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ABSTRACT
Objective: Extreme climatic events, like droughts, are increasing in frequency and severity. Droughts disrupt community live-
lihoods and resources with serious implications for human biology. This study investigated how chronic stress, measured by 
fingernail cortisol concentration (FCC), and water insecurity status were predictive of C-reactive protein (CRP), a biomarker of 
inflammation, during a historic drought among Daasanach seminomadic pastoralists.
Methods: Data were collected at the height of the 2022 drought from 128 Daasanach household heads aged 16–80 years in 
northern Kenya using household surveys, anthropometric measurements, and dried blood spots to assess CRP levels and fin-
gernails to assess FCC. We employed mixed-effects linear and logistic regression models to examine the relationships between 
log-transformed FCC, high water insecurity status measured via the Household Water Insecurity Experiences (HWISE ≥ 24) 
scale, and serum-equivalent CRP (log-transformed and dichotomized at mild, low-grade inflammation ≥ 1 mg/L) adjusted for 
covariates.
Results: The mean serum-equivalent CRP was 4.1 mg/L and 56.3% of Daasanach adults had at least mild, low-grade inflam-
mation. Linear models indicated that ln(FCC) was positively associated with ln(CRP) (β = 0.56, SE = 0.12; p < 0.001). Further, 
logistic models demonstrated that ln(FCC) (OR = 2.69, 95% CI: 1.84–3.95; p < 0.001) and high water insecurity (OR = 2.23, 95% CI: 
1.34–3.72; p = 0.002) were both associated with greater odds of low-grade inflammation.
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Conclusion: This study provides evidence for how chronic stress and severe water insecurity may impact inflammation levels 
among pastoralists during drought. Since inflammation is central to cardiometabolic disease etiology, this is an additional reason 
to mitigate the negative health impacts of droughts and water insecurity exacerbated by climate change.

1   |   Introduction

Extreme climatic events, like droughts, are increasing in fre-
quency and severity with anthropogenic climate change (Pörtner 
et al. 2023). Droughts pose a significant threat to rural commu-
nities and, in particular, pastoral communities throughout the 
Greater Horn of Africa (Megersa et al. 2014; Muheki et al. 2024). 
Droughts have long-term consequences not only for the environ-
ment and human health, but also for livelihoods, which trigger a 
cycle of health deterioration (WHO 2023). Extreme droughts pose 
a particular risk for subsistence populations like farmers, agro-
pastoralists, and pastoralists whose livelihoods and economic sys-
tems are strongly tied to environmental conditions (Bethancourt 
et al. 2023; Wan et al. 2017).

Extreme drought can affect human biology and health directly 
and indirectly (Ebi and Bowen  2016). Direct health impacts 
to human biology include impaired organ, immune, and neu-
roendocrine function (Ebi and Bowen 2016; Rosinger 2023a). 
Indirect health effects can result from climate effects on the 
environment that pastoral communities live in and the ani-
mals they rely on for their livelihoods. Increasingly dry con-
ditions compound the hardships already faced by pastoralist 
communities by decreasing water availability and quality, 
which can concentrate pollutants and pathogens in remain-
ing water sources and increase the risk of infectious disease 
(Chang et al. 2019; Rosinger 2023a; Yang, Ma, and Yuan 2023). 
Drought also decreases grazing resources for livestock, lead-
ing to livestock attrition, reducing availability of nutritious 
food, and increasing malnutrition in these communities 
(Galvin 1992).

Importantly, these impacts on the environment and livestock 
may combine to exacerbate both stress and inflammation in 
the body (Apanius  1998; Dhabhar  2008). Chronic exposure to 
drought conditions can increase psychological stress (Straight 
et al. 2022), which activates the sympathetic nervous system and 
the hypothalamic–pituitary–adrenal (HPA) axis. The HPA axis 
regulates the body's stress response, leading to the release of cat-
echolamines and glucocorticoids (Miller and O'Callaghan 2002), 
which suppress the immune system and, under normal physio-
logical conditions, decrease inflammation in the body, allowing 
the host to harness resources to cope with short-term stressors 
(Miller and O'Callaghan 2002).

Systemic inflammation in the body is commonly assessed by 
measuring circulating C-reactive protein (CRP), an acute-phase 
protein produced by the liver. CRP levels typically increase in re-
sponse to infections and pro-inflammatory stimuli and decrease 
in response to glucocorticoids and other anti-inflammatory 
signals (Heidari and Lawrence 2023; Ridker and Morrow 2003; 
Sproston and Ashworth 2018). However, chronic stress, partic-
ularly in industrialized populations, can lead to prolonged se-
cretion of catecholamines and glucocorticoids, resulting in the 

dysregulation of the pathways that regulate CRP. This dysregu-
lation can then lead to elevated levels of circulating CRP, increas-
ing the risk of cardiovascular disease and metabolic syndrome 
(Avan et al. 2018; Kaptoge, Angelantonio, and Lowe 2010).

A large body of work has documented the relationship between 
stress and inflammation, demonstrating that increased stress 
can lead to chronic inflammation, but this has been conducted 
mostly in industrialized populations (Coussons-Read, Okun, 
and Nettles 2007; Johnson, Abbasi, and Master 2013; Miller and 
O'Callaghan  2002; Rohleder  2019). The relationship between 
stress and inflammation among nonindustrialized, pastoralist 
populations is less clear (Lukas, Campbell, and Campbell 2005). 
In populations exposed to prolonged stress, such as pastoralists 
facing drought, chronic activation of the HPA axis may lead to 
long-term dysregulation. Understanding the role of the HPA axis 
in inflammation could provide insight into how prolonged stress 
in pastoralist populations contributes to health disparities.

