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A B S T R A C T

Human-wildlife conflict is increasing in frequency and distribution with the accelerating con
version of natural lands to agriculture. These agricultural areas provide valuable resources for 
wildlife, but also pose risks of conflict with humans. While optimal foraging theory predicts that 
animals adopt a strategy that maximizes benefits relative to costs, the rewards of foraging on 
crops come with unclear physiological costs. We investigated how agricultural use by African 
elephants correlated with ecological conditions as measured by the Normalized Difference 
Vegetation Index (NDVI) (a measure of vegetation greenness). We also investigated how fecal 
glucocorticoid metabolite (fGCM) and fecal thyroid metabolite (fTM) concentrations correlated 
with body condition scores (BCS) and time spent within agricultural areas over different time 
windows while controlling for ecological conditions as measured by NDVI. Individuals with lower 
BCSs had higher fGCM concentrations than those with higher scores. Time spent in cultivated 
areas was negatively correlated with NDVI values. While both fGCM and fTM concentrations were 
positively correlated with time spent in agricultural areas, those correlations occurred at different 
time scales. The strongest correlation with fGCM was related to the time spent over the previous 3 
days, while for fTM, it was for time spent over the previous 10 days, potentially reflecting dif
ferences in physiological response mechanisms related to these two hormones. The association 
between elephants’ dietary choices and habitat use, influenced by their physiological and 
metabolic states, provides a proximate explanation for human-elephant conflict.
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1. Introduction

The global conversion of natural habitats into cultivated croplands is a major contributor to biodiversity loss (Kehoe et al., 2017; Li 
et al., 2022; Woodroffe et al., 2005). Undisturbed natural habitats are increasingly being transformed into agriculture, influencing the 
abundance and quality of food items available to wildlife, with implications for health, reproduction, and survival 
(Acevedo-Whitehouse and Duffus, 2009; Barker et al., 2019). As natural habitats shrink, wildlife is increasingly forced into 
people-dominated landscapes, resulting in human-wildlife conflict (Abrahms, 2021; Ma et al., 2024).

While not all animals are drawn to crops, those that are tend to be attracted because crops are often nutrient-dense, high in calories, 
and concentrated in large, dense patches, requiring less search time than natural habitats (Abbas et al., 2011; Hill, 2017, 2018). Thus, 
crop foraging is a strategy for optimizing nutritional intake when natural forage may be lower in quality and quantity (Lambert and 
Rothman, 2015; Vogel et al., 2020). Studies suggest that phenological changes in crop nutrients may influence crop foraging. For 
example, African savanna elephants (Loxodonta africana) were drawn to mature, browning crops in agricultural areas as a primary food 
source, even when natural vegetation was available, because those crops contained significantly higher digestible energy (Branco 
et al., 2019). However, crop foraging is risky due to retaliatory attacks by people guarding their farms (Gunaryadi et al., 2017; Mijele 
et al., 2013; Nyhus et al., 2000). As such, crop access by wildlife can be a high-risk, high-reward endeavor, yet it is unclear how animals 
balance these risks and rewards in their decisions to use crops. To assess the risks and rewards associated with crop raiding, it is 
valuable to examine how this behavior correlates with the animals’ physiological states.

Conflict with farmers living adjacent or close to protected areas has become a major concern for the conservation of elephants in 
Africa and Asia (Firdhous, 2020; Gobush et al., 2021). In Africa, crop foraging is predominantly conducted by male elephants (Chiyo 
et al., 2005), although it can involve both sexes and different age classes (Hahn et al., 2022). While extensive research exists on 
adaptive foraging strategies in response to seasonal changes, habitat variations, and food nutritional and chemical properties (Gross 
et al., 2018; Pretorius et al., 2012; Woolley et al., 2009), the physiological impacts of high-risk foraging behaviors, particularly crop 
raiding, in elephants remain understudied. Analysis of glucocorticoid and nutritional hormones may elucidate the underlying factors 
influencing crop-raiding behaviors, with the potential to inform management actions aimed at reducing the frequency and severity of 
crop-raiding incidents.

In vertebrates, the release of glucocorticoid (GC) hormones following exposure to a stressor is partly regulated by activation of the 
hypothalamic-pituitary-adrenal (HPA) axis and is key to restoring homeostasis by promoting energy metabolism and down-regulating 
nonessential systems so that an animal can respond appropriately (Boonstra, 2013). However, prolonged exposure to high circulating 
GC concentrations can negatively affect animal physiology, including suppressing immune function, inhibiting reproduction, and 
decreasing growth (Busch and Hayward, 2009; Romero and Wingfield, 2015; Sapolsky et al., 2000). The quantification of GC levels can 
be done noninvasively by measuring GC metabolite concentrations in feces [i.e., fecal glucocorticoid metabolite (fGCM)] and provides 
an integrated measure over time, depending on gut passage time of the respective metabolite (Palme, 2019; Sheriff et al., 2011). Thus, 
noninvasive fGCM monitoring could shed light on factors affecting fitness and survival. For example, measures of fGCM helped 
quantify the long-term negative effects of poaching on reproduction and welfare in populations of African elephants (Foley et al., 2001; 
Gobush et al., 2008).

