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Supplementary Methods
Supplementary Method 1 Paired sites methods and sensitivity tests
[bookmark: _Hlk193736814][bookmark: OLE_LINK223][bookmark: OLE_LINK224]We used paired sites selection method to calculate the difference in vegetation structure, land surface temperature (LST) and vegetation drought resistance between nearby areas with and without elephants (Fig. S35). We established moving 0.25° × 0.25° grid cells as control units to minimize biases from the confounding factors. The chosen size of grid cells (0.25° × 0.25°) was a compromise of similar environmental conditions and enough valid pixels for both paired sites1, 2, 3. Data with various spatial resolutions (Table S5) were first resampled to 0.01° (~ 1 km). To ensure enough samples for comparison with each 0.25° × 0.25° grid cell, we only selected grid cells with areas with and without elephants both greater than 5% of the total area of the 0.25° × 0.25° grid cell. To be more explicit, the selected 0.25° × 0.25° grid cell with 625 (= 25 × 25) 0.01° pixels in total must have >31 ( 625 × 5%) 0.01° pixels for areas with elephants and >31 0.01° pixels for areas without elephants. If there are insufficient pixels, we searched the surrounding eight grid cells to match the paired area. We also controlled for covariates in the paired sites selection methods to exclude confounding factors other than elephant existence, including the 100 m resolution Human Footprint Index (HFI) 4, protected area status from the world database on protected areas (WDPA) 5, elevation and slope from the ~1 km Global 30 Arc-Second Elevation (GTOPO30) dataset. These variables were all resampled to 0.01° (~ 1 km). We filtered out 0.01° pixels with HFI > 15 in each 0.25° × 0.25° moving grid cell. We strictly controlled protected area in the paired sites with and without elephants (i.e., in each pair, both sites are either inside or outside protected areas), and we also excluded 0.25° × 0.25° grid cells with differences in elevation between areas with and without elephants greater than 200 m, and differences in slope greater than 10° (Fig. S35a).
In addition, we conducted substantial sensitivity tests to justify the robustness of the paired sites method (Table S8, Fig. S35b, Supplementary Text 9).
[bookmark: _Hlk193703285]Supplementary Method 2 Machine-learning model for explaining drought resistance difference
[bookmark: OLE_LINK189]We used CatBoost6, a categorical-based gradient boosting decision tree algorithm, to develop a binary classification model for predicting the sign of ΔResistance. CatBoost addresses the general problem of prediction shift due to target leakage in gradient boosting algorithms through ordering boosting7, and thus it has enhanced resilience against noisy and outlier data. It can deal adequately with heterogeneous data that includes both categorical and continuous variables8. Additionally, CatBoost uses oblivious trees as a base predictor, reducing the risk of overfitting9.
[bookmark: OLE_LINK195][bookmark: OLE_LINK196][bookmark: OLE_LINK147]ΔResistance from both NDVI and SIF data is categorized as 1 when it is higher than 0 and as -1 when it is lower than 0. Driving factors for ΔResistance include climate-related variables (SPEI, land surface temperature (LST), evapotranspiration (ΔET)), vegetation-related factors (tree height, tree cover, above ground biomass (AGB)), soil factors (bulk density, clay fraction and soil organic carbon (SOC)) and elephant density. For all variables, except elephant density, both the average value and difference between nearby forests with and without elephants are used. Detailed information for each variable is listed in Table S6. The CatBoost model was trained and optimized for hyperparameters using 70% of the full set of samples, while the remaining 30% were used for evaluating model performance. In this process, we used random search and ten-fold cross-validation from Scikit-learn in Python. The trained model can accurately predict variations in the sign of ΔResistance, yielding an area under the curve (AUC) value of 0.81 and 0.78 (AUC=1 means that the classifier can perfectly distinguish all binary points, while AUC=0 means that the classifier incorrectly predicts all negatives as positives and all positives as negatives), and average precision values of 0.73 and 0.69 for the NDVI and SIF data, respectively. Information on model setting and accuracy is detailed in Table S7.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]We used Shapley values to estimate the feature contribution of each variable10. The Shapley value quantifies the relative contributions of each feature, representing its anticipated marginal impact on the predictions. The SHAP package11 in Python was employed to approximate Shapley values for each predictor based on the fitted model. Additionally, we visualized the marginal effects of all variables by plotting the kernel density distributions of the Shapley values (Fig. S15), which indicates how predictions vary when a specific feature is changed.
[bookmark: _Hlk166421814]Supplementary Texts
[bookmark: _Hlk193565530]Supplementary Text 1 Separating forest and savanna elephants based on habitat types
Impacts of elephant disturbances may vary between forest and savanna elephants. We calculated the structure and function of vegetation in areas with forest elephants and savanna elephants and controlled forest and savanna habitat types between the areas with and without elephants (Fig. S3, S4). The distinction between forest and savanna elephant ranges from the African Elephant Database (AED) was identified using a genetic distribution map from Mondol et al. (2015)12, 13, 14 (Fig. S2). Note that these ranges may not perfectly align with the land cover types. For example, some savanna elephant ranges overlap with dry forest areas, while some forest elephant ranges are in savanna areas (Fig. S2). Therefore, we further controlled the land cover types in addition to the elephant ranges. We used the habitat data from Jung et al. (2020)15, which integrates land cover, climate and land use datasets based on the International Union for Conservation of Nature (IUCN) classification scheme. We excluded mixed regions between savannas and forests (Fig. S2, i.e., savannas overlapped with forest elephant range and forests overlapped with savanna elephant range, accounting for 18.7% of all regions), because elephants move around, making it difficult to separate the impact of savanna and forest elephants in these mixed regions. These results from this test also confirmed that elephants significantly increased tree height and tree cover, decreased LST and enhanced vegetation drought resistance in both forests and savannas (Fig. S3), only except that the cooling effect became nonsignificant in savannas influenced by savanna elephants during the years before the EI Niño event (2012-2014) (Fig. S3d). Elephants appear to have a greater impact on vegetation structure in forests influenced by forest elephants, while differences in their effects on LST between forests and savannas are less pronounced (Fig. S3c, d). Effects of drought resistance defined by SIF are stronger for savanna elephants on savannas than forest elephants on forests (Fig. S3f).
There seems to a “drag effect” in the scatterplot between ΔLST and ΔTree height (Fig. 3c), contributed by some data points with high ΔTree height values (mostly >10 m), which “drag” the regression line shallower. After excluding these points, the slope of ΔLST against ΔTree height for the remaining points becomes steeper (Fig. S38a). We found that these high ΔTree height points are mostly located in Central African forests (Fig. S38c, d), and this is consistent with the results that elephants have a greater impact on vegetation structure in forest ecosystems than in the savannas (Fig. S3a, b). However, this “drag effect” does not appear in the relationships between ΔLST and ΔTree cover, or between ΔResistance and ΔLST (Fig. 3d, Fig. S16). A likely explanation is that while elephants significantly enhance vegetation structure in forests, the already high baseline tree cover in Central Africa may quickly saturate, limiting the cooling effects of additional canopy height. This is further supported by the separate analyses of forest and savanna lands, defined by the habitat data from Jung et al. (2020)15, which show a steeper regression slope between ΔLST and ΔTree height in savannas than in forests (Fig. S38b).
Supplementary Text 2 Sensitivity tests for protected areas and stable forests
[bookmark: _Hlk172642223][bookmark: _Hlk172642347]Because about a half of the elephant area is in protected areas (Fig. S33) in which vegetation is usually well preserved with less human disturbances and grows better, the differences in tree height (ΔTree height), tree cover (ΔTree cover) and drought resistance (ΔResistance) between areas with and without elephants could be caused by the effectiveness of the protected area rather than by elephants. Therefore, we further analyzed ΔTree height, ΔTree cover and ΔResistance in areas with and without elephants, when both types of areas located inside or both located outside protected areas. Protected ranges were downloaded from the world database on protected areas (WDPA) 5. The results are consistent with that elephants exhibited increased tree height, tree cover and drought resistance in protected areas with elephants than in nearby protected areas without elephants, and in unprotected areas with elephants than in nearby unprotected areas without elephants (Fig. S6).
[bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: _Hlk172902304]We also tested areas without any disturbances in the past 20 years to remove other historical vegetation disturbances. Specifically, we used the “stable forest extent” (i.e., “areas with small differences between the years 2000 and 2020 forest height data that have no indication of forest disturbance”) map for 2000-2020 from Potapov et al.16 (https://glad.umd.edu/dataset/GLCLUC2020/). We then calculated ΔTree height, ΔTree cover and ΔResistance in areas with and without elephants within these non-disturbed areas. Within these areas, the results consistently showed that tree height, tree cover and drought resistance is significantly higher in areas with elephants than in nearby areas without elephants (Fig. S30).
Supplementary Text 3 Sensitivity test using field-observed presence of elephants
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK5][bookmark: _Hlk186832131][bookmark: _Hlk193725407]The elephant habitat boundaries from the African Elephant Specialist Group (AfESG), based on surveys and questionnaires17, may induce uncertainties because some regions may not have any elephants present (see Methods). Therefore, we further isolated regions with field-observed presence of elephants using the elephant observation sites from iNaturalist (https://www.inaturalist.org/observations). These observations, which include location information and photos for elephants, were uploaded and identified by zoologists. As of August 2024, there were 16,700 observations available, including 15,722 of savanna elephants and 521 of forest elephants. We selected 2,555 observations in the paired areas with and without elephants during drought (Fig. S9a) and conducted two tests. In the first test, we assume that if elephants are present at one or multiple locations in a given 0.25° × 0.25° grid cell, the entire elephant habitat range in this 0.25° × 0.25° grid cell should have real elephant activities because elephants move around (Fig. S39a). We thus calculated differences in tree height, tree cover, LST and resistance across the entire area with elephants, where at least one field-observed elephant presence site exists, compared to areas without elephants, in each 0.25° × 0.25° moving grid cell (Fig. S39a). In the second test, we tried to represent the elephant movements in a wider area from the 2,555 elephant photos and minimize the location biases (e.g., photos usually taken within national parks or near roads). We thus added buffers of 1 to 9 km at an interval of 2 km around each elephant observation sites, and compared these buffered areas with equally sized, randomly selected areas without elephants (Fig. S39b). This process was repeated 10 times, and the average results were taken. Overall, the results are highly consistent that forests with elephants exhibited increased tree height and tree cover, decreased LST and enhanced vegetation drought resistance (Fig. S9b-e), except for the difference in LST with 1 and 3 km buffer areas (Fig. S9d). Additionally, a larger buffer area is associated with a lower p-value for differences in tree height and LST between areas with and without elephants (Fig. S9b, d), suggesting that small-scale analyses may introduce bias (e.g. near roads or buildings) and a larger activity space may better capture the ecological signals of elephant disturbance.
In addition, we incorporated another field-observed data from the living planet database (livingplanetindex.org/data_portal), which compiles population time series from thousands of monitored wildlife sites across marine, terrestrial, and freshwater ecosystems18 (LPI 2025). These data contribute to the Living Planet Index (LPI), a widely used indicator of global biodiversity trends, adopted by the convention on biological diversity for tracking progress toward its 2011-2020 targets and included in the post-2020 Kunming – Montreal Global Biodiversity Framework. There are 138 georeferenced records for African elephants in this dataset, including 111 sites with site-level information on individual counts (Specific_location = 1) and the remaining records for population estimates at broader regional scales. Some of these sites also document population dynamics spanning from the 1950s to 2020. These field observation data were primarily derived from publicly available literature and the African Elephant Status Reports released by the IUCN SSC African Elephant Specialist Group (AfESG), which also serve as the data source for the African Elephant Database used in our main analysis.
We applied the same two tests used for the photo evidence of elephant presence to the 111 LPI sites. The first test assumed that if one or more LPI sites were located within a 0.25° × 0.25° grid cell, the entire elephant habitat range (i.e., all 0.01° pixels with elephants) in this 0.25° × 0.25° grid cell was considered areas with elephant presence. The second test compared buffered (9 km) areas around elephant observations with randomly selected areas without elephants. After applying strict criteria for paired site selection, only 18 and 35 paired sites were successfully matched for the first and second tests, respectively (Fig. S40). Due to the small number of paired sites, only the second test showed a statistically significant increase in tree cover in areas with elephants compared to nearby areas without elephants (Fig. S40). The other results showed slightly increased tree height and tree cover in elephant areas, but did not reach a statistical significance level (Fig. S40). Low sample size (e.g., 18 paired sites in the first test) and the fact that many LPI sites lie in high‐density elephant regions—where heavy disturbance affects ecosystems negatively (see Supplementary Discussion 1)—likely limited our ability to detect clearer effects using these LPI sites.
Supplementary Text 4 Evidence of elephant influence on vegetation structure from the Kenya Long-term Exclosure Experiment (KLEE)
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]To further confirm the causal relationship between elephants and vegetation structure and to provide long-term site-based evidence, we conducted an analysis using data from the KLEE.  KLEE comprises 18 herbivore exclosure plots (200 × 200 m each) established in 1995 in a semi-arid savanna ecosystem at the Mpala Research Center in Kenya19, where the woody vegetation is dominated by Acacia drepanolobium (>95%)20. KLEE creates six large mammalian herbivore treatments using semi-permeable barriers that selectively admit or exclude different herbivores: (1) megaherbivores (elephants and giraffes), and mesoherbivores >35 kg (e.g., zebras, elands, gazelles, buffaloes) and cattle allowed (MWC), (2) megaherbivores and mesoherbivores allowed but cattle excluded (MW), (3) megaherbivores excluded but cattle and mesoherbivores allowed (WC), (4) megaherbivores and cattle excluded but mesoherbivores allowed (W), (5) cattle only (C), and (6) all large herbivores excluded (O). 
Tree heights were recorded for all woody individuals within the center 100 × 100 m of each 200 × 200 m plot. Census data for all six treatments are available for 2015, but W and WC were not surveyed in 2005. For both years, we used MW and MWC plots with elephant access as treatment plots and O plots excluding all large herbivores as control plots. For 2015, we additionally compared W and MW as treatment plots against O as control plots to isolate the influence of mesoherbivores. Because the 2005 survey did not include individuals <1 m, consistent with the survey protocol used by Okello et al. (2008)21, we excluded trees <1 m from the 2015 data to ensure comparability. We then evaluated whether tree height differed among treatments using standard statistical tests. Specifically, we examined the distribution of tree height within each treatment group using the Shapiro–Wilk test and evaluated homogeneity of variances with Levene’s test22, 23. Because the data were not normally distributed, group differences were evaluated using the nonparametric Kruskal–Wallis test, followed by pairwise Mann–Whitney U tests24, 25.
The results showed that tree height in elephant accessible plots (MW and MWC) remained significantly greater than in the control plots (O) for both years (Fig. S10). In 2015, the mean tree height in MW was significantly greater than in both O and W, whereas O and W show no significant difference. In addition, tree density (tree counts divided by the surveyed area of three hectares) consistently declined from O to elephant accessible plots. These results provide convergent evidence for the long-term effects of elephant disturbance on vegetation structure by reducing stem density and competitive crowding through selective browsing, accelerating self-thinning dynamics and increasing growth opportunities for surviving individuals. 
However, these results should be interpreted with caution. The comparison between MW and MWC against O did not isolate elephants alone, and the observed differences in MW and MWC reflect the combined effects of elephants and other herbivores present in those treatments. The comparison between W and MW also represents the combined effects of elephants and giraffes. In addition, pre-exclosure vegetation structure (before 1995) is not available, so initial equivalence between treatment and control plots cannot be confirmed. However, preliminary survey carried out between 1992 and 1995 indicate that pre-exclosure differences in vegetation structures were relatively small19. While these factors prevent attributing the effects exclusively to elephants, the direction and consistency of the results align with the continental-scale remote sensing patterns shown in our study.
Supplementary Text 5 Difference in evapotranspiration and albedo
[bookmark: _Hlk162530707][bookmark: _Hlk162530292][bookmark: _Hlk162530323][bookmark: _Hlk169428736][bookmark: OLE_LINK110]Effects of forests on the local microclimate are primarily driven by two competing biophysical processes, evapotranspiration and albedo1. Closed forests, have a higher ET rate than open land, causing a cooling effect due to more latent heat release. However, they generally exhibit a lower albedo than open land and thus absorb more shortwave radiation during daytime, leading, in contrast, to a warming effect. We use the 250-m FAO water productivity open access portal (WaPOR) ET data and the MCD43A3 500-m albedo data, and calculate ΔET and ΔAlbedo as the differences in nearby areas with and without elephants. Compared to areas without elephants, areas with elephants exhibit a significantly (p<0.001) higher ET (ΔET = 0.79±0.08) and a significantly (p<0.001) lower albedo (ΔAlbedo = -0.004±0.0003) (Fig. S8c, d) due to the higher tree height and the higher tree cover (Fig. 1 and Fig. 5e and Fig. S14). A possible explanation for the lower land surface temperature in areas with elephants compared with areas without elephants (ΔLST < 0, Fig. 3a, b) is that, in areas with elephants, the energy gain induced by a lower albedo is offset by a greater latent heat loss via a higher ET, resulting in a net cooling effect. Similar competing biophysical processes have been reported before between tropical forests and nearby open land1 and between degraded forests and nearby interior forests3.
The increased tree height and tree cover induced by elephants could also lead to greater roughness and lower aerodynamic resistance, which would result in a more efficient transfer of sensible heat from the surface to the atmospheric boundary layer26, 27, inducing a cooling effect. However, due to the lack of high-resolution and large-scale data for roughness and aerodynamic resistance, it is difficult to further analyze this potential underlying mechanism.
[bookmark: OLE_LINK97]Supplementary Text 6 Partial correlation analysis
We examined the correlation between drought resistance difference (ΔResistance) with changes in vegetation structure (termed ΔVegetation_structure, and consisting of ΔTree height and ΔTree cover), controlling for SPEI and ΔLST individually and in combination. We find that if the controlling variable contains ΔLST, the correlation of ΔResistance with ΔTree height and ΔTree cover become either insignificant or from positive to negative. These results imply that the enhanced drought resistance is more controlled by the mediated microclimate during droughts than by the physiological properties of larger trees (Fig. 5 and Table S2).
Supplementary Text 7 Machine-learning attribution of the drought resistance difference
[bookmark: OLE_LINK176][bookmark: OLE_LINK177]According to the machine-learning binary classification model, climate-related variables, in particular the difference in evapotranspiration (ΔET) and land surface temperature (ΔLST), contribute most to the sign of ΔResistance, (Fig. S15a). As higher evapotranspiration removes more heat, leading to a lower temperature, the relationships between ΔET and ΔResistance are positive (Fig. S15d). Similarly, as ΔLST increases, there is a decrease in ΔResistance, both from NDVI and SIF, indicating that the enhanced cooling effect in areas with elephants contributes to a stronger drought resistance (Fig. S15b). The most important soil-related variables are the difference in soil organic carbon (ΔSOC) and the difference in soil clay fraction (ΔClay) between nearby areas with and without elephants (Fig. S15c, e). ΔResistance from both NDVI and SIF exhibits a negative correlation with ΔSOC (Fig. S15c) but a positive one with ΔClay (Fig. S15e). Elephants can influence soil carbon and nutrients through toppling and killing trees28, as well as depositing large amounts of excrement (100-200 kg in 20-30 daily defecations per elephant29, 30). Additionally, the "foot-loading" of a walking elephant exerts considerable pressure, ranging from 510-660 g cm-2, due to the weight of a mature African elephant (typically 3000-5000 kg29). This substantial pressure can lead to significant compaction of surface sediments, altering soil aggregate structure. Thus, soil property changes induced by elephants may be another possible mechanism that enhances forest growth and its resistance to drought. However, we were not able to explore this further due to a lack of accurate soil data. ΔResistance, as defined by either NDVI or SIF, shows a positive relationship with vegetation-related variables (ΔTree height, ΔTree cover and ΔAGB) (Fig. S15a, f, n, q). The contribution of ΔTree height, which is the most prominent of the vegetation-related variables, is lower than ΔET and ΔLST (Fig. S15f). This finding also indirectly supports our hypothesis that changes in forest structure (tree height and tree cover) influence the drought resistance through microclimate effects such as ΔLST, rather than via a physiological capacity to resist droughts (e.g., larger trees have higher xylem tension, greater capacitance, more water storage and higher water use efficiency than small trees31, 32). In addition, the direct contribution of elephant density to ΔResistance is not very large, and the relationship between them is relatively flat (Fig. S15o).
Variables calculated as differences between nearby areas with and without elephants collectively contribute more to ΔResistance than variables averaged between nearby areas. This indicates that specific differences in local forest environments may play a greater role in shaping the response to drought than the large-scale environmental status.
[bookmark: OLE_LINK156]Supplementary Text 8 Relationship of drought resistance to tree height and tree canopy cover
[bookmark: OLE_LINK182]We calculated paired sites of areas with short trees (tree height ≤ 10 m) and tall trees (tree height > 10 m), and paired sites of open canopies (tree cover ≤ 40 %) and dense canopies (tree cover > 40 %) during droughts, to analyze the relationship between drought resistance and tree size. We did two tests: 1) paired sites in all drought affected areas regardless of the presence or absence of elephants (Fig. S17a), and 2) paired sites in areas with drought-induced productivity reduction but without elephants (Fig. S17b). Both tests consistently show that the drought resistance of tall-dense trees, as defined by both the NDVI and SIF data, is significantly (p<0.001) higher than that of short-open trees. This result demonstrates that, regardless of the presence of elephants, tall and dense canopies show stronger drought resistance than short and open canopies in Africa.
Supplementary Text 9 Sensitivity tests
[bookmark: OLE_LINK98][bookmark: OLE_LINK99]Supplementary Text 9.1 Sensitivity tests for the SPEI data and moving window sizes
The standardized precipitation evapotranspiration index (SPEI) data used to define drought is derived from the standardized difference between precipitation and potential evapotranspiration. However, due to limitations in the precipitation data resolution, most existing SPEI products have a coarser spatial resolution (0.5°), leading to potential uncertainties. We used a higher resolution SPEI dataset (0.05°) derived from the climate hazards group infrared precipitation with station data (CHIRPS) precipitation estimates and the global land evaporation Amsterdam model (GLEAM) potential evaporation estimates33. Other SPEI products with a coarser spatial resolution (0.5°) were used in the sensitivity tests.
[bookmark: _Hlk162374402][bookmark: _Hlk186792941][bookmark: _Hlk186792947][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK7][bookmark: OLE_LINK158][bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK70][bookmark: OLE_LINK71]To validate our results, we tested both the 0.05° SPEI dataset and the 0.5° SPEI dataset sourced from the global SPEI database33, 34. We investigated the 0.05° SPEI data using moving windows of 0.5° × 0.5° and 0.25° × 0.25°, and the 0.5° SPEI data with a moving window of 2° × 2°. As described in the main text, we used a paired sites selection method and supplemented with the nearest eight grid cells when the areas with (or without) elephants were insufficient (lower than 5% of the grid cell). We also examined the paired sites selection restricted to a 0.25° × 0.25° grid cell (excluding grid cells if the areas with or without elephants were insufficient) to assess the robustness of our findings, even though it may result in fewer paired samples. In summary, we ultimately conducted three sensitivity tests to compare vegetation structure and resistance between areas with elephants and without elephants: (1) paired sites supplemented from the nearest eight grid cells, 0.05° SPEI and a moving window of 0. 5° × 0.5° (Fig. S18a–c), (2) paired sites without supplementation from the nearest grid cells, 0.05° SPEI and a moving window of 0.25° × 0.25° (Fig. S18a, b, d), and (3) paired sites supplemented from the nearest eight grid cells, 0.5° SPEI and a moving window of 2° × 2° (Fig. S18a, b, e). These three additional sensitivity tests were used as a comparison with the results from paired sites supplemented from the nearest eight grid cells, 0.05° SPEI and a moving window of 0.25° × 0.25° (Fig. 1a, b and Fig. 4a, c) as described in the main text.
The results consistently show that areas with elephants exhibit a significantly (p<0.01) higher tree height and tree cover than the nearby areas without elephants (Fig. 1a, b and Fig. S18a, b). Additionally, drought resistance, defined by either NDVI or SIF, is also consistently higher in the areas with elephants than in the nearby areas without elephants (Fig. 4b and Fig. S18c–e) with the one exception being the difference in ΔResistance defined by SIF in Sensitivity test (3) (p=0.46) (Fig. S18e). Overall, these sensitivity tests show robust evidence of altered vegetation structure and function induced by elephants.
To further test whether our findings depend on the sample size, we conducted a subsample bootstrap sensitivity test35 using paired sites of tree height and tree cover. We randomly down-sampled the full dataset to N = 100, 200, 500, 1000, 1500, 2000, and 2500, and, for each sample size, repeated the Wilcoxon test 500 times. For every subsample, we re-estimated differences in tree height and tree cover (ΔTree height and ΔTree cover) in areas with and without elephants, and calculated the standardized effect size (Cohen’s d). Cohen’s d is defined as the mean difference divided by the pooled standard deviation, providing a standardized measure of effect size36, 37.
[bookmark: OLE_LINK18]The subsampling analyses consistently show statistically significant effects (p < 0.05, Fig. S41a, b). The percentage of samples with p < 0.05 across the total 500 samples ranges from 81% for N = 100 to 100% for N > 200 for ΔTree height, and from 52% for N=100 to 100% for N > 500 for ΔTree cover. Standardized effect sizes (Cohen’s d) remain positive across all sample sizes, with mean Cohen’s d of ~0.29 for ΔTree height and ~0.21 for ΔTree cover, although variability is larger at smaller N (Fig. S41c, d). Even at the smallest subsample size (N = 100), median p values remained very low (6.0 × 10-3 and 4.6 × 10-2 for ΔTree height and ΔTree cover, respectively) across the 500 samples. Although mean p value of ΔTree cover at N = 100 approached marginal significance (p = 0.1), mean p value of ΔTree height remained consistently significant (p < 0.05). These results indicate that the observed effects are not an artifact of large sample size but reflect a persistent ecological signal. Although the mean differences (expressed in their original units) appear numerically modest (1.15 ± 0.07 m and 2.82 ± 0.25 % for ΔTree height and ΔTree cover, Fig. 1a, b), their stability across all sample sizes (Fig. S41e, f) and the consistently positive standardized effect sizes (Cohen’s d, Fig. S41c, d) indicate a robust and ecologically meaningful contrast between areas with elephants and nearby areas without elephants. Even modest increases in vegetation structure can significantly alter surface energy and water fluxes, particularly through changes in evapotranspiration and albedo (Fig. S8c, d), thereby modifying biophysical processes (Fig. 3a, b and Fig. 5), enhancing vegetation drought resistance (Fig. 4), and contributing to cumulative climate impacts.
Supplementary Text 9.2 Excluding small areas with or without elephants in paired sites selection
In our analysis, we excluded small areas (i.e., ≤5% areas with or without elephants of each 0.25° × 0.25°grid cell, corresponding to ≤31 of the 625 (25 × 25) total 0.01° × 0.01° pixels, or approximately ≤86 km² near the equator) in paired sites selection (see Methods). This step helps improve the stability of paired site samples. To analyze the possible impacts of this 5% threshold value, we conducted additional tests using thresholds of 0% to 20% at an interval of 5% in paired sites selection. Across all tested thresholds, the results consistently show that areas with elephants exhibit increased tree height and tree cover, decreased LST, and enhanced vegetation drought resistance (Fig. S19). This suggests that the selection of threshold values has minimal impacts on our key findings.
[bookmark: _Hlk193555047]Supplementary Text 9.3 Controlling confounding factors in the paired sites selection method
We included precipitation as a control factor in the paired sites selection method, using two 0.1° resolution precipitation datasets for 2015 and 2016: The Global Precipitation Measurement (GPM) precipitation data and the ERA5-Land monthly average data38, 39. The spatial patterns of average annual precipitation in Africa are roughly consistent between the two datasets, despite some local discrepancies (Fig. S20a, b). The average annual precipitation is 683 ± 0.15 mm year-1 from the GPM data and 723 ± 0.13 mm year-1 from the ERA5 data (Fig. S20a, b). We calculated the differences in precipitation (ΔPrecipitation) between areas with and without elephants. The area fraction of selected paired sites with ΔPrecipitation smaller than 100 and 50 mm year-1 are 93% and 75% based on the GPM data, and 68% and 45% based on the ERA5 data (Fig. S20a, b). We excluded paired sites with ΔPrecipitation > 50 mm, and further calculated the differences in tree height, tree cover, land surface temperature (LST) and resistance between areas with and without elephants. The results consistently exhibit a significantly (p < 0.001) higher tree height, tree cover and resistance, along with lower LST in areas with elephants than areas without elephants (Fig. S20c-h). However, it should be noted that the local precipitation derived from these global products has very large uncertainties, especially in regions in Africa without many meteorological stations.
In addition to the factors controlled in the paired sites method (Fig. S35a), there might other factors influencing elephant activities and the fair comparison of paired sites. For example, elephant movements are constrained by roads40, water availability is crucial for elephant survival and affect their distribution, with elephants gathering around water sources41, 42, and forest fragmentation leads to habitats loss for elephants43, 44. Additionally, fire and herbivores have a complex feedback relationship, where herbivores influence fire regimes, while post-fire regrowth, with higher forage quality, attracts herbivores45, 46, 47, 48. To control these confounding factors more strictly, we used 8 km resolution road density data49, 1 km resolution river density data calculated from the HydroRIVERS vector data50, 5 km resolution forest fragmentation index for 202051, and total fire frequencies between 2015-2016 derived from the 250 m ESA MODIS Fire_cci Burned area pixel product52. We then calculated the differences in road density (ΔRoad_density), river density (ΔRiver_density), forest fragmentation index (ΔFFI), and fire frequency (ΔFire_frequency) between areas with and without elephants based on the paired sites selection method. The results show that areas with elephants have a significantly lower road density, and higher fire frequency compared to the nearby areas without elephants, suggesting possible confounding effects of these factors (Fig. S21a, d). We thus controlled for road density and fire frequency by excluding paired sites with the absolute difference in road density > 0.03, and the absolute difference in fire frequency > 0.2 between areas with and without elephants. The results still show consistently increased tree height and tree cover, decreased LST and enhanced drought resistance in areas with elephants than in areas without elephants (Fig. S21e–h).
Supplementary Text 9.4 Paired sites selection within the same ecological region
We also conducted the paired sites selection when constraining both sites within the same ecological region. Ecological regions were derived from the “Ecoregions 2017” map developed by Dinerstein et al. (2017)53, which classifies global terrestrial ecosystems into 14 biomes. 13 of these biome types are present in Africa, including tropical and subtropical moist broadleaf forests, tropical and subtropical grasslands, savannas and shrublands, deserts and xeric shrublands, among others. Based on our paired site method (see Methods), we further restricted paired sites selection within the same ecoregion. The results consistently exhibit significantly higher (p < 0.001) tree height, tree cover, and drought resistance, along with lower LST in areas with elephants than in areas without elephants (Fig. S22).
Supplementary Text 9.5 Uncertainty of elephant habitat ranges
[bookmark: OLE_LINK47]There might be uncertainties in the elephant habitat ranges, because they were empirically drawn by the African Elephant Specialist Group based on survey results and boundaries such as protected areas, rivers, or mountains (see Methods). To address these uncertainties, we further applied both inward and outward buffering ranges of 1-5 km for elephant habitat boundaries, and then calculated the differences between paired sites in areas with and without elephants. The results of increased tree height and tree cover, decreased LST and enhanced drought resistance remain consistent with different buffered elephant habitat ranges (Fig. S23).
Additionally, to ensure that areas without elephants have no elephant existence historically, we further calculated differences between areas with elephants and areas without elephants by excluding all possible elephant ranges (e.g., regions where elephants once existed but are now extinct). According to the definitions of “known”, “possible”, and “extinct” ranges in the African Elephant Database, we calculated differences between areas with “known” elephant ranges and areas without elephants, and also calculated differences between areas with “known” and “possible” elephant ranges and areas without elephants. In both cases, areas without elephants excluded the “known”, “possible”, and “extinct” ranges. The results show consistently higher tree height, tree cover and drought resistance in areas with elephants than areas without elephants (Fig. S24).
[bookmark: _Hlk193048920]Supplementary Text 9.6 Balancing areas in paired sites
[bookmark: OLE_LINK221][bookmark: OLE_LINK222][bookmark: OLE_LINK29][bookmark: OLE_LINK30]We further tested differences between areas with and without elephants by ensuring equal area coverage for both. In the first test, if a given fraction (e.g., 10%) of a 0.25° × 0.25° grid cell is covered by elephants and the remaining (90%) area without elephants, we searched the surrounding eight grid cells for a matching grid cell where the area without elephants is also about 10% (difference < 10%). If no such match was found, we randomly selected 10% of the area without elephants. In the second test for the same case, we directly randomly selected 10% of the area without elephants, without considering the surround grid cells. The random selections in both tests were repeated 10 times to derive the average results. The results from these tests are consistent with that elephants exhibited increased tree height and tree cover, decreased LST and enhanced vegetation drought resistance (Fig. S25).
Supplementary Text 9.7 Differences between areas with and without elephants using the matching method from Andam et al. (2008)54
[bookmark: OLE_LINK290][bookmark: OLE_LINK296][bookmark: OLE_LINK289]We further calculated differences in vegetation structures between areas with and without elephants using the “matching method” from Andam et al. (2008)54. Because our study area and objectives differ from Andam et al. (2008), we slightly modified the selection of matching plots. Specifically, we established 2° × 2° moving grid cells (~40,000 km², comparable to 51,100 km² of Costa Rica in Andam et al. (2008)), and then randomly sampled 200 plots in each moving grid cell, each composed of 3 × 3 pixels at a 0.01° (~1 km) resolution. We included the human footprint index, elevation, slope, road density, river density, forest fragmentation index, fire frequency, and precipitation as covariates, since they may affect both vegetation structure and elephant activities. We then calculated Mahalanobis distances of these covariate matrixes between plots in areas with elephants and plots in areas without elephants. Each plot with elephants was matched with two closest plots without elephants, same as in Andam et al. (2008). 
[bookmark: OLE_LINK22][bookmark: OLE_LINK28]We assessed the differences in tree height and tree cover in areas with and without elephants, calculated by the paired sites method in our study and the matching method based on Andam et al. (2008). Following the method by Andam et al. (2008), we analyzed both unmatched plots (all randomly sampled plots in each 2° × 2° moving grid cell without controlling for covariates) and matched plots (selected plots after controlling for covariates) (Fig. S26). The results show a consistently higher tree height and tree cover in areas with elephants compared to areas without elephants (Fig. S26). The unmatched plots without controlling for covariates show greater increases compared to the original paired sites and the matched plots. Matched plots selected from nearest-neighbor small areas isolate the pure effect of elephant disturbance by minimizing the covariate bias, and it shows larger increases in tree height and tree cover than the original paired sites method. This suggests that elephants may have an even stronger impact on local vegetation than we estimated using the original paired sites method. However, the original paired sites method, which includes all areas with and without elephants within a moving grid cell, provides a more comprehensive representation of habitat changes, and we thus keep these results from the original paired sites method in the main text.
Supplementary Text 9.8 Sensitivity tests for drought resistance
[bookmark: OLE_LINK102][bookmark: _Hlk175150751][bookmark: OLE_LINK117][bookmark: _Hlk186967705]Variations in vegetation responses to drought may induce uncertainties in estimating changes in drought resistance brought about by elephants. We calculated drought resistance in areas without elephants using the NDVI and SIF data and found that most vegetation experienced a productivity reduction during droughts (i.e., resistance value <1, Methods). This was particularly evident in the SIF-defined drought resistance (Fig. S27b), while productivity reduction in many forest areas was not detectable from the NDVI-defined resistance (Fig. S27a). We further analyzed ΔResistance in all drought affected areas and in areas with drought-induced productivity reduction. We found that the enhanced drought resistance induced by elephants is robust in both cases, but ΔResistance is higher in the areas with drought-induced productivity reduction (Fig. S27c, d and Fig. 4a-c).
[bookmark: _Hlk184585316][bookmark: _Hlk184494367][bookmark: OLE_LINK246]In the main text, we describe the analysis of the annual mean NDVI and SIF in drought and pre-drought years. We also calculated resistance using NDVI and SIF values in the drought affected months during the growing season, which was defined by the start and end of the growing days using phenologies from the VIPPHEN_EVI2 v004 dataset55. Growing season was calculated from 2012 to 2014, with minimum of start-growth days and maximum of end-growth days between 2012 to 2014, and applied for 2015 and 2016. Specifically, we used the monthly NDVI and SIF from 2015 during the drought events in 2015, the monthly data from 2016 during the drought events in 2016 and the mean values from 2015 and 2016 for areas affected by droughts in both years. The baseline for the non-drought affected state in 2012-2014 was matched to the same months as in the drought years of 2015-2016, and areas affected by droughts in 2012-2014 were further excluded. Drought resistance was then calculated as the ratio of NDVI (and SIF) during droughts to that before droughts (Eq. (2) and (3) in Methods). Based on the monthly NDVI and SIF during the drought periods, drought resistance is also higher in the areas with elephants than in the nearby areas without elephants (Fig. S28), consistent with results obtained using annual mean NDVI and SIF (Fig. 4). However, ΔResistance calculated using monthly values of NDVI and SIF during the drought-affected months in the growing season (Fig. S28a, b) is greater than that calculated with annual mean values (Fig. S28c, d). 
The “green-up” phase may vary across different years, so using fixed periods for averaging NDVI and SIF may introduce uncertainty. To address this, we first derived the growing season months for each year from 2012 to 2016 using observation-based vegetation phenology data from Chen et al. (2024)56. We then calculated NDVI and SIF averaged over the temporally resolved growing season months for each year. Drought resistance was then calculated as the ratio of NDVI (and SIF) during droughts to that before droughts (Eqs. (2) and (3) in Methods). Based on NDVI and SIF averaged over varying growing seasons across years, drought resistance is also higher in areas with elephants than in nearby areas without elephants (Fig. S29), consistent with the results from annual mean NDVI and SIF (Fig. 4). In fact, ΔResistance calculated in this test is even greater than that calculated using annual mean values (Fig. 4).
Supplementary Text 10 The long-term impacts of elephants on vegetation structure
The impacts of elephant disturbance on vegetation are not short-term but sustained for a long period. The detected changes in vegetation structure are therefore legacy effects from the historical presence of elephants. The extinct elephant ranges suggest that elephants were present in these areas at least a decade ago, which might reflect the legacy effects of past elephant activities. Therefore, we calculated the differences in the extinct elephant areas and areas without elephants. The results show that extinct elephant areas still have significantly higher tree height and tree cover (Fig. S31), indicating possible legacy effects from past elephant disturbances. Vegetation structure increases in the extant elephant areas are higher than those in the extinct elephant areas, suggesting ongoing effects of elephant disturbances. However, it should be noted that these results based on the extinct elephant areas should be interpreted with cautious because there may be other disturbances after elephant extinction.
In addition, we manually collected patch-level elephant range and density data from the survey data reported in the African Elephant Database (AED, https://africanelephantdatabase.org/), which includes records of elephant numbers, survey areas, and survey dates for each patch. While boundary data was unavailable, each survey patch contains a schematic outlining the extent. Some patches were labeled with protected area names, so we extracted all such patches and verified each one to ensure its shape matched the corresponding protected area in the World Database on Protected Areas (WDPA). After this verification process, we derived 295 patches and calculated the elephant density by dividing the number of elephants by the survey area. To define the historical range, we assumed that elephants within protected areas would not have been wiped out. That is if a protected area had elephants and was established before 1995, elephants are assumed to have been present and active in that area prior to 1995. Based on this assumption, we selected 210 survey patches located within protected areas established before 1995 as historical elephant range data. 
[bookmark: _Hlk201672705]Based on these historical elephant range and density data, we calculated the differences and analyzed the relationships between elephant density and changes in tree height (ΔTree height) and tree cover (ΔTree cover). These results were consistent with that tree height and tree cover in areas with elephants are significantly higher than those in nearby areas without elephants, and ΔTree height and ΔTree cover are significantly correlated with elephant population density (Fig. S32).
We found a threshold of approximately 0.6-1.5 elephants per km² (when ΔTree height and ΔTree cover = 0 in Fig. 2), beyond which increasing elephant density shifts its impact on vegetation from positive to negative (Fig. 2 and Fig. S32d, e), suggesting possible ecological degradation once the carrying capacity is exceeded. However, considering the legacy effects of elephant disturbance, the current positive associations might reflect the post-disturbance recovery from historically higher elephant densities, rather than the direct effects of current elephant presence. To explore this issue, we examined the legacy effects of elephants on vegetation structure by analyzing national-level population changes between the 2006 and 2015 surveys in the South African region, based on the African Elephant Status Report 201657. We categorized the countries in Africa into a high elephant density group (>0.6 individuals per km²) and a low elephant density group (<0.6 individuals per km²). We excluded countries such as Cameroon, Central African Republic, Congo, Equatorial Guinea, Ethiopia, Somalia, South Sudan, Angola, Zambia, Cote D'ivoire, Guinea, Guinea Bissau, Liberia, Senegal, Sierra Leone and Togo, where changes in elephant numbers between 2006 and 2015 were either minimal or largely attributed to differences in surveyed areas or a new entry population rather than actual population changes (Table S1). The remaining countries were further classified into four types based on changes in elephant population between 2006 and 2015 (Table S1): (1) high elephant densities with decreasing population (e.g., Botswana, Zimbabwe), (2) high densities with increasing population (e.g., South Africa, Swaziland), (3) low densities with decreasing population (e.g., Chad, DRC, Eritrea, Kenya, Tanzania, Mozambique, Mali, Niger and Nigeria), and (4) low densities with increasing population (e.g., Gabon, Rwanda, Uganda, Malawi, Namibia, Benin, Burkina Faso, Ghana). We compared the differences in vegetation structure for these four types.
The results show that, in areas with elephants, tree height and tree cover are significantly lower in high-density countries, and significantly higher in low-density countries, compared to nearby areas without elephants (Fig. S42). Furthermore, in high‐density countries, areas with rising elephant numbers experienced greater vegetation degradation from 2006 to 2015 than those with declining numbers, suggesting recovery when densities fall (Fig. S42a, b). Conversely, in low-density countries, increased elephant population from 2006 to 2015 was associated with greater positive differences in tree height and tree cover compared to areas with population decreases (Fig. S42c, d). It thus indicates that, within an appropriate density range, the introduction of elephants may positively influence vegetation structure. However, these results based on the national-level elephant density data should be interpreted with caution, due to varying baseline densities, climates, and other disturbances across countries.
Additionally, management practices at specific sites, including fencing or culling, may cause temporary absences of elephants that promote seedling recruitment. However, upon elephants return, elephants rapidly shape newly established cohorts58, 59, 60, while their influence on the structure of surviving adult woody plants tends to be long-lasting. Consequently, such temporary absences may alter the strength of the signal but not the overall direction of elephant effects on vegetation structure.
It is also important to note that management interventions in protected areas can result in negative effects of elephants on vegetation structure. For example, in Kruger National Park (KNP), management records document periods of population control, particularly from 1967 to 1994, when culling was used to manage elephant numbers61. This was followed by fence removal and improved landscape connectivity62. Long-term surveys and genetic evidence suggest broad persistence and connected elephant populations across Greater Kruger, rather than sustained, spatially extensive absences63, 64. However, in KNP, the influence of elephants on vegetation structure is likely negative48, 60 (Fig. S11c, d). This pattern is unlikely to result from short-term elephant absence and subsequent seedling recruitment. Instead, it reflects the substantial increase in elephant numbers following the cessation of culling in the mid-1990s, with aerial surveys reporting at least 17,086 individuals by 201565.
Supplementary Discussion
Supplementary Discussion 1 Relationships between vegetation structure change and elephant population density
Previous studies compared central African and Amazonian rainforests and showed that central African forests have lower average stem density, larger tree diameters, and higher mean aboveground biomass66, 67. Elephants in Africa are suggested as a key driver of these differences. Elephants browse and kill small trees, resulting in decreased stem density. However, the chronic thinning of small trees also decreases competition for remaining trees, ultimately leading to greater aboveground biomass68. Therefore, we found that tree height and tree cover are both significantly higher in areas with elephants than areas without elephants in our study (Fig. 1).
[bookmark: OLE_LINK274][bookmark: OLE_LINK275]The differences in vegetation structure influenced by elephants significantly correlated with elephant density (Fig. 2). An inverted U relationship between aboveground biomass (AGB) and elephant density was found at a local site in Congo68, where the differences in tree height and tree cover would first increase with increasing elephant densities, then decline, and ultimately approach zero as the habitat reaches the carrying capacity. It should be noted that this pattern was observed at the local scale, and it may vary at the large scale. Due to the limitations of the elephant density data at the large scale, which are reported at the country level57, we did not find this trend at a larger scale, although there might be some weak increase-then-decrease trends in the relationship between differences in tree cover in savanna regions and elephant density (Fig. S11a, b).
[bookmark: OLE_LINK288][bookmark: _Hlk185931416][bookmark: OLE_LINK276][bookmark: OLE_LINK277][bookmark: OLE_LINK281][bookmark: OLE_LINK282]Some studies reported that the negative impact of elephants is particularly evident in elephant-dense regions69, 70, 71, 72, 73, 74. When elephants are highly concentrated beyond a density threshold, their preferred forage like grass and fruit become scarce, prompting elephants to strip bark, break branches, or uproot trees to meet their high nutritional demands69, 75. This behavior may increase the vulnerability of trees to insects and fires. To verify this point, we calculated the differences in tree height and tree cover in four countries with the highest elephant densities (over 0.6 per km²): Zimbabwe, Botswana, Swaziland, and South Africa (Fig. S11c–f and Table S1). We found that tree height and tree cover are significantly lower in areas with elephants than nearby areas without elephants in these four countries (Fig. S11c–f).
In addition, the relationship between vegetation structure change and elephant density could also be impacted by human activities. For example, elephants moved more freely in the past, with fewer roads, fences, and less intensive human activity76 (Fig. S43), which could alleviate the local pressure on the ecosystem. A previous study also showed that the elephant densities increased in the restricted conservation areas77.
Supplementary Discussion 2 Causality of elephant disturbance on vegetation structure
To support the causality hypothesis of elephant presence on drought resistance, we have excluded as many confounding factors as possible to ensure that the only different “factor” of the paired site comparison is elephant presence (Method and Supplementary Method 1, Supplementary Text 9.1-9.8 and Fig. S35) and applying structural equation modeling (Method and Fig. 5e, and well-established rigorous causal inference analysis based on a machine learning method (Method and Fig.1c, d). While these analyses help minimize spurious associations, the certainty or exclusivity of the inferred mechanism cannot be fully ensured. Causal inference in ecology remains a long-standing challenge78, especially at large scales where controlling for complex confounding factors and obtaining comprehensive covariate data are often infeasible79. We have acknowledged these limitations and have presented the methods and findings transparently. Overall, our results indicate that elephant disturbance alters vegetation structure in ways that could improve drought resistance. This finding supports the value of conserving Africa’s megaherbivores but also calls for more detailed work to uncover the exact ecological pathways involved.
Supplementary Discussion 3 Appropriateness of the datasets used in this study
Due to lack of high-resolution tree height data for earlier years, we used the data from 2019, which introduces a temporal discrepancy with the elephant presence data from 2006-2015. However, the ecological functions of megaherbivores such as elephants might not be apparent in the short term since responses of vegetation structure and nutrient cycling to disturbance can take decades80. The detected changes in vegetation structure could be legacy effects from the historical presence of elephants. While we may not be able to quantify the exact time scale of elephant impacts, the direction of elephant impacts on vegetation remains consistent over time, with their influence on vegetation structure lasting between 50 and 150 years68. Therefore, the temporal mismatch (4~13 years) of elephant presence data for 2006-2015 and the canopy height/cover data (2019) may have very small influence on our main results, considering elephants existing in these regions since a long time ago and the long-term impacts on vegetation structure. 
In addition, all the satellite-based data used in our study were published in peer-reviewed journals, and are widely used and well recognized by the scientific community (Table S5). We also tested alternative datasets, such as tree height data from Potapov et al. (2020)81 and from Lang et al. (2023)82 (Fig. 1a and Fig. S7a), and tree cover data from Reiner et al. (2023)83 and from Hansen et al. (2013)84 (Fig. 1b and Fig. S7b)), where available. Despite minor variations in the magnitudes, these tests consistently provide robust evidence of increased tree height and tree cover in areas with elephants than the nearby areas without elephants.
We integrated these datasets with resolutions ranging from 10 m to 1 km into a uniform resolution of 1 km for further analyses. The 1 km resolution was chosen as it is the finest resolution that can be applied consistently across all datasets. In addition, considering elephants are wide-ranging megaherbivores, averaging 5.3 km day-1 85, they create many scattered small disturbances during their feeding routes. The 1 km resolution effectively captures these disturbances as a measurable ecosystem-scale pattern, while finer resolutions (e.g., 30 m) may fragment the disturbances into disconnected pixels, giving the appearance of randomness.
Supplementary Discussion 4 Spatial dependence of grid cells due to elephant movements
In this study, we used a paired sites selection method and supplemented with the nearest eight 0.25° × 0.25° grid cells when the areas with (or without) elephants were insufficient (i.e., less than 5% of the total grid cell area). This approach may introduce potential dependence between data points since elephants may move across neighboring grid cells, leading to repeated sampling. However, the unit of analysis is the 0.25° × 0.25° grid cells (~ 27.8 × 27.8 = 772.84 km2 near the equator), which exceeds the average daily movement distance of elephants (5.3 km day-1) and their annual home range size (195 km2)85, 86. Therefore, this scale is larger than the possible spatial autocorrelation range of elephant-driven disturbance. 
To assess the robustness of our findings, we also examined paired sites selection restricted to a 0.25° × 0.25° grid cell by simply excluding grid cells where the areas with or without elephants are insufficient. Even though the paired samples are fewer in this test, the results are consistent (see Supplementary Text 9.1). Regarding sample independence, we think that it is primarily about controlling covariates. We included sensitivity tests for controlling multiple covariates to ensure the robustness of the paired sites method. These covariates include protected area status, elevation, slope, human footprint, land cover, precipitation, road density, river density, forest fragmentation index, and fire frequency (see Methods, Supplementary Text 1, 2 and Supplementary Text 9.3).
In fact, the "matching method" from Andam et al. (2008) employs random selections of plots to make comparison54. These randomly selected plots may not be connected spatially, which may help partly overcome the spatial dependences of neighboring grid cells.