Other work has explored how drought affects stress and under-
nutrition by examining the relationships between these variables 
and long-term rainfall variability, grazing pressure, cattle mor-
tality, and household food and water insecurity (Bethancourt 
et al. 2023; Megersa et al. 2014; Rosinger et al. 2024). Pastoralist 
populations have a long history of dealing with droughts 
(Anyah and Qiu  2012; Little  1989; Tierney, Ummenhofer, and 
Demenocal 2015; Verschuren, Laird, and Cumming 2000). Prior 
work has demonstrated that droughts negatively affect pastoral-
ist health, diet, and growth (Fratkin 2013; Iannotti et al. 2022; 
Straight et al. 2022). Yet, how chronic stress influences pasto-
ralists' inflammation during drought conditions remains under-
explored. More work is needed to understand how droughts are 
embodied via increased stress and chronic inflammation, par-
ticularly among small-scale populations as most of this work has 
occurred in industrialized populations.

The Greater Horn of Africa, an area characterized by extreme 
heat and low rainfall, is particularly impacted by climate change, 
including both drought and flooding, with projections indicat-
ing that climate change will exacerbate existing vulnerabilities 
(Anyah and Qiu 2012; Muheki et al. 2024; Tierney, Ummenhofer, 
and Demenocal 2015). Between October 2020 and April 2023, the 
Greater Horn of Africa, including northern Kenya, experienced 
the most severe drought in 40 years. This severe drought resulted 
in widespread water and food shortages, created food insecurity 
for 51 million (5.4 million in Kenya), and caused the deaths of mil-
lions of livestock (WHO 2023). In addition to water and food in-
security, many pastoralist populations lost most of their livestock 
due to the drought, placing them under severe chronic stress, with 
no clear end in sight during the fourth failed rainy season in 2022 
(Rosinger et al. 2024). The health and socioeconomic implications 
of this historic drought profoundly affected their livelihoods and 
the subsequent impact on human biology is only beginning to be 
understood (Rosinger et al. 2024).
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In this study, we use a case study of the historic drought to ex-
plore how this prolonged period of extreme chronic stress im-
pacts biology and inflammation in pastoralist communities. 
In this study, we use data from the peak of the 2022 historic 
drought—after approximately 1.5 years of experiencing drought 
conditions—to test how chronic stress, measured by fingernail 
cortisol concentration (FCC), and water insecurity status, mea-
sured with a validated experiential scale, are associated with 
inflammation levels, as measured by CRP among Daasanach 
seminomadic pastoralists living in northern Kenya. We hypoth-
esized that chronic stress via elevated cortisol would result in an 
increased production of CRP as part of the body's inflammatory 
response among this pastoralist community. Thus, we predicted 
that both FCC and high levels of water insecurity would be pos-
itively associated with greater levels of CRP. Documenting how 
chronic stress and environmental factors influence inflamma-
tion can provide valuable insights into how extreme climatic 
events affect pastoralist health and biology.

2   |   Methods

2.1   |   Study Settings and Participants

Daasanach are a seminomadic pastoralist ethnic group who live 
in the arid and semiarid regions of northern Kenya and south-
western Ethiopia (Gebre 2012; Kiura 2005; Mwamidi et al. 2018). 
Approximately 19 000 Daasanach live in northern Kenya, dis-
persed throughout 26 villages on the northeastern shore of Lake 
Turkana, near the Ethiopian border (KNBS 2019). They tradi-
tionally relied on livestock, such as cattle, goats, and camels, 
for their livelihoods and primary food and hydration sources 
(Kiura  2005). Through increasing market integration, there 
is variation in access to market foods and food aid as well as 
water infrastructure throughout the 26 villages. The Daasanach 
Human Biology Project began a longitudinal study on long-term 
perspectives on water insecurity, food insecurity, nutrition, en-
ergetics, and environmental exposures in 2019 (Bethancourt 
et al. 2021; Rosinger et al. 2021). Seven Daasanach communi-
ties were initially selected to capture a range of exposures, in-
cluding access to water sources, market integration, and the 
subsequent changes in lifestyles ranging from traditional sem-
inomadic to more sedentary in the market town of Illeret—with 
greater details published elsewhere (Ford et al. 2023; McGrosky 
et al. 2024; Rosinger et al. 2024; Sadhir et al. 2024; Swanson, 
Bethancourt, et al. 2023; Swanson, Nzunza, et al. 2023).

The data for this paper come from the 2022 survey wave, col-
lected in June–July of that year, after participants had endured 
just under 2 years of drought. During this period, they experi-
enced extreme conditions due to inadequate rains resulting in 
heavy livestock losses, compounded by severe food and water 
shortages. At the time of data collection, it was unclear when 
the drought would end. Data were collected from 182 house-
hold heads (both male and female when present), all of whom 
provided complete anthropometric and survey data. Two adults 
per household were invited to participate, however, some 
households had an adult away traveling or only had one adult in 
the household because they were widowed. In those situations, 
we interviewed one adult. All household heads were asked to 
provide fingernail samples and dried blood spot (DBS) samples; 

however, some adults did not have sufficient nail length, and 
some did not bleed sufficiently for DBS collection (full meth-
ods described below in Section 2.2). This resulted in 161 par-
ticipants who had fingernail samples collected and 147 who 
had DBS collected. Data across all parameters were available 
for 128 household heads (aged 16–80 years) and thus used in 
this analysis. Survey data were collected by local Daasanach 
field assistants in concert with the broader research team and 
were supervised in the field by the senior author on this paper 
(A.Y.R.).

This research was carried out in accordance with the ethi-
cal principles outlined in the Declaration of Helsinki. The 
study received approval from the Institutional Review Board 
at Pennsylvania State University (STUDY00009589) and 
the Kenyan Medical Research Institute (KEMRI) (KEMRI/
RES/7/3/1). Additionally, authorization was obtained from the 
Director of Health for Marsabit County in Kenya and permission 
was granted from community elders in each of the study com-
munities. Community translators provided study information to 
participants, who gave informed consent, both in writing and 
verbally, to ensure their voluntary and informed participation 
in the research.

