font.family'] = 'Times New Roman'
        plt.rcParams['font.size'] = 11
        plt.rcParams['axes.labelsize'] = 12
        plt.rcParams['axes.titlesize'] = 13
        plt.rcParams['figure.dpi'] = 300
        plt.rcParams['savefig.dpi'] = 300
        self.fixed_U = fixed_U
        self.fixed_F = fixed_F
        self.dispersal_modes = ['GLN', 'GLL', 'GGL', 'GGG']
        self.arch_list = ["simple_chain", "exploitative_competition", "apparent_competition"]
        self.arch_titles = ["Simple food chain", "Exploitative competition", "Apparent competition"]

    def sweep_c1_c3_couple(self, save_dir=None):
        """Trade-off 1: Two-dimensional sweep of basal colonization c1 & top predator colonization c3"""
        c1_range = np.linspace(0.1, 2.0, 22)
        c3_range = np.linspace(0.1, 2.0, 22)
        c3_grid, c1_grid = np.meshgrid(c3_range, c1_range)

        fig, axes = plt.subplots(4, 3, figsize=(16, 14))
        fig.suptitle("Two-parameter coupled sensitivity: Basal colonization $c_1$ vs Top predator colonization $c_3$", fontsize=15)
        cmap = ListedColormap(["#A6A6A6", "#E7298A", "#7570B3", "#1B9E77"])

        for disp_idx, disp in enumerate(self.dispersal_modes):
            for arch_idx, arch in enumerate(self.arch_list):
                coex_mat = np.zeros_like(c1_grid)
                for i, c1 in enumerate(c1_range):
                    for j, c3 in enumerate(c3_range):
                        mod = FoodWebModel(c1=c1, c3=c3)
                        eng = SimulationEngine(mod, arch, disp)
                        coex_mat[i,j] = eng.run_single_sim(self.fixed_U, self.fixed_F)
                ax = axes[disp_idx, arch_idx]
                im = ax.imshow(coex_mat, extent=[c3_range.min(), c3_range.max(), c1_range.min(), c1_range.max()],
                               origin="lower", cmap=cmap, vmin=0, vmax=3, aspect="auto")
                ax.contour(c3_range, c1_range, coex_mat, levels=[0.5,1.5,2.5], colors="black", linewidths=0.6)
                ax.set_xlabel("$c_3$ (Top predator colonization)")
                ax.set_ylabel("$c_1$ (Basal species colonization)")
                ax.set_title(f"{self.arch_titles[arch_idx]} | {disp}")
                ax.tick_params(labelsize=9)
        # Shared color bar
        cbar_ax = fig.add_axes([0.92, 0.12, 0.018, 0.75])
        cb = fig.colorbar(im, cax=cbar_ax)
        cb.set_label("Number of coexisting species")
        cb.set_ticks([0,1,2,3])
        cb.set_ticklabels(["0 all extinct","1 single species","2 two-species coexist","3 full coexistence"])

        plt.tight_layout(rect=[0,0,0.91,0.96])
        if save_dir:
            import os
            os.makedirs(save_dir, exist_ok=True)
            plt.savefig(f"{save_dir}/Sensitivity_Couple_c1_c3.png", bbox_inches="tight")
        plt.show()
        return fig

    def sweep_alpha_couple(self, save_dir=None):
        """Trade-off 2: Coupling between competition intensity alpha_CP and dispersal modes (exploitative competition trade-off)"""
        alpha_range = np.linspace(0.01, 0.3, 20)
        c3_fix, c1_fix = 1.0, 1.0
        fig, axes = plt.subplots(3,1, figsize=(12,10))
        fig.suptitle("Coupled competition-dispersal trade-off: Competition intensity $\\alpha_{CP}$ across dispersal modes", fontsize=15)
        colors = ["#D95F02","#1B9E77","#7570B3","#E7298A"]
        for arch_idx, arch in enumerate(self.arch_list):
            ax = axes[arch_idx]
            for disp_idx, disp in enumerate(self.dispersal_modes):
                coex_curve = []
                for alpha in alpha_range:
                    mod = FoodWebModel(c1=c1_fix, c3=c3_fix, alpha_CP=alpha)
                    eng = SimulationEngine(mod, arch, disp)
                    coex = eng.run_single_sim(self.fixed_U, self.fixed_F)
                    coex_curve.append(coex)
                ax.plot(alpha_range, coex_curve, color=colors[disp_idx], linewidth=2, label=disp)
            ax.set_xlabel("Competitive suppression $\\alpha_{CP}$")
            ax.set_ylabel("Coexisting species count")
            ax.set_title(self.arch_titles[arch_idx])
            ax.set_ylim(-0.1, 3.2)
            ax.grid(alpha=0.3)
            ax.legend()
        plt.tight_layout(rect=[0,0,1,0.95])
        if save_dir:
            import os
            os.makedirs(save_dir, exist_ok=True)
            plt.savefig(f"{save_dir}/Sensitivity_Couple_Alpha_Dispersal.png", bbox_inches="tight")
        plt.show()
        return fig