Another physiological marker that could help understand high-risk, high-gain foraging strategies is triiodothyronine (T3), the 
active form of thyroid hormone controlled by the hypothalamic-pituitary-thyroid axis (Behringer et al., 2018). Thyroid hormones play 
critical roles in regulating metabolic rate, protein synthesis, and glucose availability (Behringer et al., 2018; Pasciu et al., 2022, 2024; 
Todini, 2007). Just like fGCM, T3 can be measured noninvasively [i.e., fecal triiodothyronine metabolites (fTM)] and is increasingly 
being employed to assess metabolic status in wildlife (Wasser et al., 2010) and can reflect resource limitations faced by wild pop
ulations (Gobush et al., 2014). For instance, fTM concentrations in free-ranging African elephants were positively associated with 
vegetation quality based on the Normalized Difference Vegetation Index (NDVI), but as temperatures increased, the positive effect of 
NDVI on fTM concentrations was diminished (Szott et al., 2020). Subsequently, higher fTM concentrations were found in elephants 
foraging in agropastoral areas compared to other land use types, and lower concentrations during severe drought conditions (Oduor 
et al., 2024). In wild impala (Aepyceros melampus), fTM concentrations were negatively correlated with temperature and NDVI 
(Hunninck et al., 2020). However, in wild moose (Alces alces), individuals with higher energy intake had both higher fTM and fGCM 
(Jesmer et al., 2017). Still, the combination of fGCM and fTM measures in wildlife can reveal the contribution of different physiological 
challenges individuals face, including interactions between energy expenditure and intake related to changes in feeding behavior or 
thermoregulatory needs (Touitou et al., 2021).

This study examined fGCM and fTM as measures of physiological and metabolic stress in GPS-collared male African savanna el
ephants known for crop raiding in Laikipia County, Kenya, a non-protected savannah region consisting of private, public, and 
communally-owned ranches (Georgiadis et al., 2007). In the last three decades, Laikipia County has been impacted by climate change, 
increased human settlements, and expansion of smallholder cultivation (M’mboroki et al., 2018), which has exacerbated 
human-elephant conflict and increased crop-raiding incidences in the area (Evans and Adams, 2016; Graham et al., 2009). This study 
aimed to determine how agricultural use and ecological conditions correlated with fGCM and fTM concentrations and body condition 
in crop-raiding male African elephants. Furthermore, since the excretion time of fTM in African elephants is not well understood and in 
relation to the potential influence of cumulative experience on hormone levels, we explored the correlation between fecal hormone 
levels and different time windows of agricultural use. Given that elephants adjust their group sizes based on the level of risk in different 
areas, with larger groups penetrating deeper into cultivated areas (Songhurst et al., 2016), we included group size in our analysis of 
agricultural use and measures of endocrine responses. Our findings provide insight into how crop-raiding behavior correlates with the 
physiological state of African elephants. This could help in improving existing strategies for managing conflicts.
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2. Methods

2.1. Study site

This study was carried out in Laikipia County (Fig. 1) between latitudes 0º 17’ S and 0º 45’ N and longitudes 36º 15’ E and 37º 20’ E 
around Rumuruti, an agropastoral area located in the western part of Laikipia where elephant crop raiding is common (Graham et al., 
2010). The area comprises smallholder farms between 0.5 and 2 ha in size, interspersed with natural vegetation. Other land use types 
within Laikipia include commercial livestock ranches, pastoral communal lands, and private wildlife conservancies (Ihwagi et al., 
2015; Kinnaird and O’brien, 2012). Laikipia has no formal protected area; however, together with the adjacent Samburu County, it is 
home to the second-largest population of African savanna elephants in Kenya, the largest to roam primarily outside national parks and 
reserves in Kenya (Waweru et al., 2021). Rainfall is bimodal, with long rains between March and May and short rains between October 
and December. Temperature ranges between 16 ºC and 34 ºC (LWF, 2012), with predominant soils being black cotton (Pellic Vertisols) 
and red sandy loam (Ferric and Chromic Luvisols), Vertisols (Kinyumu et al., 2021).

Fig. 1. A map of the study area showing movement tracks of elephants both inside (in red) and outside (in blue) farmland areas (green polygons) 
between the period June 2022 to February 2024. The yellow points represent locations where samples were collected.
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2.2. Fecal sample collection, processing, and analysis

Seven elephant bulls previously identified as fence-breakers/crop-raiders and fitted with GPS collars by the Kenyan-based non- 
governmental organization (NGO) Space for Giants were targeted for monthly sample collection from June 2022 to February 2024. 
Due to challenging terrain limiting access to these individuals, sample collection was irregular leading, to variation in the number of 
samples per elephant. Despite this, dung samples were consistently collected from the same individual over the study period, covering 
different months and both crop-raiding and non-crop-raiding seasons. This temporal distribution allowed for analysis of hormone 
levels in relation to recent agricultural area use (see description below). Sample details are summarized in Table 1. A summary of the 
number of days within agricultural areas each month is shown in Supplementary Table 1. The collars were set to transmit GPS positions 
hourly to EarthRanger (Wall et al., 2024) during the first 2 weeks of the month to locate elephants for sampling. When defecation was 
observed, the time of defecation, time of dung collection, GPS location, body condition score (BCS), and group size (as some collared 
bulls associated together while others associated with other non-collared bulls with fusion-fission dynamic groupings) were recorded. 
Subsequent analysis of GPS data allowed quantification of the level of agricultural area use in the last 16 days from the day of sample 
collection (Kioko et al., 2017; Morfeld et al., 2014). An individual was considered to have utilized an agricultural area when they spent 
at least an hour within the agricultural polygon area based on the GPS fixes. The samples were labeled according to individual and date 
of sample collection and kept in an insulated cooler box with ice packs before being transferred to a − 20 ºC freezer within 2 h for 
storage at the Endocrine Laboratory at Mpala Research Centre until processing and analysis.