Supplementary Figures 
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[bookmark: OLE_LINK1][bookmark: OLE_LINK4][bookmark: _Hlk172652822]Fig. S1 Spatial distribution of drought events and elephant range. a, Regions that exclusively encountered drought events in the EI Niño years of 2015-2016. b, Elephant ranges were derived from the African Elephant Database (AED). c, Paired areas with and without elephants in regions that experienced droughts in 2015-2016.
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Fig. S2 Spatial distributions of forest elephant and savanna elephant range, and forest and savanna habitat types. Elephant ranges were derived from the African Elephant Database (AED). Forest and savanna land covers were derived from the habitat types data from Jung et al. (2020). The inset pie chart shows the areas of savannas with savanna elephants, forests with forest elephants and mixed regions (i.e., savannas overlapped with forest elephant range and forests overlapped with savanna elephant range).
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Fig. S3 Differences in vegetation structure and function between areas with and without elephants after separating savanna elephants and forest elephants and controlling savanna and forest habitat types. Forest and savanna covers were derived from the habitat types data from Jung et al. (2020) (Fig. S2). Kernel density distributions of ΔTree height (a), ΔTree cover (b), ΔLST in the EI Niño years (2015-2016) (c), ΔLST in the years before the EI Niño event (2012-2014) (d), and ΔResistance in grid cells with drought-induced productivity reduction defined by NDVI (e) and SIF (f) in savanna lands influenced by savanna elephants and in forest areas influenced by forest elephants. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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[bookmark: _Hlk202945230]Fig. S4. Comparison of tree height and tree cover between areas with and without elephants. a and b directly present the comparison of tree height and tree cover between binary areas with and without elephants, complementing Fig. 1a and 1b. c and d directly present the comparison of tree height and tree cover between binary areas with and without elephants after controlling savanna and forest habitat types, complementing Fig. S3a and Fig. S3b. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Gray lines within boxes show the mean values.
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[bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: _Hlk186642682]Fig. S5 Same as Fig. 1a and 1b, but for areas affected by drought, areas not affected by drought and all areas regardless of whether affected by drought during 2015-2016. Kernel density distributions of ΔTree height (a) and ΔTree cover (b) between the paired neighbor non-drought affected areas with and without elephants. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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[bookmark: OLE_LINK6][bookmark: OLE_LINK12]Fig. S6 Same as Fig. 1a, b, and Fig. 4b, but limited to the paired sites with and without elephants that are either both inside or both outside the protected areas. Dark colored lines represent paired sites both inside protected area, light colored and gray lines represent paired sites both outside protected area in Supplementary Text 2. Kernel density distributions of ΔTree height (a), ΔTree cover (b), and ΔResistance in grid cells with drought-induced productivity reduction defined by NDVI (c) and SIF (d). The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
[bookmark: OLE_LINK68][bookmark: OLE_LINK69]
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Fig. S7 Same as Fig. 1a and 1b, but using tree height data from Lang et al.82 and tree canopy cover data from Hansen et al.84. Kernel density distributions of ΔTree height (a) and ΔTree cover (b) between the paired neighbor non-drought affected areas with and without elephants. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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[bookmark: OLE_LINK172][bookmark: OLE_LINK173]Fig. S8 Difference in above ground biomass (ΔAGB), leaf area index (ΔLAI), evapotranspiration (ΔET) and albedo (ΔAlbedo) between nearby areas with elephants and without elephants. Kernel density distributions of (ΔAGB) (a), ΔLAI (b), ΔET (c) and ΔAlbedo (d). The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Blue dashed lines show the mean values.
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[bookmark: OLE_LINK231][bookmark: OLE_LINK232]Fig. S9 Difference in vegetation structure and function between areas with and without elephants using field sites with elephant photos. Field sites with elephant photos of elephant presence were derived from iNaturalist (See Supplementary Text 3). (a) Spatial distribution and number of field sites with elephant photos within paired areas with and without elephants during droughts in each 1° × 1° grid cell. (b-e) difference in tree height (ΔTree height, b), tree cover (ΔTree cover, c), land surface temperature (ΔLST, d) and drought resistance (ΔResistance, e) between the areas with field sites with elephant photos of elephant presence and the nearby areas without elephants. Shaded areas represent the kernel density distributions from the first test, with white dashed lines showing the mean values. The colored lines, from light to dark, represent the kernel density distributions from the second test, with buffering ranges from 1 km to 9 km at an interval of 2 km around each field site with elephant photos (see Supplementary Text 3 and Fig. S39). Colored dashed lines show the mean values (N=154). The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles.	
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Fig. S10 Comparison of tree height between treatment (W, MW, MWC) and control (O) plots in the KLEE experiment. Trees taller than 1 m, based on surveys conducted in 2005 and 2015. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. White dots and horizontal represent mean and median values, respectively. Sample size (n) at the bottom correspond to the total number of trees recorded within the surveyed area (3 hectares across the north, center and south plots). 
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Fig. S11 Relationships between vegetation-structure differences and elephant density, including patterns in countries with high elephant densities. a, b, Relationships of ΔTree height (a) and ΔTree cover (b) with elephant density. Crosses and circles show mean differences across 0.25° × 0.25° grid cells grouped by elephant density for areas with forest and savanna elephants, respectively; error bars denote one standard error. Dark- and light-green curves show the corresponding polynomial regressions, with polynomial degree selected by the lowest p value. c, d, Spatial distributions of ΔTree height (c) and ΔTree cover (d) in four countries with elephant densities >0.6 individuals km⁻²: Zimbabwe, Botswana, Swaziland and South Africa. e, f, Kernel density distributions of the differences shown in c and d. Differences were calculated as values in areas with elephants minus those in nearby paired areas without elephants. Black and coloured dashed lines denote zero and mean values, respectively. Boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. The p values in e and f test whether the differences deviate from zero.
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[bookmark: OLE_LINK87][bookmark: OLE_LINK88]Fig. S12 Elephant population density map in country, patch and site level. a, Country level elephant density, calculated by dividing the national total elephant number by the elephant activity area in each country and assumed homogenous in the elephant area within each country. Elephant population and activity range data were derived from the IUCN Red List of Threatened Species (https://www.iucnredlist.org/). b, Patch level elephant density, derived by linking each elephant density record to the protected-area patch in which it occurs, thereby approximating the actively used elephant habit range. Surveyed elephant density records were compiled from the African Elephant Status Reports and published field studies, and protected area boundaries were obtained from the world database on protected areas (WDPA). c, Site level elephant density. Red, yellow, and blue dots represent site-level density data collected from the African Elephant Database (AED) status report (Thouless et al., 2016), from Berzaghi et al. (2022), and from Santini et al. (2024). Gray areas indicate the IUCN elephant ranges. Sites outside the IUCN boundaries were excluded and not shown here.
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Fig. S13 Kernel density distribution of land surface temperature differences between drought and non-drought affected nearby areas with and without elephants (ΔLST). ΔLST of drought and non-drought affected areas in the EI Niño years (2015-2016) in the years before the EI Niño event (2012-2014) are shown in a and b. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines and numbers show the mean values. 
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Fig. S14 Relationships between differences in tree height (ΔTree height) and tree cover (ΔTree cover) and differences in evapotranspiration (ΔET) and albedo (ΔAlbedo). Linear regressions were used to fit the relationships. Colored dots from light to dark indicate the data number from small to large. The black solid lines represent the fitted linear relationships.
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Fig. S15 Relative importance and partial dependence of factors determining the drought resistance difference. Blue, green, orange and black colors represent climate, vegetation, soil relative and elephant density factors, respectively. a, Relative importance of factors in predicting the difference in drought resistance between areas with and without elephants (ΔResistance defined with NDVI and SIF), evaluated through the Shapley Additive explanations (SHAP) values, which represent the marginal contribution of a given variable to ΔResistance. Larger dot size indicates higher importance. b-t, Partial dependence on all variables, calculated from the Shapley value distributions. Light blue, green, orange and black colors indicate ΔResistance from SIF data, while dark colors indicate ΔResistance from NDVI data. Color scales indicate the data density, and lines indicate the fitted line of polynomial regression curves. Variables included are climate-related variables (SPEI, land surface temperature (LST), evapotranspiration (ET)), vegetation-related factors (tree height, tree cover, above ground biomass (AGB)), soil factors (bulk density, clay fraction and soil organic carbon (SOC)) and elephant density. Considering variations in ecological heterogeneity related to climate, vegetation and soil data, we computed both the differences and averages between elephant-influenced areas and nearby paired non-elephant areas. We utilized a total of 19 parameters in machine learning training, detailed information on each variable is shown in Table S6.
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[bookmark: _Hlk156415674]Fig. S16 Relationships between differences in drought resistance and ΔLST. Drought resistance is calculated as the relative changes in NDVI (a) and SIF (b) before and during the drought period, and ΔResistance is the difference between the paired neighbor areas with and without elephants. The red solid lines are the fitted linear regression lines. 