    def sweep_e1_pred31_couple(self, save_dir=None):
        """Trade-off 3: Coupling between basal intrinsic extinction e1 and predation mortality pred31"""
        e1_range = np.linspace(0.01, 0.2, 20)
        pred_range = np.linspace(0.02, 0.12, 20)
        pred_grid, e1_grid = np.meshgrid(pred_range, e1_range)
        disp_target = "GLN"
        fig, axes = plt.subplots(1,3, figsize=(16,6))
        fig.suptitle(f"Coupled mortality trade-off: Intrinsic extinction $e_1$ vs Predation loss $pred_{{31}}$ (Dispersal = {disp_target})", fontsize=15)
        cmap = ListedColormap(["#A6A6A6", "#E7298A", "#7570B3", "#1B9E77"])
        for arch_idx, arch in enumerate(self.arch_list):
            ax = axes[arch_idx]
            coex_mat = np.zeros_like(e1_grid)
            for i, e1 in enumerate(e1_range):
                for j, pr in enumerate(pred_range):
                    mod = FoodWebModel(e1=e1, pred_31=pr)
                    eng = SimulationEngine(mod, arch, disp_target)
                    coex_mat[i,j] = eng.run_single_sim(self.fixed_U, self.fixed_F)
            im = ax.imshow(coex_mat, extent=[pred_range.min(), pred_range.max(), e1_range.min(), e1_range.max()],
                           origin="lower", cmap=cmap, vmin=0, vmax=3)
            ax.contour(pred_range, e1_range, coex_mat, levels=[0.5,1.5,2.5], colors="black", linewidths=0.6)
            ax.set_xlabel("$pred_{31}$ Predation mortality")
            ax.set_ylabel("$e_1$ Intrinsic basal extinction")
            ax.set_title(self.arch_titles[arch_idx])
        cbar_ax = fig.add_axes([0.93, 0.18, 0.018, 0.65])
        cb = fig.colorbar(im, cax=cbar_ax)
        cb.set_label("Number of coexisting species")
        plt.tight_layout(rect=[0,0,0.92,0.94])
        if save_dir:
            import os
            os.makedirs(save_dir, exist_ok=True)
            plt.savefig(f"{save_dir}/Sensitivity_Couple_e1_pred31.png", bbox_inches="tight")
        plt.show()
        return fig

    def run_all_coupled_analysis(self, save_dir="./multi_param_sensitivity"):
        print("===== Start multi-parameter coupled sensitivity analysis =====")
        print("1. Execute two-dimensional sweep for c1 & c3 colonization rates")
        self.sweep_c1_c3_couple(save_dir=save_dir)
        print("2. Execute competition intensity and dispersal mode trade-off simulation")
        self.sweep_alpha_couple(save_dir=save_dir)
        print("3. Execute coupled heatmap for intrinsic extinction and predation mortality")
        self.sweep_e1_pred31_couple(save_dir=save_dir)
        print("===== All coupled sensitivity plotting tasks completed =====")

# ====================== Main Execution Entry ======================
if __name__ == "__main__":
    sens_analysis = MultiParameterCouplingSensitivity(fixed_U=0.45, fixed_F=0.35)
    # Run all three groups of multi-parameter coupling analysis in batch
    sens_analysis.run_all_coupled_analysis(save_dir="./multi_param_sensitivity")