Hormones were extracted using an established wet-weight vortexing method (Edwards et al., 2016). Briefly, samples were thawed, 
thoroughly mixed, and 0.5 g (± 0.02) extracted by vortexing in 5 mL of 90 % methanol in 16 × 125 mm glass tubes for 30 min, 
followed by centrifuging at 700 g for 20 min. The resulting supernatants were decanted into another set of 16 × 125 mm tubes and 
dried under air in a warm temperature water bath, reconstituted with 1 mL of assay buffer (Cat. No. X065, Arbor Assays, Ann Arbor, MI 
USA), sonicated until completely resuspended, and then frozen at − 20 ºC until analysis. Concentrations of fGCM and fTM were 
measured by enzyme immunoassay (EIA) (DetectX® Corticosterone EIA K014, Arbor Assays, Ann Arbor, MI; DetectX® Triiodothy
ronine EIA K056, Arbor Assays, Ann Arbor, MI) as described by Oduor et al. (2020) and Szott et al. (2020), respectively. The EIA 
sensitivity for both corticosterone and T3 was 0.90 pg/well (at 90 % binding). Serial dilutions of fecal extracts in assay buffer were 
tested for parallelism in the corticosterone (R2 = 0.982, y = 0.90x – 3.75; P < 0.05) and T3 (R2 = 0.927, y = 0.82x – 28.53; P < 0.05) 
EIAs. Intra- and inter-assay coefficients of variation were maintained below 10 % and 15 %, respectively, and duplicates over 10 % 
were reanalyzed. Fecal extracts were diluted 1:10–1:20 and 1:50–1:90 to analyze GC and T3 metabolites, respectively.

2.3. Assessment of the proportion of time spent in agricultural areas

We calculated the proportion of days elephants were in agricultural landscapes across 16-day periods by intersecting each in
dividual’s GPS collar data with an agricultural layer derived from digitizing Google Earth imagery. We calculated the minimum convex 
polygon (MCP) covering all accurate high dilution of position (HDOP < 5) GPS tracking locations from the sampled elephants over the 
duration of the study to define the overall extent of the study area (See Fig. 1). Within the MCP, we identified agricultural and non- 
agricultural areas using high-resolution Google Earth Pro version 7.3.6 archive images from 20th February 2023 to 5th March 2023 
(Google Earth Pro, 2024). The farmlands were visually identified using image interpretation elements such as shape, texture, tone, and 
pattern to allocate and then delineated by outlining a coverage polygon as applied by Campbell and Wynne (2011). Once the farmland 
polygons were digitized, they were merged into a single Keyhole Markup Language (KML) file for mapping in QGIS. We used GPS 
coordinates of the crop-raiding incidents recorded by SFG monitoring scouts to ground-truth the digitized farmlands and verify the 
accuracy of the digitized data. The number of days collared elephants entered the digitized farmland polygons over each 16-day 

Table 1 
A summary of fecal samples collected from GPS-collared male African savanna elephants targeted for monthly collections in Laikipia, Kenya.

Elephant 
Name

Location 
of 
collaring

Age of the 
elephant at 
collaring

Date of 
collaring

Number of 
samples 
collected 
during the 
study period

Number of days 
within the 
agricultural area 
during the study 
period

Total number of 
days considered 
during the study 
period

Date of first 
sample 
collection

Date of last 
sample 
collection

Naledi Mutara 
Ranch

24 Years 5-Oct- 
2017

8 42 611 28-Jun-2022 01-Feb-2024

Tumaini Kifuko 30–35 years 16-Oct- 
2020

5 33 426 01-Aug-2022 04-Jul-2023

Uzima Kieni 45–50 years 16-Oct- 
2020

17 162 611 09-Jun-2022 08-Jan-2024

Mutara Haji Musa 40–45 years 18-Feb- 
2021

16 150 611 13-Jun-2022 01-Feb-2024

Tembea Muruku 50 years 18-Feb- 
2021

14 159 611 13-Jul-2022 08-Jan-2024

Jikaze Muruku 40–45 years 18-Feb- 
2021

8 75 611 10-Jun-2022 03-Jul-2023

Popote Muruku 35–40 years 18-Feb- 
2021

15 154 611 13-Jun-2022 08-Jan-2024
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window was calculated by overlaying the GPS tracking data and extracting GPS points within the digitized farmlands using the ge
ometry function in QGIS, from which the proportion of days in agriculture was derived. We considered any individual who spent more 
than 1 h per day within the digitized agricultural area, based on collar time fixes during the 16-day window, to have utilized the 
agricultural area. The 16-day window was implemented to align with the 16-day windows of Terra Moderate Resolution Imaging 
Spectroradiometer (MODIS) NDVI values (Carroll et al., 2004).

In addition, we assessed the number of hours spent over the day in agricultural areas 3, 5, and 10 days before collecting the dung 
sample by intersecting GPS collar data with our agricultural layer in QGIS to take into account the effects of response and lag times 
(Wasser et al., 2000; Wasser et al., 1996). Given limited knowledge on thyroid hormone excretion and cumulative exposure effects on 
hormone excretion in general, we selected 3-, 5-, and 10-day windows to capture potential hormone responses to recent activity in 
agricultural areas. The 3-day window aligns with the known fGCM lag time, while the 5- and 10-day windows were intended to ac
count for delayed or prolonged physiological responses. Since T3 (and fTM) is not highly dynamic and may take longer to reflect 
physiological changes, these broader windows also help capture more normalized values and longer-term activity patterns as elephants 
intensified their use of agricultural areas. Additionally, we calculated the proportion of time each focal bull spent in the agricultural 
area during the six months prior to sample collection within the study area to determine how crop raiding activity patterns correlated 
with variations in both fGCM and fTM concentrations. For every individual, we calculated the proportion of fixes in the agricultural 
area every six months throughout the study period.