[bookmark: OLE_LINK95][bookmark: OLE_LINK96][image: ]
[bookmark: OLE_LINK73][bookmark: OLE_LINK74]Fig. S17 Comparison of drought resistance in areas with short and open vegetation and areas with tall and dense vegetation. Drought resistance in all drought affected areas regardless of the presence of elephants is shown in a. Drought resistance in areas with drought-induced productivity reduction but without elephants is shown in b. Colored dots and numbers represent the mean values, calculated from the paired sites of areas with short trees (tree height ≤ 10 m) and tall trees (tree height >10 m), and the paired sites with open canopies (tree cover ≤ 40 %) and dense canopies (tree cover > 40 %) during droughts, regardless of the presence of elephants. The bottom and top of boxes indicate the first quartile and the third quartile of the data. The lower and upper whiskers indicate the 10th and 90th percentiles.
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Fig. S18 Sensitivity of vegetation structure and drought resistance differences to SPEI resolution, moving-window size and paired-site supplementation. Kernel density distributions of ΔTree height (a) and ΔTree cover (b) between the paired neighbor areas with and without elephants. Colors from dark to light indicate results from sensitivity test (1) to (3): (1) paired sites supplemented from the nearest eight grid cells, 0.05° SPEI and a moving window of 0. 5° × 0.5°, (2) paired sites without supplementation from the nearest grid cells, 0.05°SPEI and a moving window of 0.25° × 0.25°, and (3) paired sites supplemented from the nearest eight grid cells, 0.5° SPEI and a moving window of 2° × 2°. c–e, Kernel density distributions of ΔResistance under sensitivity tests (1)-(3), respectively. Orange and red lines indicate ΔResistance defined by NDVI and SIF, respectively. Black and colored dashed lines indicate zero and mean values, respectively. Boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles.
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[bookmark: _Hlk199408737]Fig. S19 Same as Fig. 1a, b, Fig. 3a, b, and Fig. 4b, but for the paired sites selection using different thresholds (0%, 5%, 10%, 15% and 20%) for areas with or without elephants. Kernel density distributions of ΔTree height (a), ΔTree cover (b), ΔLST in the EI Niño years (2015-2016) (c), ΔLST in the years before the EI Niño event (2012-2014) (d), and ΔResistance in grid cells with drought-induced productivity reduction defined by NDVI (e) and SIF (f). Colors from light to dark represent the thresholds from 0% to 20% at an interval of 5%. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.