2.2   |   Outcome

2.2.1   |   C-Reactive Protein (CRP)

CRP was measured to assess levels of systemic inflamma-
tion. DBS samples were obtained following standard protocol 
for field settings (McDade, Williams, and Snodgrass  2007). 
Finger-prick blood was applied to filter paper cards (Whatman 
903 card) and allowed to dry completely at room temperature 
before local storage in a −20°C freezer in the field. All DBS 
samples were then transported with cold packs from Kenya 
to Penn State University and then shipped with dry ice to 
the Human Evolutionary Biology and Health Lab at Baylor 
University for −80°C storage and lab analysis. Concentration 
of CRP was determined using a validated and published 
modification (Blackwell et  al.  2010; Urlacher et  al.  2018) of 
a high-sensitivity ELISA protocol for DBS samples (McDade, 
Burhop, and Dohnal 2004). All samples were run in duplicate. 
Intra- and inter-assay CVs were 6.7% and 1.2%, respectively. 
Three samples read below the assay's lower limit of detection 
(0.05 mg/L) and were assigned a value of 0.036 mg/L (LOD/
sqrt[2]). Raw CRP values were then converted to their serum-
equivalent following the assay-specific equation provided in 
(Urlacher et al. 2018):

For statistical analyses, serum-equivalent CRP levels were ana-
lyzed both continuously, with data natural log-transformed, and 
dichotomized at ≥ 1 mg/L as the cutoff for mild, but still costly 
systemic inflammation. This low cutoff value of ≥ 1 mg/L to dis-
tinguish low-grade inflammation follows prior research with 
small-scale populations (Goosby et al. 2015; Urlacher et al. 2018) 
and is supported by the rare occurrence, and even absence, of 
chronic CRP elevation above 3 mg/L among adults in these set-
tings (Mcdade et al. 2012).

CRPserum = e[1.2× lnCRPDBS+ 0.3405]
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2.3   |   Primary Predictor

2.3.1   |   Fingernail Cortisol Concentration

Cortisol concentration was measured from fingernail samples 
since we aimed to assess chronic stress, whereas, saliva, urine, and 
blood samples provide diurnal and day-to-day variations in corti-
sol (Tavares et al. 2017). Fingernails and hair provide a more stable 
measure of long-term cortisol levels, yet nail sample collection is 
preferred by Daasanach over hair samples due to cultural reasons 
(Firkey et al. 2023; Phillips et al. 2021). Fingernails were collected 
following protocol by Davison (Davison et al. 2020) with the par-
ticipants' consent by clipping to the fingernail bed from at least one 
finger and all 10 if possible to ensure a sufficient sample quantity. 
The collection process involved cleaning the fingers with an alco-
hol swab and placing the nail samples in a clean, dry brown bag to 
avoid contamination. Samples were shipped at room temperature 
to the Biomarker Core Laboratory at Pennsylvania State University 
for analysis. In the laboratory, fingernail samples were washed 
and dried to eliminate surface contaminants. Cortisol was then ex-
tracted from the dried samples using a Salimetrics Assay Diluent 
and assayed in duplicate following the manufacturer's instruc-
tions, with intra- and inter-assay coefficients of variation of 10.0% 
and 7.6%, respectively (Voegel et al. 2018). Detailed methods of the 
analysis have been published elsewhere (Rosinger et al. 2024). We 
excluded one outlier greater than 11 standard deviations beyond 
the highest value in the study (Chen et al. 2023). During statisti-
cal analysis, FCC values were natural log-transformed due to the 
slight right-skewness of the data.

2.4   |   Secondary Predictor

2.4.1   |   Water Insecurity Status

Household water insecurity was assessed using the 12-item 
Household Water Insecurity Experiences (HWISE) scale, which 
has been validated in low- and middle-income countries (Young 
et  al.  2019) and previously used at this study site (Bethancourt 
et al. 2023; Rosinger et al. 2024). This scale ascertains information 
on a range of experiences in the prior 4 weeks, such as worrying 
about having enough water to going to sleep thirsty. Each of the 
12 questions has responses of never, rarely, sometimes, and often/
always, which when summed provide a score from 0 to 36, with 
higher scores indicating greater water insecurity. Both adults 
within the household (when present) were asked these questions 
separately to examine individual perceptions of household water 
insecurity. Prior work has shown that water insecurity levels 
were already high among Daasanach prior to the drought (Ford 
et al. 2023) and these levels increased due to the drought (Rosinger 
et al. 2024). Therefore, for this analysis, we dichotomized HWISE 
scores at the cutoff of high water insecurity ≥ 24 following catego-
rization by Frongillo and colleagues (Frongillo et al. 2024) to test 
how households experiencing problems with nearly every water 
issue compared to those with fewer or less severe water problems.

2.5   |   Covariates

In the analysis, we adjusted for covariates which may influence 
either inflammation or the primary and secondary predictors 

(Lacourt et al. 2018; Phillips et al. 2021; Rohleder 2019; Tallman 
et al. 2022). The covariates included participants' age, sex (male/
female), body mass index [BMI (kg/m2)], history of malaria infec-
tions in the past 5 years, household income, number of moves in the 
previous year, livestock wealth, and weekly water fetching trips. 
To calculate BMI, we measured each participant's weight in kilo-
grams (kg) using a Tanita digital scale to within 0.1 kg while wear-
ing light clothing and barefoot. We measured participant height in 
centimeters (cm) using a stadiometer to the nearest 0.1 cm while 
they were barefoot and without head coverings and converted this 
value to meters (m). Acute malaria infection is associated with el-
evated CRP and asymptomatic malaria is associated with higher 
CRP compared to healthy controls (Wilairatana et al. 2021); yet, in 
malaria endemic regions, past malaria infections may dysregulate 
CRP levels and the relationship between CRP and malaria is not 
clear (Eriksson et al. 2013; Peto et al. 2016). During the 2022 field 
season, there were no current reported malaria cases in Illeret; 
therefore, to control for history of malaria infection, each partic-
ipant was asked about whether they had a previous malaria in-
fection during the last 5 years (yes or no). The 5-year cutoff was 
chosen as a practical window for capturing recent malaria epi-
sodes that could have lingering effects, while excluding the influ-
ence of more distant, less relevant infections.