2.4. Assessment of body condition

A visual BCS for each elephant bull was assigned on the day of sample collection based on fat deposition patterns around the ribs, 
backbone, lumbar, and pelvic regions using a modified scale described by Morfeld et al. (2014). An individual was scored as BCS = 1 
(emaciated - ribs, scapular blade, pelvic bone, lumbar depression, and vertebral ridge of the backbone visible); BCS = 2 (thin - in
dividual ribs less distinguishable; scapular blade, pelvic bone, lumbar depression, and vertebral ridge visible); BCS = 3 (ideal - in
dividual ribs and scapular blade not visible; pelvic bone, lumbar depression and vertebral ridge visible but less distinguishable); BCS 
= 4 (overweight - ribs, scapular bone, pelvic bone, and lumbar depression not visible; vertebral ridge less distinguishable); or BCS = 5 
(obese - ribs, scapular bone, pelvic bone, lumbar depression, and vertebral ridge not visible). No elephants were BCS = 1 or BCS = 5, so 
those scores were excluded from the analysis.

2.5. Assessment of NDVI

NDVI is a ratio of the near-infrared and red reflectance spectral bands that are reflected from the earth’s surface, captured by the 
sensor from an Earth observation satellite and scaled between − 1 (no vegetation) and 1 (Pettorelli et al., 2005). Although NDVI can be 
affected by vegetation type, NDVI values reflect seasonal variation in the ecological conditions of the area (i.e., Afrotropical savanna), 
whereby NDVI values increase in the wet season and decline during the dry season. As such, NDVI reflects seasonal shifts in the 
ecosystem. We assessed ecological conditions within the digitized polygon of agricultural and non-agricultural areas (as defined 
above) by calculating average, 16-day composite NDVI values from the MOD13Q1 Version 6.1 (MODIS_061_MOD13Q1), which 
provides NDVI data at a 250 m spatial resolution. To derive NDVI values for the GPS locations of the tracked elephants, we calculated 
average NDVI values for 3-, 5-, and 10-day time windows prior to each dung sample collection using Sentinel-2 satellite (Sentinel-2). 
This product provides finer temporal scale NDVI values at a 10 m spatial resolution than the MODIS satellite, but is more susceptible to 
gaps caused by cloud cover (Drusch et al., 2012). We addressed cloud-related gaps in Sentinel-2 NDVI data by masking clouds with the 
Scene Classification Layer (SCL) and creating monthly maximum value composites. Then, we applied interpolation to fill missing 
values in Google Earth Engine (GEE) (Main-Knorn et al., 2017). We used Sentinel NDVI for this latter analysis, given the finer temporal 
and spatial resolution of the data. To better understand the temporal resolution of the analyzed hormones, we analyzed the average 
NDVI hormone relationship at 3, 5, and 10 days. The different time scales were to account for variation in both hormones as they 
intensified their use of agricultural areas. We matched extracted average NDVI to GPS fixes for each temporal resolution analyzed (i.e., 
3-, 5 -, and 10-day timescales). This best aligned with the temporal windows used in our analyses. Average NDVI data were retrieved 
and analyzed in GEE (https://earthengine.google.com) (Crego et al., 2021).

2.6. Statistical analysis

To investigate correlates of the proportion of days in agricultural areas during 16-day periods, we developed multiple generalized 
linear mixed models (GLMMs) with beta probability distribution and logit link with zero inflation using the glmmTMB package R 
version 4.4.1 (Brooks et al., 2017). We investigated two covariates of the response variable, proportion of days in agricultural area, 
namely 1) NDVI value of the agricultural and agricultural areas traversed by the elephants in the study area, and 2) group size. We 
included elephant bull ID (N = 7) as a random effect in the model, given that repeated samples were collected from the same indi
vidual. In addition, we constructed multiple GLMMs with a Gaussian distribution using the glmmTMB package R version 4.4.1 (Brooks 
et al., 2017) to investigate correlates of fGCM and fTM concentrations, which were log-transformed to improve model fit. We included 
the following covariates in the model: 1) hours spent in agricultural areas 3, 5, and 10 days before sample collection, 2) average NDVI 
values of locations used by collared elephants 3, 5, and 10 days before sample collection, 3) BCS, 4) proportion of time in agricultural 
area over six months period prior to sampling, and 5) group size. We also included elephant bull ID as a random effect.

For both GLMMs with either a beta or Gaussian distribution, we conducted model selection using Akaike’s Information Criterion 
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adjusted for small sample size to identify the most parsimonious models (Supplementary Table 2 for proportion of days in agriculture, 
Supplementary Table 3 for fGCM concentrations, and Supplementary Table 4 for fTM concentrations) (Burnham and Anderson, 2004). 
We checked for model misspecification issues (i.e., dispersion and uniformity) for the GLMM with a beta distribution using the 
DHARMa package in R version 4.4.1 (Hartig, 2016). For the GLMM with a Gaussian distribution, we evaluated model assumptions 
using diagnostic residual plots, including normality and heteroscedasticity. Additionally, we assessed the fit of our final models by 
calculating variation explained by the fixed effects only (i.e., marginal R2) and the variation explained by both fixed and random 
effects (i.e., conditional R2) using the performance package in R version 4.4.1 (Lüdecke et al., 2021). If no variation was explained by 
the random effect in our final model, we created a simpler model without random effects and compared it to our best model with 
random effects using Akaike’s Information Criterion adjusted for small sample size. We compared the mean concentrations expressed 
as ± standard deviation (SD) of fGCM and fTM across different BCS and Elephant IDs using a one-way analysis of variance (ANOVA) 
and used Tukey HSD for pairwise comparison of the significant effects. All statistical analyses were performed in R version 4.4.1 (R 
Development Core Team, 2024).