[image: ]
Fig. S20 Differences in variables between nearby areas with elephants and without elephants after controlling precipitation. Light lines represent differences after controlling precipitation from the Global Precipitation Measurement (GPM) data, while dark lines represent differences after controlling precipitation from the ERA5-Land monthly averaged data. (a, b) Spatial distribution of precipitation (mm year-1) from the ERA5-Land monthly averaged data and the Global Precipitation Measurement (GPM) precipitation data. (c, d) Differences in tree height (ΔTree height) and tree cover (ΔTree cover) between nearby areas with and without elephants. (e, f) Differences in land surface temperature (ΔLST) in the EI Niño years (2015-2016) and in the years before the EI Niño event (2012-2014), between nearby areas with and without elephants. (g, h) Differences in drought resistance (ΔResistance) with drought-induced productivity reduction defined by NDVI and SIF, between nearby areas with and without elephants. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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Fig. S21 Potential confounding effects of road density, river density, forest fragmentation and fire frequency, and vegetation responses after controlling for road density and fire frequency. a–d, Kernel density distributions of differences in road density (a), river density (b), forest fragmentation index (FFI; c) and fire frequency (d) between nearby paired areas with and without elephants. e–h, Differences in tree height (e), tree cover (f), land surface temperature (LST; g) and drought resistance (h) after excluding paired sites with an absolute difference in road density greater than 0.03 km km-2 or an absolute difference in fire frequency greater than 0.2. In g, dark and light pink lines represent ΔLST during 2015–2016 and 2012–2014, respectively. In h, dark and light blue lines represent ΔResistance in grid cells with drought-induced productivity reduction defined by NDVI and SIF, respectively. Differences were calculated as values in areas with elephants minus those in paired areas without elephants. Black and colored dashed lines indicate zero and mean values, respectively. Boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. The p values indicate whether the differences deviate significantly from zero.
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Fig. S22 Same as Fig. 1a, b, Fig. 3a, b, and Fig. 4b, but for the paired sites selection within the same ecological region. Ecoregions were derived from the “Ecoregions 2017” map by Dinerstein et al. (2017)53. Kernel density distributions of ΔTree height (a), ΔTree cover (b), ΔLST in the EI Niño years (2015-2016) (c), ΔLST in the years before the EI Niño event (2012-2014) (d), and ΔResistance in grid cells with drought-induced productivity reduction defined by NDVI (e) and SIF (f). The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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[bookmark: OLE_LINK226][bookmark: OLE_LINK225]Fig. S23 Same as Fig. 1a, b, Fig. 3a, b, and Fig. 4b, but with applied buffering range of 1-5 km in- and out- elephant habitat boundaries. Kernel density distributions of ΔTree height (a), ΔTree cover (b), ΔLST in the EI Niño years (2015-2016) (c), ΔLST in the years before the EI Niño event (2012-2014) (d), and ΔResistance in grid cells with drought-induced productivity reduction defined by NDVI (e) and SIF (f). The colors from light to dark represent the in- and out- boundary buffers from 1 km to 5 km at an interval of 1 km. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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Fig. S24 Same as Fig. 1a, b, Fig. 3a, b, and Fig. 4b, but controlling areas without elephants by excluding regions with possible and extinct elephant presence. Light lines represent areas with elephants defined by “extant” and “possible” ranges in African Elephant Database (AED), while dark lines represent areas with elephants defined solely by “extant” ranges. In both cases, areas without elephants excluded “extant”, “possible” and “extinct” ranges (See Supplementary Text 9.5). Kernel density distributions of ΔTree height (a), ΔTree cover (b), ΔLST in the EI Niño years (2015-2016) (c), ΔLST in the years before the EI Niño event (2012-2014) (d), and ΔResistance in grid cells with drought-induced productivity reduction defined by NDVI (e) and SIF (f). The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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Fig. S25 Same as Fig. 1a, b, Fig. 3a, b, and Fig. 4b, but considering the areas of the paired sites with and without elephants to ensure the even sample sizes. Light and dark colored lines represent the first test and the second test in Supplementary Text 9.6, respectively. Kernel density distributions of ΔTree height (a), ΔTree cover (b), ΔLST in the EI Niño years (2015-2016) (c), ΔLST in the years before the EI Niño event (2012-2014) (d), and ΔResistance in grid cells with drought-induced productivity reduction defined by NDVI (e) and SIF (f). The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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Fig. S26 Differences in tree height (ΔTree height) and tree cover (ΔTree cover) between nearby areas with elephants and without elephants based on various pair sites methods (Supplementary Text 9.7). Kernel density distributions of ΔTree height (a) and ΔTree cover (b) between the paired neighbor areas with and without elephants. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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[bookmark: _Hlk169168177]Fig. S27 Drought resistance in areas affected by droughts and difference in drought resistance between nearby areas with and without elephants. Drought resistance in areas without elephants is calculated as the relative changes in NDVI (a) and SIF (b) before and during the drought period. The kernel density distributions of drought resistance, represented by gray and orange lines, indicate drought resistance in all drought affected grid cells and the grid cells with drought-induced productivity reduction, respectively. ΔResistance, defined by NDVI (c) and SIF (d), is the difference between the paired neighbor areas with and without elephants. The kernel density distributions of ΔResistance, shown by gray and orange lines, indicate ΔResistance in all drought affected grid cells and the grid cells with drought-induced productivity reduction, respectively. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles.
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Fig. S28 Difference in drought resistance between nearby areas with and without elephants (ΔResistance) using resistance calculated from the drought-affected months. Drought resistance is calculated as the relative change in NDVI and SIF before and during the drought period, which is defined as the drought-affected months in the growing season. ΔResistance in grid cells with drought-induced productivity reduction, defined by NDVI and SIF, are shown in a and b. ΔResistance with all drought affected grid cells, as defined by NDVI and SIF, are shown in c and d. The kernel density distributions of ΔResistance are also shown with colored dashed lines indicating the mean values. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles.
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Fig. S29 Same as Fig. 4, but NDVI and SIF averaged over varying growing season months across years. NDVI and SIF values were averaged over the temporally resolved growing season months for each year from 2012 to 2016, using vegetation phenology data from Chen et al. (2024). Drought resistance is calculated as the relative changes in NDVI (a) and SIF (c) before and during the drought period. ΔResistance is the difference between paired neighbor areas with and without elephants. The kernel density distributions of ΔResistance are shown in b, with the colored dashed lines indicating the mean values. The percentage of avoided greenness or productivity loss (PAL) due to enhanced drought resistance caused by elephants in d is calculated as the changes in drought resistance induced by elephants (ΔResistance) relative to the vegetation greenness or productivity reduction affected by drought (Methods). The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles, and the blue dots and horizontal lines show the mean and median value of the data, respectively.