To control for economic and agricultural assets of households 
which may mitigate stress during a drought, we adjusted for 
both household income and livestock wealth. Household in-
come was assessed by asking participants to report their total 
earnings in the past month, measured in Kenyan shillings. 
Daasanach view livestock as their bank accounts, often refer-
ring to them as “four-legged wealth”; thus, we measured live-
stock wealth by inquiring about the number of camels, goats, 
sheep, donkeys, and other animals owned by the household 
with the number of each animals multiplied by a standard-
ized monetary value based on market price in 2022 and then 
summed and natural log-transformed as described elsewhere 
(Rosinger et al. 2024). To assess mobility and changes in res-
idence over the past year, we asked participants how many 
times they had moved from their permanent home since the 
previous year which can provide a helpful proxy for physi-
cal activity levels but also exposure to livestock dung. Water 
fetching is a coping strategy to deal with water insecurity and 
increase water availability in the household. We adjusted for 
the total number of trips made by the household to fetch water 
each week as an indicator of ability to access water as well as 
amount of physical activity given that each trip takes on av-
erage 1–2 h; we divided this variable by three as that was the 
most common reported number per day. As all participants 
in this sample were classified as severely food insecure and 
there was no variation in severity of food insecurity, we did 
not include food insecurity in analyses, though results were 
consistent when it was included (data not shown).

2.6   |   Statistical analysis

Data cleaning and analyses were performed using Stata Version 
15.1 (College Station, TX). We set statistical significance to an 
alpha level of 0.05 for two-tailed tests. We assessed the nor-
mality of CRP, FCC, and water insecurity data using graphical 
methods and found CRP was right-skewed and FCC was slightly 
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right-skewed (Figure 1). As a result, CRP and FCC were natural 
log-transformed to address the skewness; the transformed data 
were normally distributed. Additionally, we used kernel density 
plots to generate separate distribution curves for CRP by water 
insecurity status (Figure  2). We modeled CRP in two ways to 
explore the relationship between inflammation and FCC and 
severe water insecurity. We first used linear models to assess the 
full range of variation in CRP levels; second, we used a dichoto-
mized approach with elevated CRP indicative of mild, low-grade 
inflammation to understand differences between individuals 
with no inflammation compared to those with any amount of 
low-grade inflammation.

We employed mixed-effects linear and logistic regression mod-
els with observations nested at the community and household 
levels to account for clustering in exposures and outcomes, in-
corporating robust standard errors. We first estimated models 
examining the bivariate association between log-transformed 
FCC and log-transformed CRP (Model 1), and subsequently be-
tween high water insecurity status and log-transformed CRP 
(Model 2). We then reestimated the same model with both pre-
dictors included and adjusted for all covariates (Model 3). We 
used the same modeling strategy to assess the relation with 
the odds of elevated CRP (< 1 mg/L vs. ≥ 1 mg/L). We visual-
ized these relationships with a forest plot showing the odds 
of elevated CRP by these predictors and covariates. Finally, 
we examined the predicted probability of elevated CRP by 
severe water insecurity status using the margins command 
(Williams 2012).

To assess sensitivity of the results, we first reestimated the 
mixed-effects logistic regression model with a more conservative 
elevated CRP cutoff of ≥ 3 mg/L. Second, we excluded partici-
pants who may have been experiencing an acute, active infec-
tion by restricting analyses to those with CRP levels < 10 mg/L 
and reestimated the mixed-effects linear and logistic regression 
fully-adjusted Model 3 in the primary analyses.

3   |   Results

3.1   |   Descriptive Statistics

Data from 128 adult household heads collected in 2022 were 
analyzed, with descriptive characteristics outlined in Table  1. 
Participants had a mean age of 43 years (SD = 15.3), 44.5% were 

FIGURE 1    |    Kernel density plot of C-reactive protein, fingernail cortisol concentration, and water insecurity during 2022 drought among 128 
Daasanach adults in northern Kenya (n = 128).  Note: C-reactive protein is converted to serum-equivalent. Low water insecurity (3–11), moderate 
water insecurity (12–23), high water insecurity (24–36).
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male, and had a mean BMI of 18.2 kg/m2. The mean FCC was 
8.48 pg/mg (range: 2.34–24.33; SD = 4.23) (Table  1). The mean 
HWISE score was 22.7; no participants experienced no-to-
marginal water insecurity (scores 0–2), only 3.1% experienced 
low water insecurity (scores 3–11), 57% experienced moderate 

water insecurity (scores 12–23), and ~40% of participants ex-
perienced high water insecurity levels (scores ≥ 24) (Figure 1). 
Further, > 90% of participants experienced each of the 12 
HWISE items at least once in the prior month and > 55% of 
participants experienced each of the items three or more times. 
The distribution of CRP values varied significantly by whether 
adults experienced severe water insecurity or not (Figure 2). In 
the sample, mean serum-equivalent CRP was 4.06 mg/L (range: 
0.02–45.34; SD = 7.0), with 56.3% of participants exhibiting el-
evated (≥ 1 mg/L) levels. Participants for whom we had CRP 
and FCC data did not significantly differ from those who had 
either missing CRP or FCC data (n = 54) in age (mean = 39 years; 
SD = 17), sex (37.7% male), BMI (mean = 18.1; SD = 3.0), and 
water insecurity score (mean = 22.7; 43.4% high water insecu-
rity) (data not shown).