3. Results

3.1. Descriptive results

The proportion of days in an agricultural area within the 16-day window (n = 83 samples) averaged (± SD) 0.20 ± 0.20 and ranged 
from 0 to 0.75. Some bulls regularly used these areas, spending about 28 % of their tracked time there, while others used them 
sparingly, with only 4 % of their time in agricultural landscapes. However, time spent in agriculture was not significantly correlated 
with either fGCM concentrations (R2 = 0.13, p = 0.22) or fTM concentrations (R2 = 0.18, p = 0.79). Concentrations of fGCM (n = 83) 
averaged 31.45 ± 43.41 ng/g and ranged from 6.63 to 338.55 ng/g. Mean fGCM concentrations per individual bull ranged from 17.23 
± 5.21 ng/g to 57.17 ± 88.82 ng/g but did not differ significantly (ANOVA: F6, 76 = 1.92, p = 0.09). Concentrations of fTM (n = 83) 
averaged 384.95 ± 365.57 ng/g and ranged from 73.00 to 2485.29 ng/g. Mean fTM concentrations per individual bull ranged from 
211.28 ± 141.61 ng/g to 547.48 ± 785.76 ng/g but did not differ significantly (ANOVA: F6, 76 = 0.95, p = 0.47). Concentrations of 
fTM for individuals did not differ significantly between individual BCS, with BCS = 3 having higher concentrations (506.34 
± 529.65 ng/g, n = 25) compared to individuals with BCS = 2 (373.72 ± 281.13 ng/g, n = 39) or BCS = 4 (248.29 ± 165.77 ng/g, 
n = 19) (ANOVA: F2, 80 = 2.85, p = 0.06).

3.2. Proportion of days in agriculture

The top model for the proportion of days in agriculture consisted of landscape-wide NDVI (Table 2). The proportion of days in 
agriculture was negatively correlated with landscape-wide NDVI, such that the proportion of days in agriculture decreased from 0.36 
[95 % confidence interval (CI) = 0.26–0.48] during low NDVI value to 0.07 (CI = 0.02–0.18) at the highest NDVI value (Fig. 2).

3.3. Concentrations of fGCM and fTM

The top model for fGCM concentrations consisted of the average NDVI value derived from GPS-tracked locations three days before 
sample collection, hours spent in farmland 3 days before sample collection, and BCS (Table 3, Fig. 3). Concentrations of fGCM were 
positively correlated with hours spent in agriculture 3 days before sample collection, such that the mean fGCM concentrations 
increased from 10.65 ng/g (CI = 9.01–12.58 ng/g) during the least time spent in an agricultural area to 54.54 ng/g (CI =
35.16–84.59 ng/g) during the most time spent in an agricultural area. Mean fGCM concentrations were significantly higher among 
different BCSs (χ²(2) = 13.03, p < 0.05). A post hoc Tukey HSD test indicated that individuals with BCS = 4 were significantly lower 
than those with BCS = 3 (estimate = 0.36, CI = 0.10–0.62) (p < 0.05) or BCS = 2 (0.43, CI = 0.12–0.75) (p < 0.05). However, in
dividuals with BCS = 2 did not significantly differ from those with BCS = 3 (0.07, CI = − 0.18 to 0.34) (p = 0.78). The mean fGCM 
concentrations decreased from 18.16 ng/g (CI = 14.54–22.68 ng/g) during periods with the lowest NDVI values derived from GPS- 

Table 2 
Results from the top mixed-effects generalized linear model (GLMM) with a zero-inflated beta distribution explaining the variation in the proportion 
of days in agriculture by crop-raiding male African savanna elephants.

Proportion of days in agriculture ~ Landscape-wide NDVI þ (1 | Elephant ID)

Predictors Estimate Std. Error CI Z value P value
Intercept − 1.24 0.15 − 1.61 to − 0.96 − 8.23 < 0.001
Landscape-wide NDVI − 0.34 0.13 − 0.59 to − 0.09 − 2.64 0.008
Zero-inflation model ​ ​ ​ ​
Intercept (zero-inflation) − 1.68 0.30 − 2.32 to − 1.13 − 5.58 < 0.001
Random effect Variance Std. dev ​ ​
Elephant ID 0.04 0.21 ​ ​
Number of elephants 7 ​ ​ ​
Observation 83 ​ ​ ​
Marginal R2/Conditional R2 0.02 0.03 ​ ​
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tracked locations three days before sample collection to 13.23 ng/g (CI = 8.93–19.59 ng/g) during the same timeframe, although this 
effect was not significant.

The top model for fTM concentrations comprised the average NDVI value derived from GPS-tracked locations 10 days before 
sample collection, hours spent in agriculture 10 days before sample collection, BCS, and group size (Table 4, Fig. 4). Concentrations of 
fTM were negatively correlated with the average NDVI value derived from GPS-tracked locations 10 days before sample collection, 
such that mean fTM concentrations decreased from 569.43 ng/g (CI = 352.08–920.96 ng/g) during the periods with the lowest NDVI 
values to 111.00 ng/g (CI = 56.67–217.44 ng/g) during the periods with the highest NDVI values. The mean concentrations of fTM 
were positively correlated with hours spent in agriculture 10 days before sample collection such that fTM concentrations increased 
from 227.57 ng/g (CI = 172.01–301.09 ng/g) during the period they least spent in an agricultural area to 573.90 ng/g (CI =
326.70–1008.15 ng/g) during the periods with most time spent within an agricultural area. Individuals with BCS = 2 (238.64 ng/g, CI 
= 194.46–292.87 ng/g) showed lower fTM concentrations compared to those with BCS = 3 (348.35 ng/g, CI = 276.95–438.15 ng/g) 
or BCS = 4 (338.14 ng/g, CI = 241.68–473.10 ng/g), although this effect was not significant. Concentrations of fTM were negatively 
correlated with group size, with fTM concentrations decreasing from 358.24 ng/g (CI = 257.27–498.83 ng/g) when individuals were 
in smaller groups to 198.74 ng/g (92.35–427.69 ng/g) for individuals in larger groups although this effect did not significantly differ.

Fig. 2. Model effect plots showing the relationship between the proportion of days male African savanna elephants spent in agriculture and 
landscape-wide NDVI. The blue line represents the model fit, while the shaded area represents a 95 % confidence interval.