[bookmark: _Hlk172652909][image: ]
[bookmark: _Hlk174881507][bookmark: _Hlk185968139]Fig. S30 Difference in tree height (ΔTree height), tree cover (ΔTree cover) and drought resistance (ΔResistance) with and without elephants within areas without other disturbances in the past 20 years. The “stable forest extent” between the years 2000 and 2020 from Potapov et al.16 was used to define areas without other disturbances in the past 20 years. ΔTree height and ΔTree cover with all drought affected grid cells are shown in a and b. ΔResistance in grid cells with drought-induced productivity reduction, defined by NDVI and SIF, are shown in c and d. The kernel density distributions of ΔResistance are also shown with colored dashed lines indicating the mean values. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles.
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Fig. S31 Differences in tree height (ΔTree height) and tree cover (ΔTree cover) between areas with and without elephants. Light lines represent areas with extant elephants and areas without elephants, while dark lines represent areas with extinct elephants and areas without elephants. Kernel density distributions of ΔTree height (a) and ΔTree cover (b) between the paired neighbor areas with and without elephants. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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Fig. S32 Patch-level elephant ranges were extracted from the tables in the African Elephant Database (AED, https://africanelephantdatabase.org/report/2016/Africa/) and matched with protected area patches from the World Database on Protected Areas (WDPA) (i.e., matching shapes and names for elephant range patches in AED and protected areas in WDPA). Elephant density was calculated by dividing the number of elephants by the area of the survey patches. (a) Distribution of surveyed elephant patches and elephant population density. Kernel density distributions of ΔTree height (b) and ΔTree cover (c) between the paired neighbor areas with and without elephants. Colored dashed lines show the mean values. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Relationship between ΔTree height (d) and ΔTree cover (e) with elephant density fitted with linear regressions. Circles represent ΔTree height or ΔTree cover averaged over all 0.25° × 0.25° grid cells with the same elephant density (rounded to integers), and error bars denote the standard error.
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Fig. S33 Elephant ranges with and without protection in Africa, derived by overlaying the elephant ranges and the protected areas.

