Supplementary file S1

# ============================================================
# Supplementary Code S1
# Combined Figure: PCA + Clustering + Correlation Heatmap
# Dataset embedded from manuscript tables
# ============================================================

import numpy as np
import pandas as pd
import matplotlib.pyplot as plt
import seaborn as sns

from sklearn.preprocessing import StandardScaler
from sklearn.decomposition import PCA
from sklearn.cluster import KMeans

from matplotlib.patches import Ellipse

# -------------------------------
# 1. DATA (FROM YOUR TABLES)
# -------------------------------
data = pd.DataFrame({
    "Treatment": ["Control", "FYM+VC+Bio", "FYM+PM+Bio", "VC+PM+Bio"],
    "CGR_60_90": [1.961, 4.706, 5.337, 5.446],
    "RGR_60_90": [0.044, 0.064, 0.062, 0.064],
    "AGR_60_90": [0.938, 0.958, 0.947, 0.957],
    "Wheat_DW_90": [3.999, 8.290, 9.538, 9.530],
    "Chickpea_DW_90": [1.815, 2.892, 2.828, 3.001],
    "Chickpea_Branch": [5.770, 8.220, 8.710, 7.990]
})

features = data.columns[1:]
X = data[features]

# -------------------------------
# 2. STANDARDIZATION + PCA
# -------------------------------
scaler = StandardScaler()
X_scaled = scaler.fit_transform(X)

pca = PCA(n_components=2)
PC = pca.fit_transform(X_scaled)

pca_df = pd.DataFrame(PC, columns=["PC1", "PC2"])
pca_df["Treatment"] = data["Treatment"]

explained = pca.explained_variance_ratio_

# -------------------------------
# 3. K-MEANS CLUSTERING
# -------------------------------
kmeans = KMeans(n_clusters=2, random_state=42)
pca_df["Cluster"] = kmeans.fit_predict(pca_df[["PC1", "PC2"]])

# -------------------------------
# 4. CONFIDENCE ELLIPSE FUNCTION
# -------------------------------
def draw_ellipse(x, y, ax):
    if len(x) < 2:
        return
    cov = np.cov(x, y)
    vals, vecs = np.linalg.eigh(cov)
    order = vals.argsort()[::-1]
    vals, vecs = vals[order], vecs[:, order]

    theta = np.degrees(np.arctan2(*vecs[:,0][::-1]))
    width, height = 2 * np.sqrt(vals)

    ellipse = Ellipse(xy=(np.mean(x), np.mean(y)),
                      width=width, height=height,
                      angle=theta, edgecolor='black',
                      fc='None', lw=1.5, linestyle='--')
    ax.add_patch(ellipse)

# -------------------------------
# 5. CREATE COMBINED FIGURE
# -------------------------------
fig, axes = plt.subplots(1, 3, figsize=(15, 5))

# -------------------------------
# (A) PCA
# -------------------------------
ax = axes[0]
sns.scatterplot(data=pca_df, x="PC1", y="PC2", hue="Treatment", s=100, ax=ax)

for i in range(len(pca_df)):
    ax.text(pca_df.PC1[i]+0.05, pca_df.PC2[i]+0.05, pca_df.Treatment[i], fontsize=8)

ax.axhline(0, color='grey', lw=0.5)
ax.axvline(0, color='grey', lw=0.5)

ax.set_title("(A) PCA of Growth Performance", fontsize=10)
ax.set_xlabel(f"PC1 ({explained[0]*100:.1f}%)")
ax.set_ylabel(f"PC2 ({explained[1]*100:.1f}%)")

# -------------------------------
# (B) PCA with Clustering
# -------------------------------
ax = axes[1]
sns.scatterplot(data=pca_df, x="PC1", y="PC2",
                hue="Treatment", style="Cluster", s=100, ax=ax)

for cluster in pca_df["Cluster"].unique():
    subset = pca_df[pca_df["Cluster"] == cluster]
    draw_ellipse(subset["PC1"], subset["PC2"], ax)

ax.axhline(0, color='grey', lw=0.5)
ax.axvline(0, color='grey', lw=0.5)

ax.set_title("(B) PCA with Clustering", fontsize=10)
ax.set_xlabel(f"PC1 ({explained[0]*100:.1f}%)")
ax.set_ylabel(f"PC2 ({explained[1]*100:.1f}%)")

# -------------------------------
# (C) HEATMAP
# -------------------------------
ax = axes[2]
corr = X.corr()

sns.heatmap(corr, annot=True, fmt=".2f",
            cmap="coolwarm", square=True, ax=ax,
            cbar_kws={"shrink": 0.8})

ax.set_title("(C) Correlation Matrix", fontsize=10)

# -------------------------------
# FINAL TOUCH
# -------------------------------
plt.tight_layout()
plt.savefig("Figure_PCA_Heatmap.png", dpi=600)
plt.show()

# ============================================================
# END
# ============================================================