Table 3 
Results from the top mixed-effects GLMM with a Gaussian distribution explaining variation in fGCM concentrations in crop-raiding male African 
savanna elephants. The reference category for body condition scores is 4.

fGCM ~ hours in farmland 3 days before sampling + NDVI 3 days before sampling + BCS + (1 | Elephant ID)

Predictors Estimate Std. Error CI Z value P value
Intercept 2.80 0.10 2.61–2.99 28.76 < 0.001
Hours spent in farmland 3 days before sampling 0.49 0.05 0.38–0.59 9.14 < 0.001
NDVI 3 days before sampling − 0.05 0.04 − 0.13 to 0.02 − 1.34 0.180
BCS = 3 0.36 0.11 0.14 to 0.58 3.21 0.001
BCS = 2 0.43 0.13 0.17 –to 0.70 3.24 0.001
Random effect Variance Std. dev ​ ​
Elephant ID 0.003 0.056 ​ ​
Residual 0.126 0.355 ​ ​
Number of elephants 7 ​ ​ ​
Observation 83 ​ ​ ​
Marginal R2/Conditional R2 0.73/0.74 ​ ​ ​
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4. Discussion

We assessed how agricultural use, ecological conditions, and BCS correlated with adrenal and thyroid hormone concentrations in 
fecal samples collected from habitually crop-raiding male African savanna elephants within Laikipia County, Kenya. Our findings 
showed strong relationships between agricultural use, fGCM and fTM concentrations, and NDVI. Unlike other studies that based the 
assessment of crop raiding on the presence of feces in agricultural fields (Ahlering et al., 2011; Malcolm et al., 2014; Pokharel et al., 
2019) or assessed behavioral drivers of crop raiding (Chiyo et al., 2012; Hahn et al., 2024; Naha et al., 2020; Songhurst and Coulson, 
2014; Walton et al., 2021), we used location data from GPS collars to determine the time individuals spent in agricultural areas 
directly. We also investigated the time frame of agricultural use that most strongly correlated with fGCM and fTM concentrations, 
showing time-lag differences between fGCM and fTM excretion patterns. Our results provide insight into how individual physiology 
and habitat choice are related, with potential implications for devising mitigation strategies for human-elephant conflicts and 
developing those strategies.

Determining the time delay between stimuli and corresponding physiological responses and between hormone secretion and 
excretion is crucial for accurately interpreting endocrine data. In this study, the strongest positive correlation between fGCM con
centrations and time in agricultural fields was observed on a 3-day rather than a 5- or 10-day scale. This time frame aligns with the 
known gut-passage time for this hormone and likely reflects the period during which elephants mobilize energy to cope with or 
respond to challenges encountered in agricultural areas. Lag times of 24–60 h between blood hormone secretion (estradiol, proges
terone, T3) and fecal excretion (Wasser et al., 2000; Wasser et al., 1996) align with our predictor model for a 3-day time scale.

By contrast, fTM concentrations exhibited the strongest positive correlation with time spent in agricultural areas when measured in 
samples collected after 10 days, rather than after 3 or 5 days. While there is no information in the literature on the gut passage time of 

Fig. 3. Model effect plot showing the relationship between fGCM concentrations in male African savanna elephants and (A) time spent in farmland 
during the 3 days leading up to sample collection and (B) body condition scores. The blue line on the left side represents the regression line, while 
the shaded area represents a 95 % confidence interval. The error bars on the right side represent the mean (blue dots) with both upper and lower 
intervals. The grey dots represent the fitted raw data points. The Y-axis is truncated at 100 ng/g to aid in the interpretation of the results.

Table 4 
Results from generalized linear model (GLM) with a Gaussian distribution explaining variation in fT3 concentrations in crop-raiding male African 
savanna elephants. The reference category for body condition scores is 4.

fT3m ~ hours in farmland 10 days before sampling + NDVI 10 days before sampling + BCS + group size

Predictors Estimate Std. Error CI Z value P value

Intercept 5.82 0.17 5.49 – 6.16 33.99 < 0.001
Hours spent in farmland 10 days before sampling 0.30 0.09 0.13 – 0.47 3.44 0.001
NDVI 10 days before sampling − 0.24 0.07 − 0.38 – − 0.10 − 3.44 0.001
BCS = 3 0.03 0.21 − 0.39 – 0.45 0.14 0.888
BCS = 2 − 0.35 0.22 − 0.79 – 0.09 − 1.55 0.121
Group size − 0.11 0.07 − 0.24 – 0.02 − 1.64 0.100
Observations 83 ​ ​
R2/R2 adjusted 0.35/0.30 ​ ​
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thyroid hormones in elephants, studies in other species have found it to range between 24 and 48 h, with variations across species. The 
longer lag time observed between agricultural use and fTM excretion in elephants may therefore reflect differences in the physiological 
drivers of the two hormones, such as acute versus chronic responses and the physiological lag in metabolizing and storing energy from 
increased food intake associated with repeated crop-raiding events. In contrast to GCs, T3 levels typically show less sensitivity to daily 
fluctuations (Wasser et al., 2010) or short-term nutritional changes (Eales, 1988). Instead, T3 concentrations are more responsive to 
long-term factors such as the extent and duration of energy deficits and the animal’s condition before food limitation (Hornick et al., 
2000; Kelly, 2000).