[image: ]
Fig. S34 Conceptual illustration of the paired site selection method and associated sensitivity tests for ensuring the independence of paired sites.
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Fig. S35 Diagram of the paired sites selection method and the related sensitivity tests. (a) Paired sites selection method. Controlling factors and the differences in variables between areas with and without elephants are calculated using 0.01° pixels values within each moving 0.25° × 0.25° grid cell. Specifically, each 0.01° (~ 1 km) pixel is checked with elephant existence using the elephant habitat range and with controlling factors such as human footprint index (HFI), elevation and slope. If there are more than 31 0.01° pixels (i.e., >5% of the total 0.25° grid cell area) for both areas with and without elephants, this 0.25° grid cell is selected for comparison. (b) Sensitivity tests for the paired sites selection method (Supplementary Method 1 and Table S8).
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Fig. S36 Flowchart of the causal inference analysis based on machine learning.
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[bookmark: _Hlk211953172]Fig. S37 Performance of the gradient boosting classification and regression models. a, Area under the receiver operating characteristic curve (AUC) of the gradient boosting classification model for predicting elephant presence. Colored lines show AUC trajectories from fivefold cross-validation, and dots mark the optimal iteration in each fold. b and c, Observed and predicted tree height (TH) and tree cover (TC) from the gradient boosting regression models. The red dashed lines represent the 1:1 line. R2 and RMSE represent mean values across the five folds.
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Fig. S38 Impacts of data points with high ΔTree height values on the regression of ΔLST against ΔTree height. A drag effect is observed in the relationship between ΔTree height and ΔLST (Fig. 3c). a, Linear regression of ΔLST against ΔTree height, same as Fig. 3c, with points having ΔTree height >10 m and ΔLST >-4 ℃ highlighted in red. b, Linear regression of ΔLST against ΔTree height, separately for savanna (orange dots and dashed lines) and forest areas (blue dots and dashed lines). Colored dots from light to dark indicate the data number from small to large. Colored dashed lines represent the fitted linear relationships. c and d, Spatial distribution of ΔTree height and ΔLST. The gray background indicates forest lands, and the red circles mark data points with high ΔTree height values (>10 m) and ΔLST >-4 ℃ that contribute to the “drag effect” (red circles in a).
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Fig. S39 Illustration of the paired sites method for field sites with elephant photos of elephant presence. (a) Difference in variables (e.g. tree height, tree cover, LST and resistance) across the entire area with elephants, where at least one field-observed elephant presence site exists, compared to areas without elephants in each 0.25° × 0.25° moving grid cell. (b) Difference in variables between buffered areas around the field sites with elephant photos and the areas without elephants with a randomly selected same size. The shaded blocks are buffers of 1 to 9 km at an interval of 2 km around each elephant observation site. The blue pixels within buffered areas represent areas with elephants, while the light pink pixels (randomly selected same size to areas with elephants) represent areas without elephants. 
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Fig. S40 Difference in vegetation structure between areas with and without elephants using Living Planet Index (LPI) elephant sites. LPI sites of elephant presence were derived from living planet database (livingplanetindex.org/data_portal, see Supplementary Text 3). (a) Spatial distribution of LPI sites. Green and yellow areas show the possible elephant areas as defined by “extant”, “possible”, and “extinct” ranges in African Elephant Database (AED). Only LPI sites located within the possible elephant areas were included in the analysis. Red boundary lines indicate high elephant density (> 0.6 individuals per km²) countries (Table S1), with 35 LPI sites falling within these countries. Kernel density distributions of ΔTree height (b) and ΔTree cover (c) between the paired neighbor areas with and without elephants. Light lines represent the first test that if one or more LPI sites were located within a 0.25° × 0.25° grid cell, the entire elephant habitat range in this 0.25° × 0.25° grid cell was representative of elephant area (N= 18 and 19 for ΔTree height and ΔTree cover). Dark lines represent the second test that compared 9 km buffered areas around elephant observations with randomly selected areas without elephants (N= 35 and 40 for ΔTree height and ΔTree cover). The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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Fig. S41 Robustness of ΔTree height and ΔTree cover under bootstrap subsampling. The full paired sites were resampled 500 times at each subsample size (N = 100, 200, 500, 1000, 1500, 2000, 2500). For each subsample, the mean of p value (a, b) of paired Wilcoxon tests, the mean of standardized effect size (Cohen’s d, c, d) of ΔTree height and ΔTree cover, and the mean of ΔTree height (e) and ΔTree cover (f) are shown. The red dashed line in (a, b) represents the significance threshold (p value = 0.05), and the gray numbers indicate the percentage of samples with p values < 0.05 across the total 500 samples. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Red circles and horizontal lines in the boxplots indicate mean and median values, respectively.
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Fig. S42 Differences in tree height (ΔTree height) and tree cover (ΔTree cover) between areas with and without elephants. Light lines represent decreases in elephant population from 2006 to 2015, while dark lines represent increases in elephant population. ΔTree height and ΔTree cover between the paired neighbor areas with and without elephants in high elephant density countries are shown a and b, and those in low elephant density countries are shown in c and d. The boxes and whiskers represent the 10th, 25th, 75th and 90th percentiles. Colored dashed lines show the mean values.
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Fig. S43 African elephant ranges in the Phylogenetic Atlas of Mammal Macroecology (PHYLACINE 1.2.1) from Faurby et al., 2018. Current elephant ranges (a) and present natural ranges (b) are shown with a 96.5 × 96.5 km cell size between 30° N and 30° S. The present natural ranges could represent areas where elephants would live without anthropogenic pressures.
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Supplementary Tables
[bookmark: OLE_LINK51][bookmark: _Hlk185968546]Table S1 Statistics from the African elephant database. Elephant population data were derived from the African Elephant Status Report 201657 from the African Elephant Database (AED). The AED provides key statistics related to the conservation status of African elephants. It primarily relies on two fundamental variables: the number of elephants and their distribution range. "Area" denotes the estimated total range area in each country or region, and "Assessed" indicates the known area accounted for within the estimated total range (“Area”). "Density" is calculated from the “Estimate”, “Area”, and “Assessed” values using the formula: Estimate / (Area × Assessed). Countries shown in bold have high elephant densities (above 0.6 individuals per km²), while other countries have low elephant densities (below 0.6 individuals per km²). 
	Region
	Country
	　
	Elephants
	Range
	Density (N km-2)
	Change numbers
	Main reason for change