3.2   |   Linear Models

The unadjusted linear regression model revealed each unit 
increase in ln(FCC) was associated with an increase of 0.58 
ln(CRP) (β = 0.58, SE = 0.11; p < 0.001) (Table  2, Model 1). 
Individuals experiencing severe water insecurity had slightly 
higher ln(CRP) levels (β = 0.32, SE = 0.22; p = 0.15) compared to 
those not experiencing high levels of water insecurity, but this 
association was not statistically significant (Table 2, Model 2). 
When both predictors and all covariates were included in the 
same model, the effect size for FCC was consistent with the bi-
variate analysis (β = 0.56, SE = 0.12; p < 0.001), and the effect 
of severe water insecurity remained nonsignificant (β = 0.23, 
SE = 0.19, p = 0.22; Table 2, Model 3).

Among covariates, prior malaria infection in the last 5 years 
was associated with higher CRP levels (β = 0.63, SE = 0.13; 
p < 0.001). In contrast, the number of times moved in the prior 
year (β = −0.09, SE = 0.04; p = 0.009) and the frequency of water 
fetching trips per week (β = −0.26, SE = 0.09; p = 0.005) were 
both protective, associated with lower inflammation (Table  2, 
Model 3).

3.3   |   Logistic Regression

The bivariate logistic regression models indicated that both 
ln(FCC) and high water insecurity levels were independently 
associated with higher odds of elevated CRP (Table 3, Models 1 
and 2). After full adjustment for covariates and including both 
main predictors, each unit increase in ln(FCC) was associated 
with a greater than two-fold increase in the odds of elevated 
CRP levels (OR = 2.69, 95% CI: 1.84–3.95; p < 0.001). Moreover, 
experiencing high levels of water insecurity was associated with 
123% higher odds of elevated CRP (OR = 2.23, 95% CI: 1.34–3.72; 
p = 0.002) compared to those not experiencing severe water inse-
curity (Table 3, Model 3; Figure 3).

Among the control variables, each additional move in the prior 
year was associated with 7.5% lower odds of elevated CRP, which 
approached significance (OR = 0.93; 95% CI: 0.85–1.00; p = 0.06). 
Further, each three trips fetching water per week was associated 
with a 29% lower odds of elevated CRP levels (OR = 0.71: 95% CI: 
0.59–0.85; p < 0.001) (Table 3, Model 3; Figure 3).

TABLE 1    |    Descriptive characteristics of adults in the Daasanach 
Human Biology Project 2022 study wave with fingernail cortisol and 
C-reactive protein data (n = 128).

Variable

Mean 
or 

percent
Standard 
deviation

Range 
(min–max)

Age (years) 43.0 15.3 16 80

Male (%) 44.5 49.9 0 100

Weight (kg) 50.75 8.7 36.7 90.4

Height (cm) 166.8 7.5 145 186.9

BMI (kg/m2) 18.22 2.9 13.44 37.05

C-reactive 
protein 
(CRP, serum-
equivalent) 
(mg/L)

4.06 7.0 0.02 45.34

CRP (natural 
log-transformed)

0.18 1.7 −3.87 3.81

Elevated CRP (% 
≥ 1 mg/L)

56.25 49.8 0 100

Fingernail 
cortisol 
concentration 
(FCC) (pg/mg)

8.48 4.2 2.34 24.33

FCC (natural 
log-transformed)

2.03 0.46 0.85 3.19

Water insecurity 
(HWISE score)

22.6 5.1 8 36

High water 
insecurity (% 
HWISE ≥ 24)

39.8 49.2 0 100

Previous malaria 
infection in last 
5 years (%)

73.4 44.3 0 100

Household 
income (natural 
log-transformed)

4.69 3.7 0 9.2

Times moved in 
the prior year

3.4 3.9 0 15

Livestock 
wealth (natural 
log-transformed)

9.4 3.6 0 12.8

Weekly water 
fetching trips 
(per 3)

5.3 1.4 0 9.3

Abbreviation: HWISE, Household Water Insecurity Experiences scale.
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Using the fully-adjusted logistic regression model (Table  3, 
Model 3), we estimated the predicted probability of elevated 
CRP by water insecurity status. Experiencing high levels of 
water insecurity was associated with a 17.2 percentage point in-
crease in the predicted probability of elevated CRP. Specifically, 
individuals experiencing high levels of water insecurity had a 
66.6% (95% CI: 60.5–72.7) predicted probability of having ele-
vated CRP, whereas 49.4% (95% CI: 39.8–58.9) of those without 
high water insecurity had elevated CRP (Figure 4).

3.4   |   Sensitivity Analysis

When CRP was dichotomized at ≥ 3 mg/L rather than ≥ 1 mg/L, 
31.3% of adults were classified as having elevated CRP. Results 
of the reestimated mixed-effects logistic regression model were 
consistent in the association between FCC and elevated CRP 
(OR = 2.78; 95% CI: 1.10–7.02; p = 0.032), but high WI, while still 
in the same direction was no longer significantly associated with 
elevated CRP (OR = 1.32; 95% CI: 0.43–4.11) (Table S1, Model 3).

Restricting the sample to those with CRP < 10 mg/L excluded 
16 participants. Results for the continuous mixed-effects linear 
regression were attenuated as ln(FCC) was no longer significant 
with ln(CRP) and water insecurity status remained nonsignif-
icant (Table  S2, Model 3a). In contrast, results for the mixed-
effects logistic regression were consistent with the primary 
results as effect sizes (ORs of 2.3 and 1.95) and significance re-
mained large for both primary and secondary predictors (both 
p < 0.001) (Table S2, Model 3b).