The positive correlation between time spent in agricultural fields and fGCM concentrations suggests the risks associated with using 
these areas could induce a physiological response in elephants. Agricultural use primarily occurs at night, potentially reflecting a 
’landscape of fear’ adaptation (Brown et al., 1999; Corde et al., 2024; Gunn et al., 2014). This behavior suggests a temporary 
adjustment in elephant activity patterns to minimize human encounters (Naha et al., 2020; Troup et al., 2020), which may elicit a 
greater physiological stress response. Farmers in the area incur losses from crop foraging, experience delays in compensation from 
government authorities, and employ various methods to deter elephants. These methods sometimes result in physical harm or even 
mortality to the elephant (Evans, 2015; Thouless, 1994; Van Eden et al., 2016). Consequently, crop raiding is a risky activity, likely 
driving the observed positive correlation between agricultural use and fGCM concentrations.

Our results also showed that fTM concentrations were higher as elephants spent more time in agricultural areas. Wildlife may prefer 
crops because of their high nutritional value and essential mineral content (McLennan and Ganzhorn, 2017; Riley et al., 2013; Rode 
et al., 2006). Research on Asian elephants in India suggested that elephants are drawn to crops because of the higher nitrogen content 
and lower carbon-to-nitrogen ratio compared to natural vegetation, making them a more attractive protein source (Pokharel et al., 
2019). While links between fTM and crop raiding are lacking in the literature, our previous study found higher fTM concentrations 
among elephants in agropastoral landscapes than in other areas, potentially reflecting a higher dietary intake (Oduor et al., 2024). 
Conversely, during periods of nutritional deficit, animals lower their metabolic rate to conserve energy, resulting in decreased T3 
levels (Flier et al., 2000). For example, lower fTM concentrations were observed in yellow baboons (Papio cynocephalus) (Gesquiere 
et al., 2024), Barbary macaques (Macaca sylvanus) (Cristóbal-Azkarate et al., 2016), and mantled howler monkeys (Alouatta palliata) 
(Dias et al., 2017) in response to reduced caloric intake. Similarly, in previous work on African savanna elephants in the 
Laikipia-Samburu system, lower fTM concentrations were found during drought periods (Oduor et al., 2024). However, in the 
Serengeti ecosystem, fTM concentrations were inversely related to NDVI in impalas (Aepyceros melampus) (Hunninck et al., 2020). 
These contrasting findings in impalas highlight the complexity of thyroid hormone responses across species and ecosystems, 
emphasizing the need for species-specific studies to understand relationships among environmental factors, nutritional status, and 
thyroid function in wildlife.

While we found no significant effect of fTM concentrations on BCS in elephants, other researchers have found this in other species. 
For example, in free-ranging island foxes (Urocyon littoralis), higher fTM concentrations were observed among individuals with higher 
BCSs in southern California’s Channel Islands National Park (CINP) (Kozlowski et al., 2020). In sheep, feeding restriction reduced 
plasma T3 concentrations and other metabolic markers in animals with lower BCSs (Caldeira et al., 2007). Lower nutritional status 

Fig. 4. Model effect plot showing the relationship between fT3m concentrations in male African savanna elephants and (A) time spent in farmland 
during the 10 days before sampling and (B) average NDVI values over the 10 days before sampling. The blue line represents the regression line, 
while the shaded area represents a 95 % confidence interval. The grey dots represent the fitted raw data points. The Y-axis is truncated at 1000 ng/g 
to aid in the interpretation of the results.
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during periods of reduced forage quality could be driving African elephants to seek crops in agricultural areas that are more 
nutrient-dense; however, the nonsignificant difference between fTM concentrations and BCS could reflect limited sample size or the 
inherent lag between changes in dietary intake and alterations in body composition.

African elephants live in a seasonal environment with varying forage and nutritional quality (Shannon et al., 2013), both of which 
can influence metabolic activity and, consequently, thyroid hormone levels. In our study, fTM concentrations were inversely related to 
NDVI, indicating higher metabolic activity during periods of low vegetation greenness. During low NDVI periods, elephants often 
expand their ranges into agricultural areas to exploit energy-dense crops (Chiyo et al., 2005; Mukeka et al., 2019; Osborn, 2004; Vogel 
et al., 2020; Webber et al., 2011). While these crops provide supplemental nutrients, crop raiding typically occurs when natural forage 
is limited and is associated with greater energetic expenditure and exposure to human disturbance. These factors can increase 
metabolic rates and, consequently, thyroid activity. As such, increased use of agricultural areas when the surrounding NDVI was low 
could result in higher fTM concentrations. In Mozambique, crop-raiding elephants similarly increased their preference for crops during 
the brown-down stages (Branco et al., 2019). Although cultivated crops contain higher levels of protein and certain minerals, such as 
sodium and phosphorus, compared to natural vegetation (Chiyo et al., 2005; Rode et al., 2006), the observed increase in fTM con
centrations during periods of intensified agricultural use might be related to elevated metabolic demands and nutritional stress 
associated with foraging effort and energy imbalance rather than direct dietary effects. Conversely, during high NDVI periods, 
abundant natural forage improves energy balance, reducing metabolic demand, thyroid activity, and fTM concentrations.

Although we found an inverse relationship between BCS and fGCM concentrations, the inverse relationship between NDVI and 
fGCM concentrations was not significant in this study, the latter of which contrasts with previous studies in other savannah elephants 
(Oduor et al., 2020, 2024). Fluctuations in environmental conditions can influence resource availability and foraging behavior of 
elephants, with consequences for overall body conditions. Pokharel et al. (2017) found higher fGCM concentrations in Asian elephants 
with lower BCS in the Mysore and Nilgiri Elephant Reserves in southern India. In Myanmar, Mumby et al. (2015) observed fGCM 
concentrations correlated with seasonal changes in the body weight of Asian elephants. While GC indirectly responds to changes in 
food availability, crop-raiding elephants oscillate between the use of agricultural areas and natural vegetation depending on their net 
energy balance. This could have potentially influenced any relationship between fGCM concentrations and NDVI in our study. 
However, in tourist elephants in Thailand, higher fGCM concentrations were associated with higher body mass (i.e., BCS = 4 and 5) 
and alterations in lipid and sugar metabolism (Norkaew et al., 2018). Low BCSs are more of a problem for wild elephants, which have 
higher fGCM (Tang et al., 2024; Wato et al., 2016), whereas in captivity, obesity (i.e., high BCSs).