	
	
	Estimate 2006
	Estimate 2015
	±95% confidence interval
	Area (km2)
	Assessed (%)
	
	
	

	Central Africa
	Cameroon
	179
	6830
	994
	89718
	68%
	0.11
	6651
	New Population

	
	Central African Republic
	929
	702
	245
	24619
	89%
	0.03
	-227
	Different Technique/ Different Area

	
	Chad
	3885
	794
	0
	61490
	46%
	0.03
	-3091
	Repeat Survey

	
	Congo
	772
	6057
	1222
	150937
	57%
	0.07
	5285
	New Population/ Different Technique

	
	Democratic Republic of Congo
	6507
	1794
	53
	223248
	51%
	0.02
	-4713
	Different Technique

	
	Equatorial Guinea
	0
	884
	676
	19701
	100%
	0.04
	884
	Different Area

	
	Gabon
	2350
	7058
	2303
	213373
	101%
	0.03
	4708
	Repeat Survey/ Different Technique/ New Guess

	Eastern Africa
	Eritrea
	96
	0
	0
	5275
	100%
	0
	-96
	New Guess

	
	Ethiopia
	310
	1017
	0
	22264
	84%
	0.05
	707
	Different Technique/ Different Area/ New Guess

	
	Kenya
	23994
	22809
	0
	130725
	80%
	0.22
	-1185
	Data Degraded/ Repeat Survey/ Different Technique

	
	Rwanda
	34
	88
	0
	1079
	99%
	0.08
	54
	Different Technique

	
	Somalia
	0
	0
	0
	4525
	68%
	0
	0
	/

	
	South Sudan
	20
	7103
	5911
	309811
	42%
	0.05
	7083
	New Population

	
	Tanzania
	136753
	50433
	8502
	389921
	70%
	0.18
	-86320
	Repeat Survey

	
	Uganda
	3944
	4923
	2012
	17048
	79%
	0.37
	979
	Repeat Survey

	Southern Africa
	Angola
	1619
	3396
	1562
	323270
	13%
	0.08
	1777
	Different area

	
	Botswana
	154658
	131626
	12508
	228073
	56%
	1.03
	-23032
	Repeat Survey

	
	Malawi
	508
	1307
	0
	7789
	72%
	0.23
	799
	Different technique

	
	Mozambique
	14847
	10884
	2229
	320402
	82%
	0.04
	-3963
	Repeat Survey

	
	Namibia
	15807
	22754
	4306
	164069
	51%
	0.27
	6947
	Repeat Survey

	
	South Africa
	17847
	18841
	0
	30651
	92%
	0.67
	994
	Repeat Survey/ New Guess

	
	Swaziland
	31
	42
	0
	50
	100%
	0.84
	11
	Repeat Survey

	
	Zambia
	22251
	21967
	4704
	170466
	62%
	0.21
	-284
	Repeat Survey/ Different Area

	
	Zimbabwe
	93122
	82630
	8589
	81228
	97%
	1.05
	-10492
	Repeat Survey

	West Africa
	Benin
	1223
	2984
	1460
	9112
	99%
	0.33
	1761
	Different Technique

	
	[bookmark: RANGE!B28]Burkina Faso
	4474
	6850
	2123
	15110
	80%
	0.57
	2376
	Different Technique

	
	Cote D'ivoire
	188
	189
	135
	14578
	92%
	0.01
	1
	Different Technique

	
	Ghana
	968
	994
	67
	15181
	50%
	0.13
	26
	Data Degraded/ Repeat Survey

	
	Guinea
	214
	0
	0
	1557
	78%
	0
	-214
	Different Area

	
	Guinea Bissau
	0
	0
	0
	1346
	100%
	0
	0
	/

	
	Liberia
	0
	124
	99
	28950
	45%
	0.01
	124
	Different Area

	
	Mali
	357
	253
	0
	25495
	100%
	0.01
	-104
	New Guess

	
	Niger
	85
	0
	0
	2333
	100%
	0
	-85
	Different Technique

	
	Nigeria
	348
	94
	0
	20088
	56%
	0.01
	-254
	New Guess

	
	Senegal
	1
	1
	0
	1090
	100%
	0
	0
	/

	
	Sierra Leone
	0
	0
	0
	1353
	64%
	0
	0
	/

	
	Togo
	4
	0
	0
	6307
	65%
	0 
	-4 
	Data Degraded



Table S2 Partial correlations between the tree structure difference and ΔResistance after controlling for climate-related factors. Superscripts of *, ** and *** represent p≤ 0.05, p< 0.01and p< 0.001, respectively.
	Dependent variable
	ΔResistance_NDVI
	ΔResistance_SIF

	   Independent variables
Control variables
	ΔTree height
	ΔTree cover
	ΔTree height
	ΔTree cover

	/
	0.15***
	0.13***
	0.077***
	0.079***

	SPEI
	0.158***
	0.136***
	0.098***
	0.093***

	ΔLST
	-0.036
	-0.046
	-0.057**
	-0.055*

	ΔLST & SPEI
	-0.026
	0.039
	-0.035
	-0.041







Table S3 Explanatory variables used in the gradient-boosting models for the causal-inference analysis of tree height and tree cover. 
	Name of variable
	Time
	Spatial resolution
	Unit
	Source

	Human footprint index
	2015-2016
	100m
	/
	4

	Forest fragmentation index
	2020
	5km 
	/
	51

	Road density
	2014
	8km
	km/km2
	49

	Fire frequency
	2015-2016
	250m
	m
	ESA MODIS Fire_cci Burned area pixel product

	DEM
	2019
	1km
	M
	GTOPO30 (https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30)