4   |   Discussion

This paper aimed to understand how chronic stress and water 
insecurity severity were associated with inflammation among 
Daasanach seminomadic pastoralists during the historic 2022 
drought in northern Kenya. Overall, we found that greater fin-
gernail cortisol concentration was associated with both greater 
CRP levels and odds of mildly elevated CRP, with each unit 
increase in ln(FCC) associated with nearly 2.7 times the odds 
of serum-equivalent CRP ≥ 1 mg/L. Further, we found that 
Daasanach who experienced high levels of water insecurity, 
while not associated with continuous ln(CRP), had 2.2 times 
the odds of CRP ≥ 1 mg/L than those with fewer water problems. 
These results underscore how the multifaceted nature of stress 
experienced during extreme droughts and environmental fac-
tors may shape inflammatory responses among seminomadic 
pastoralists.

4.1   |   Chronic Stress and Inflammation

This study found that FCC was positively associated with CRP 
levels and odds of mildly elevated CRP, indicating that greater 
chronic stress is associated with increased inflammation among 
pastoralists during a severe drought. Fingernail cortisol serves 
as a retrospective indicator of average cortisol levels from 3 to 
5 months prior to fingernail collection and as such has been 
used to examine chronic stress in contrast to salivary or urinary 
cortisol which capture acute stress levels (Phillips et al. 2021). 
Chronically elevated cortisol levels can dysregulate the HPA 
axis, which leads to heightened inflammation in the body in-
stead of the downregulation of the immune system. These 
findings are similar to results from studies conducted among 
industrialized populations where chronic stress increased in-
flammation via a dysregulated HPA axis (McDade, Lindau, and 
Wroblewski 2011; Schnall et al. 2022).

Drought is a significant environmental stressor that exacerbates 
existing stressors, increases resource insecurity, and thus may 

TABLE 2    |    Mixed-effects linear regression model testing association 
of fingernail cortisol concentration and severe water insecurity on 
natural log-transformed C-reactive protein (n = 128).

Model 1 Model 2 Model 3

ln(CRP) ln(CRP) ln(CRP)

Beta Beta Beta

VARIABLES (SE) (SE) (SE)

Fingernail cortisol 
concentration (ln)

0.58*** 0.56***

(0.11) (0.12)

High water insecurity 
(% HWISE ≥ 24)

0.32 0.23

(0.22) (0.19)

Previous malaria 
infection in last 5 years

0.63***

(0.16)

Household income (ln) −0.03

(0.03)

Number of times moved 
in last year

−0.09***

(0.04)

Livestock wealth (ln) −0.02

(0.04)

Weekly water fetching 
trips (per 3)

−0.26***

(0.09)

Individual's age (years) 0.00

(0.01)

Male (vs. female) 0.06

(0.49)

BMI (kg/m2) 0.04

(0.04)

Observations 128 128 128

Note: Mixed effect models with observations nested within seven communities 
and 99 households with robust standard errors. CRP is serum-equivalent.
Abbreviations: HWISE, Household Water Insecurity Experiences scale; Ln, 
natural log-transformed.
***p < 0.01, **p < 0.05.
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contribute to increased inflammation in affected populations 
(Kelley et  al.  2015). As water becomes scarce, pastoralist and 
agricultural communities worldwide struggle to access clean 
water for drinking, cooking, sanitation, and agriculture, result-
ing in heightened competition for resources and increased stress 
and anxiety (Aiuvalasit and Jorgeson 2024). Prolonged droughts 
are linked to mental health challenges, such as stress, anxiety, 
and depression, particularly among rural populations reliant on 
agriculture (Hayes et al. 2018). Chronic psychological stress due 
to the family environment can activate inflammatory pathways 
in the body, leading to increased levels of pro-inflammatory cy-
tokines (Schreier and Chen 2017). It is likely that the drought 
and its effects on everyday life in Daasanach communities drove 
the measured cortisol concentrations. The resulting inflamma-
tory response can exacerbate existing health conditions, leading 
to increased malnutrition, which in turn elevate morbidity and 
mortality rates among vulnerable populations (Lookadoo and 
Bell  2020). Additional work is needed to assess these connec-
tions to health and longevity among Daasanach.

Chronic stress increases the likelihood of future disease as a 
result of its effect on the immune system, including conditions 
such as diabetes, cardiovascular disease, and autoimmune 
disorders (Sapolsky  2005). Importantly, the relationship be-
tween stress and cortisol is not always linear; chronic stress 
can also decrease cortisol levels, which highlights the im-
portance of contextualizing the effects of stress in specific 
communities and circumstances. In some cases, research has 
shown that severe natural disasters can result in suppressed 
cortisol levels many years later, or HPA burnout, as was found 
among survivors of the 2005 Indian Ocean tsunami (Lawton 
et  al.  2023). This condition is potentially caused by chronic 
stress that results in HPA axis fatigue (Heim, Ehlert, and 
Hellhammer  2000; Miller, Chen, and Zhou  2007). However, 
in this sample of Daasanach, FCC levels were higher than 
those found among other small-scale populations or those 
dealing with stress—that is, refugees (Gettler et  al.  2021; 
Jankovic-Rankovic et  al.  2020). Specifically, the mean FCC 
for Daasanach in this study was 8.5 pg/mg which was higher 

TABLE 3    |    Mixed-effects logistic regression model testing association of fingernail cortisol concentration and severe water insecurity on odds of 
elevated C-reactive protein (n = 128).