Male elephants have been observed to form larger groups during crop raiding, which was assumed to reduce individual risks (Chiyo 
et al., 2012). Crop raiding is considered a high-risk foraging behavior (Chiyo et al., 2011), and individuals detected by farmers risk 
injury or death. However, contrary to our expectations, group size had no significant influence on agricultural use. One limitation of 
our study was the relatively small number of focal bull elephants (N = 7), which may have reduced our ability to detect statistically 
significant effects of group size on agricultural use. General monitoring that would capture larger sample sizes is needed to more 
accurately assess the relationship between group size and crop-raiding behavior in male elephants. Based on our study results, we 
recommend strengthening existing mitigation strategies to address crop-raiding behavior in male elephants. Specifically, installing 
smart GPS collars with geo-fence technology on known fence-breakers and crop-raiders could help mobilize resources more effectively 
in response to crop-raiding incidents, especially during the dry season when such incidents are more frequent. Additionally, there is a 
pressing need to develop a comprehensive land use plan for heterogeneous areas shared by wildlife and human communities. We also 
recommend further studies to better understand how elephants maximize their net energy intake – for example, by assessing how 
digestible energy correlates with fTM concentrations as they move between agricultural areas and natural vegetation. Higher levels of 
digestible energy beyond the maintenance requirement are beneficial to male elephants as they confer a reproductive advantage by 
supporting the energetically demanding state of musth (Rasmussen et al., 2008; Sukumar, 1990).

5. Conclusions

Given the link between physiology and fitness, understanding the biological factors that drive African elephants to use agricultural 
areas is important. Our study helps to untangle how variation in the use of natural vegetation and agricultural areas with differing 
forage quality influences fGCM and fTM concentrations and body condition in free-ranging African elephants. Our results suggest that 
elephants increase their time in agricultural areas when natural habitats have low NDVI values. As BCS improves, agricultural use 
decreases, and these risk-reward decisions appear to be reflected in fGCM and fTM concentrations. With natural habitats increasingly 
being replaced by agriculture and negatively affected by recurrent droughts due to climate change (Frank, 2016), elephants are likely 
to intensify their use of agricultural areas to meet energetic demands, potentially escalating conflicts. Hormonal measurements can 
provide physiological indicators of an individual’s energy balance while navigating risky landscapes and potentially indicate condi
tions facilitating conflict. Our findings highlight the value of endocrine biomarkers in monitoring wildlife behavior across 
human-modified landscapes with fluctuating resources, revealing the risks animals take to maximize their energy and nutritional 
intake.
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Cristóbal-Azkarate, J., Maréchal, L., Semple, S., Majolo, B., MacLarnon, A., 2016. Metabolic strategies in wild male barbary macaques: evidence from faecal 
measurement of thyroid hormone. Biol. Lett. 12, 20160168. https://doi.org/10.1098/rsbl.2016.0168.

Dias, P.A.D., Coyohua-Fuentes, A., Canales-Espinosa, D., Chavira-Ramírez, R., Rangel-Negrín, A., 2017. Hormonal correlates of energetic condition in mantled howler 
monkeys. Horm. Behav. 94, 13–20. https://doi.org/10.1016/j.yhbeh.2017.06.003.

Drusch, M., Del Bello, U., Carlier, S., Colin, O., Fernandez, V., Gascon, F., Hoersch, B., Isola, C., Laberinti, P., Martimort, P., Meygret, A., Spoto, F., Sy, O., Marchese, F., 
Bargellini, P., 2012. Sentinel-2: ESA’s optical high-resolution mission for GMES operational services. Remote Sens. Environ. 120, 25–36. https://doi.org/ 
10.1016/j.rse.2011.11.026.

Eales, J.G., 1988. The influence of nutritional state on thyroid function in various vertebrates. Am. Zool. 28, 351–362. https://doi.org/10.1093/icb/28.2.351.
Edwards, K.L., Trotter, J., Jones, M., Brown, J.L., Steinmetz, H.W., Walker, S.L., 2016. Investigating temporary acyclicity in a captive group of asian elephants (Elephas 

maximus): relationship between management, adrenal activity and social factors. Gen. Comp. Endocrinol. 225, 104–116. https://doi.org/10.1016/j. 
ygcen.2015.09.011.

Evans, L.A., 2015. Fencing the Front Line: The Separation of Elephants and Cultivation with Electrified Fences. University of Cambridge.
Evans, L.A., Adams, W.M., 2016. Fencing elephants: the hidden politics of wildlife fencing in Laikipia, Kenya. Land Use Policy 51, 215–228. https://doi.org/10.1016/ 

j.landusepol.2015.11.008.
Firdhous, M.F.M., 2020. IoT-enhanced smart laser fence for reducing human elephant conflicts. In: 2020 5th International Conference on Information Technology 

Research (ICITR), pp. 1–5.
Flier, J.S., Harris, M., Hollenberg, A.N., 2000. Leptin, nutrition, and the thyroid: the why, the wherefore, and the wiring. J. Clin. Invest. 105, 859–861.
Foley, C.A.H., Papageorge, S., Wasser, S.K., 2001. Noninvasive stress and reproductive measures of social and ecological pressures in free-ranging African elephants. 

Conserv. Biol. 15, 1134–1142. https://doi.org/10.1046/j.1523-1739.2001.0150041134.x.
Frank, L., 2016. Effects of Drought on the Relationships Between Herbivores and Vegetation Types in the Laikipia-Samburu Ecosystem. University of Twente.
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