	Slope
	2018
	1km
	°
	

	Soil organic carbon
	2019
	0.05°
	g/kg
	https://files.isric.org/soilgrids/former/2017-03-10/aggregated/5km/

	Clay fraction
	2019
	0.05°
	%
	

	Bulk density
	2019
	0.05°
	g/dm3
	

	Standard (19) World Climate Bioclimatic variables
	1970-2000
	1km
	/
	World Climate dataset (https://worldclim.org/data/worldclim21.html)




[bookmark: OLE_LINK24][bookmark: OLE_LINK25]Table S4 Results of the sequential equation modelling. Information is shown for three sections: validation, latent variable and regression. The validation section shows the model fitting metrics of the proposed model. The latent variable represents the difference in forest structure (ΔVegetation_structure) between areas with and without elephants, consisting of two forest structure variables: tree height (ΔTree height) and tree cover (ΔTree cover). The regression section shows the effects among the factors. The symbol “=~” represents the latent variable with its constituent indicators (ΔTree height and ΔTree cover). The symbol of “~” represents a regression between two variables. 
	Validation
	

	Comparative fit index (CFI)
	0.95

	Tucker-Lewis index
	0.90

	Root mean square error of approximation (RMSEA)
	0.09

	Standardized root mean square (SRMR)
	0.05

	Latent Variable
	Estimate
	St.err
	Z-value
	P(>|z|)
	St.lv
	St.all

	ΔVegetation_structure=~ΔTree height
	1
	
	
	
	0.81
	0.81

	ΔVegetation_structure=~ΔTree cover
	1.06
	0.05
	22.85
	0.00
	0.86
	0.86

	Regression
	

	ΔVegetation_structure~Elephant density
	-0.04
	0.02 
	-2.40 
	0.02 
	-0.06 
	-0.06 

	ΔET~ΔVegetation_structure
	0.49
	0.05 
	10.99 
	0.00 
	0.40 
	0.40 

	ΔAlbedo~ΔVegetation_structure
	-0.51 
	0.03 
	-15.32 
	0.00 
	-0.42 
	-0.42 

	ΔLST~ΔVegetation_structure
	-0.73
	0.05
	-16.00 
	0.00 
	-0.60 
	-0.60 

	ΔLST~ΔET
	-0.26
	0.03
	-8.48 
	0.00 
	-0.26
	-0.26

	ΔLST~ΔAlbedo
	0.03
	0.03
	0.77 
	0.44 
	0.03 
	0.03

	SPEI~ΔVegetation_structure
	-0.13
	0.03 
	-3.90 
	0.00 
	-0.11
	-0.11

	
	ΔResistance (base on NDVI data)
	ΔResistance (base on CSIF data)

	
	Estimate
	St.err
	Z-value
	P(>|z|)
	St.lv
	St.all
	Estimate
	St.err
	Z-value
	P(>|z|)
	St.lv
	St.all

	ΔResistance~ΔLST
	-0.35
	0.05
	-6.86
	0.00
	-0.35
	-0.35
	-0.60
	0.05
	-12.55
	0.00
	-0.60
	-0.60

	ΔResistance~SPEI
	0.11
	0.03
	4.34
	0.00
	0.11
	0.11
	0.14
	0.02
	6.23
	0.00
	0.14
	0.15

	ΔResistance~ΔVegetation_structure
	-0.03
	0.06
	-0.51
	0.61
	-0.03
	-0.03
	-0.30
	0.06
	-5.32
	0.00
	-0.24
	-0.24



Table S5. Datasets of vegetation changes, LST and resistance used in this study.
	Name of variable
	Time
	Spatial resolution
	Description

	Elephant data
	2006-2015
	polygon
	The African Elephant Database (AED) includes elephant populations and elephant ranges, produced by the African Elephant Specialist Group (AfESG), downloaded from The IUCN Red List Threatened Species (IUCN, 2022): http://www.iucnredlist.org/.

	Tree height
	2019
	30 m
	A 30 m resolution global forest canopy height map for the year 2019 based on the integration of GEDI and Landsat data (Potapov et al., 2021)

	
	2020
	10 m
	A 10 m global canopy top height map with 10 m ground sampling distance based on Sentinel-2 images for the year 2020 using a deep learning approach (Lang et al., 2023)  

	Tree cover
	2019
	30 m
	A 10 m global tree canopy cover map for the year 2019 in the continental Africa based on 3 m PlanetScope satellite imagery using deep learning approach (Reiner et al., 2023)

	
	2010
	30 m 
	A 30 m global tree cover map for the year 2010 estimated from Landsat 7 ETM+ data via a regression tree model (Hansen et al., 2010)

	Land surface temperature
	2015-2016
	1 km
	A 1-km MODIS 8-day daytime land surface temperature dataset

	Standardized precipitation evapotranspiration index (SPEI)
	2012-2016
	0.5°
	An annual-average global 0.5° gridded dataset of multiscalar drought index during 2012-2016 (Vicente-Serrano et al., 2009)

	
	2012-2016
	0.05°
	An annual-average 0.05° gridded dataset of drought index in African during 2012-2016 (Peng et al., 2020)

	Normalized difference vegetation index (NDVI)-defined resistance
	2012-2016
	500 m
	An annual-average 500 m MODIS Normalized Difference Vegetation Index during 2012-2016

	Solar-induced fluorescence (SIF)-defined resistance
	2012-2016
	0.05°
	An annual-average 0.05° global spatially continuous SIF as indicators of photosynthesis during 2012-2016 (Zhang et al., 2018)





[bookmark: _Hlk203567720]Table S6 Explanatory variables used in the binary classification models (Supplementary Method 2 and Supplementary Text 7). 
	Category
	Name of variable
	Abbreviation
	Time
	Spatial resolution
	Unit
	Description
	Source

	Vegetation-related
	Tree height
	ΔTree height &Tree height
	2019
	30m
	m
	[bookmark: OLE_LINK178]Differences and averages in tree height between areas with and without elephants in the drought affected regions
	81

	
	Tree canopy cover
	ΔTree cover & Tree cover
	2019
	30m
	%
	Differences and averages in tree canopy cover between areas with and without elephants in the drought affected regions
	83

	
	Above ground biomass
	ΔAGB & AGB
	2018
	100m
	Mg ha-1
	Differences and averages in above ground biomass between areas with and without elephants in the drought affected regions
	European Space Agency Climate Change Initiative (ESA CCI) (https://climate.esa.int/en/projects/biomass/data/)

	Climate-related
	Evapotranspiration
	ΔET & ET
	2015,
2016
	250m
	mm/day
	Differences and averages in evapotranspiration between areas with and without elephants in the drought affected regions
	[bookmark: OLE_LINK64][bookmark: OLE_LINK65]https://wapor.apps.fao.org/home/WAPOR_2/1

	
	Standardized precipitation evapotranspiration index
	ΔSPEI & SPEI
	2015,
2016
	0.05°
	
	Differences and averages of standardized precipitation evapotranspiration index between areas with and without elephants in the drought affected regions
	https://data.ceda.ac.uk/neodc/spei_africa/data

	
	Land surface temperature
	ΔLST & LST
	2015,
2016
	0.01°
	℃
	Differences and averages in land surface temperature between areas with and without elephants in the drought affected regions
	MOD11

	Soil factors
	Soil organic carbon
	ΔSOC & SOC
	2019
	0.05°
	g/kg
	Differences and averages in soil organic carbon, clay fraction and bulk density between areas with and without elephants in the drought affected regions
	https://files.isric.org/soilgrids/former/2017-03-10/aggregated/5km/

	
	Clay fraction
	ΔClay & Clay
	2019
	0.05°
	%
	
	

	
	Bulk density
	ΔBulk & Bulk
	2019
	0.05°
	g/dm3
	
	

	
	Elephant density
	Elephant density
	2016
	Polygon
	
	Mean elephant densities in areas with elephants within each 0.25° × 0.25° grid cell in the drought affected regions
	



Table S7 CatBoost binary classification model hyperparameters and accuracy for predicting ΔResistance (Supplementary Method 2 and Supplementary Text 7).
	[bookmark: _Hlk203328852]Parameter
	NDVI-resistance 
	SIF-resistance

	subsample
	1
	0.5

	random_strength
	0
	1

	min_data_in_leaf
	50
	50

	learning_rate
	0.05
	0.01

	l2_leaf_reg
	1
	1

	iterations
	2000
	1000

	early_stopping_rounds
	50
	30

	depth
	8
	10

	colsample_bylevel
	0.75
	1

	border_count
	128
	64

	bagging_temperature
	0.0
	0.5

	Accuracy evaluation 
	Area under the curve (AUC) Score: 0.81
Accuracy: 0.73
Balanced Accuracy: 0.73
F1 Score: 0.75
Precision: 0.73
Recall: 0.78
	AUC Score: 0.78
Accuracy: 0.70
Balanced Accuracy: 0.70
F1 Score: 0.72
Precision: 0.69
Recall: 0.76




Table S8. List and brief description of sensitivity tests 
	Sensitivity Test
	Brief Description
	Corresponding Text

	Separating forest and savanna elephants
	We tested differences in vegetation structure and functions after separating forest and savanna elephants.
	Supplementary Text 1

	Areas with and without elephants both within protected area and both within undisturbed area
	We analyzed differences in resistances between areas with and without elephants both within protected areas, and within undisturbed area.
	Supplementary Text 2

	Field sites with elephant photos
	We tested field sites with elephant photos (i.e., witness of elephant presence) from iNaturalist (https://www.inaturalist.org/observations). 
	Supplementary Text 3

	The Kenya Long-term Exclosure Experiment (KLEE)
	We comparing tree height between plots accessible to elephants and fully excluded control plots.
	Supplementary Text 4

	Sensitivity tests for the SPEI data and moving window sizes of moving grid cells
	We investigated the 0.05° and 0.5° SPEI data using moving windows of 0. 5° × 0.5°, 0.25° × 0.25° and 2° × 2°.
	Supplementary Text 9.1

	Paired sites supplemented from the nearest eight grid cells
	We used a paired sites selection restricted to a 0.25° × 0.25° grid cell, and supplemented with the nearest eight grid cells when the areas with (or without) elephants is insufficient.
	Supplementary Text 9.1

	Excluding small areas with or without elephants in paired sites selection
	We used thresholds of 0% to 20% at an interval of 5% in paired sites selection
	Supplementary Text 9.2

	Controlling covariates in the paired sites selection
	We tested the differences in vegetation structure and functions between areas with and without elephants, after controlling for supplemented covariates, including precipitation, road density, river density, forest fragmentation index, and fire frequency.
	Supplementary Text 9.3

	Paired sites selection within the same ecological region
	We conducted the paired sites selection when constraining both sites within the same ecological region.
	Supplementary Text 9.4

	Buffering ranges of elephant habitat boundaries 
	We tested the elephant ranges by added buffers of 1-5 km for the elephant habitat boundaries.
	Supplementary Text 9.5

	Balancing areas between paired sites of areas with and without elephants
	We considered similar areas for the paired sites of areas with and without elephants to ensure the even sample size for comparison.
	Supplementary Text 9.6

	Matching method from Andam et al. (2008)
	We calculated differences in vegetation structure using the "matching method" from Andam et al. (2008) to minimize the covariate bias.
	Supplementary Text 9.7

	Difference in all drought-affected areas or in areas with drought-induced productivity reduction
	We calculated drought resistance in areas without elephants using the NDVI and SIF data in all drought affected areas and in areas with drought-induced productivity reduction.
	The 1th paragraph in Supplementary Text 9.8

	Vegetation data on growing seasons, and drought affected months
	We calculated resistance using NDVI and SIF values in the drought affected months during the growing season.
	The 2nd and 3rd paragraph in Supplementary Text 9.8

	Alternative datasets for tree height, tree cover, above ground biomass, leaf area index
	We testes different sources of vegetation structure data, and other vegetation data.
	Fig. 1, Fig. S7, Fig. S8a, b
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