Variables

Model 1 Model 2 Model 3

CRP ≥ 1 mg/L CRP ≥ 1 mg/L CRP ≥ 1 mg/L

Odds ratio 95% CI Odds ratio 95% CI Odds ratio 95% CI

Fingernail cortisol concentration (ln) 2.24*** 2.69***

(1.66–3.03) (1.84–3.95)

High water insecurity (% HWISE ≥ 24) 2.25*** 2.23***

(1.25–4.05) (1.34–3.72)

Malaria infection in last 5 years (yes) 0.81

(0.52–1.26)

Household income (ln) 0.97

(0.90–1.04)

Number of times moved in last year 0.96

(0.88–1.04)

Livestock wealth (ln) 0.93+

(0.85–1.00)

Weekly water fetching trips (per 3) 0.71***

(0.59—0.85)

Individual's age (years) 0.99

(0.96–1.02)

Male (vs. female) 1.05

(0.43–2.57)

BMI (kg/m2) 1.08

(0.92–1.28)

Observations 128 128 128

Note: Mixed effect models with observations nested within seven communities and 99 households with robust standard errors.
Abbreviations: HWISE, Household Water Insecurity Experiences scale; Ln, natural log-transformed.
***p < 0.01, **p < 0.05, +p < 0.1.
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than adult Serbian refugees (4.4 pg/mg), adult refugees in 
Kukuma Refugee camp in northwestern Kenya (2.6 pg/mg), 
and Congolese BaYaka adults (4.4 pg/mg) (Gettler et al. 2024). 
Future work is needed to see how FCC levels change over 
time—particularly among those with higher cortisol levels 
observed during the drought to better understand if the levels 
exhibited by Daasanach in 2022 were downregulated or not.

The energy demands of immune activation can significantly 
impact an individual's life history by diverting finite resources 
away from growth and reproduction (Urlacher et  al.  2018). 
Previous research suggests that acute increases in immune 
function lead to higher resting metabolic rate (Drabsch 
et al. 2018; Muehlenbein et al. 2010; Urlacher et al. 2019; Utaka 
et  al.  2005). However, low-grade immune activation has been 
shown to contribute to negative energy balance and weight loss 
in certain populations (Lacourt et al. 2018; Wang and Ye 2015), 
which may also be expected in rural areas during droughts or 
periods of other environmental stress. Prior work has demon-
strated that highly seasonal food supply in this environment 
drives extreme seasonality of births among Turkana pastoral-
ists (Leslie and Fry 1989). Thus, inflammation may pull energy 
away from other critical functions (body repair, maintenance, 
and reproduction) among Daasanach and may contribute to 
malnutrition and energy deficits, thereby affecting growth and 
reproductive health, and increasing risk of future metabolic dis-
ease (Einarsson, Laurell, and Tiblom Ehrsson 2020; Pontzer and 
McGrosky  2022). Though immune responses are prioritized, 
high energy costs in chronic immune activation may result in 
life history trade-offs in the form of reduced reproduction or 
growth within this community (Urlacher 2023).

4.2   |   Water Insecurity and Inflammation

This study found that severe water insecurity was associated 
with greater levels of low-grade inflammation. These findings 
suggest that uniquely high water insecurity experienced during 

drought is not only associated with greater psychosocial stress 
(Rosinger  2023b), but also the biological well-being of pasto-
ralists. Water insecurity as measured by HWISE captures a 
suite of lived experiences related to water, from worrying about 
having enough water on a given day, to having enough water 
to cook, bath, and wash clothes and dishes, to daily interrup-
tions due to water problems, to going to sleep thirsty. During 
the 2022 drought, each dimension of water insecurity was 
strongly affected as > 90% of participants affirmed each of the 
12 HWISE items (Figure S1). Thus, the multifaceted dimensions 
of water insecurity, including access, availability, use, and re-
liability captured by HWISE were all impacted (Rosinger and 
Young 2020). High levels of water insecurity as measured by an 
HWISE score of 24 or greater captures situations in which the 
household has responded that they sometimes experienced each 
of the 12 items. The present paper found that the proportion of 
Daasanach household heads experiencing high levels of water 
insecurity was 40%, which represents an increase from before 
the drought in 2019 when ~34% experienced severe water insecu-
rity (Ford et al. 2023). Our prior research has demonstrated that 
water insecurity was associated with greater psychosocial stress 
and food insecurity (Bethancourt et al. 2023; Ford et al. 2023) 
as well as mobility ideation due to water problems, which was 
associated with higher FCC (Rosinger et al. 2024). This stress 
can further drive systemic inflammation, as supported by stud-
ies linking environmental stressors to elevated inflammatory 
markers like CRP (Sewpaul et al. 2019).

However, severe water insecurity is also often related to poor 
water quality, which can increase risk of diarrheal infections 
(Rosinger and Young  2020). Previous research has shown an 
association between environmental enteric dysfunction (EED), 
malnutrition, and water insecurity (Miller et  al.  2021; Wu 
et al. 2016). Poor water quality can increase intestinal inflamma-
tion and thus elevate CRP levels via exposure to enteric patho-
gens and environmental contaminants (Lauer et al. 2020; Miller 
et al. 2021). However, our results that severe water insecurity was 
associated with mildly elevated CRP even when excluding those 

FIGURE 3    |    Forest plot of mixed effect logistic regression exam-
ining the relationship between fingernail cortisol concentration, wa-
ter insecurity, and covariates on odds of elevated C-reactive protein 
among Daasanach adults in northern Kenya. N = 128; full model results 
presented in Table  3, Model 3. HWISE, Household Water Insecurity 
Experiences scale; Ln, natural log-transformed; No., number. wk, week.
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FIGURE 4    |    Predicted probability of mildly elevated C-reactive 
protein and 95% confidence intervals by water insecurity status among 
Daasanach adults in northern Kenya.  Note: Figure adjusted for the 
range of covariates in Table 3, Model 3, (n = 128). Not severely water 
insecure defined as HWISE < 24; highly water insecure defined as 
HWISE ≥ 24.
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with clear active infections suggests that experiencing severe 
water insecurity may be a pathway leading to differentially ele-
vated CRP levels (Figure 2). These findings indicate that support-
ing access to adequate and clean water, at all times, but especially 
during climatic stress, could alleviate some stressors related to 
drought-induced water insecurity, potentially reducing chronic 
stress and inflammation (Lauer et al. 2020; Sewpaul et al. 2019).

Extreme drought conditions can compromise water quality and 
availability, impacting both human health and lifestyle (Levy 
et al. 2016). Yet, coping strategies to water insecurity may alle-
viate this burden. We found that a higher number of household 
water fetching trips was associated with lower odds of elevated 
mild inflammation. Water fetching is one coping strategy used 
to increase water availability for a household, thereby acting as 
a mediator that may decrease stress induced by water insecurity. 
Shared water fetching within and between households, particu-
larly for vulnerable groups like pregnant women or older adults, 
can act as a safety net, thereby reducing the psychosocial stress 
associated with water insecurity (Sadhir et  al.  2024). In our 
study, three elderly adults who reported not fetching water had 
their children or grandchildren who did not live with them fetch 
water for them. Yet water fetching may also be associated with 
inflammation due to its connection to physical activity. Water 
fetching in the study context involves usually walking multiple 
hours each day and carrying heavy jerrycans. Thus, water fetch-
ing is a form of habitual physical activity, which has been shown 
to reduce inflammation (Kasapis and Thompson 2005). This is 
consistent with findings from Boateng and colleagues, who re-
ported that implementing effective coping strategies for water 
insecurity can mitigate its psychosocial effects, potentially pre-
venting increases in CRP levels (Boateng et  al.  2018). Future 
work should examine how coping strategies to water insecurity 
are associated with other health outcomes.

4.3   |   Extreme Climatic Events, Lifestyle Changes, 
and Inflammation Among Pastoralists

Michael Little (Little 1989) contended that drought is a key as-
pect of pastoralist life, and as such it is critical to understand 
the biological effects of drought and any behavioral responses 
that work to mitigate the negative health effects (Leslie and 
Little  1999). Our results demonstrate that despite living in a 
semiarid environment prone to drought, the experience of liv-
ing through a drought still produces negative ripple effects in 
Daasanach biology. Drought disrupts food supplies, leading to 
food insecurity, which may have implications for both psycho-
social stress and inflammation. Food insecurity can cause nutri-
tional deficiencies, impairing immune function, and increasing 
susceptibility to infections (Cianconi, Betrò, and Janiri  2020). 
In our study, all participants were classified as severely food in-
secure, which likely contributed to both heightened stress and 
inflammation via nutritional insults.

Pastoralists are currently experiencing climatic changes as 
the pace of lifestyle transitions also accelerates, thus changing 
community mobility, activity patterns, and diets (Galvin 2009). 
Exposure to various lifestyle changes and environmental condi-
tions has implications for inflammation processes. As Daasanach 
settle into more permanent communities, decreases in overall 

mobility lower physical activity levels, but also heighten the 
likelihood of encountering fecal material. Our previous research 
showed that actual mobility decreased in 2022 as the drought 
intensified compared to before the drought, even though there 
was a rise in mobility ideation and many individuals moved to 
the main market town of Illeret, where communities are less 
mobile (Rosinger et al. 2024). When mobility is limited among 
pastoralists due to climate change, socioeconomic pressures, or 
lifestyle transitions, pastoralists often report a greater number 
of health problems (Barkey, Campbell, and Leslie 2001; Lukas, 
Campbell, and Campbell  2005) as well as increased risk of 
cardiovascular disease risk factors (Lea et  al.  2020; Swanson, 
Bethancourt, et al. 2023). In this study, we found that approx-
imately 56% of Daasanach adults had CRP > 1 mg/L while 31% 
had CRP > 3 mg/L. This prevalence of elevated CRP > 3 mg/L is 
similar to adults living in Kukuma Refugee camp in northern 
Kenya (36.6%) (Gettler et  al.  2024). The interactions between 
diet, physical activity, and exposures to pathogens are key to 
modulating inflammatory responses and, consequently, the risk 
of chronic diseases. Research shows that diets high in fruits, 
vegetables, whole grains, and healthy fats—which are not com-
monly available to Daasanach (Bethancourt et al. 2023)—have 
been associated with reduced inflammation (Fujita et al. 2014). 
Thus, in this environment, shifts in lifestyle factors like diet in 
combination with climatic conditions may influence inflamma-
tion and disease status (Iannotti et al. 2022).

Lifestyle transitions toward settlement in more densely popu-
lated, market-based areas have many draws including increased 
access to food, water, and other resources such as education 
and electricity (Galvin  2009; Reid, Fernández-Giménez, and 
Galvin 2014). However, these settlements often lack  the infra-
structure necessary to adequately dispose of human and animal 
waste. Over time, these conditions further increase the risk of 
coming into contact with fecal and other pathogens (Leal Filho 
et  al.  2020; Sproston and Ashworth  2018). Prior work high-
lighted that in communities reliant on livestock, close interac-
tions between humans and animals can facilitate the spread 
of zoonotic diseases, potentially resulting in asymptomatic in-
fections (Asante, Noreddin, and El Zowalaty  2019; Leal Filho 
et al. 2020). Increased exposure to fecal pathogens can trigger 
immune responses and subsequently potentially lead to elevated 
low-grade CRP levels when this is a chronic occurrence in the 
way of intestinal parasites and high-grade inflammation in the 
event of an acute event (Ansar and Ghosh  2016). It is notable 
that among our covariates, increased number of moves in the 
prior year and greater number of times water fetching, which are 
both lifestyle proxies that help distinguish some level of physi-
cal activity as well as potential exposure, were associated with 
lower inflammation. As many in the Daasanach community 
rely on hand-dug wells both for their households and their live-
stock, sedentarization may pose a significant issue by increasing 
pathogenic exposure that can trigger gastrointestinal inflamma-
tion (Bell et al. 2018), but in the long-term, lead to increased risk 
of chronic inflammation (Lea et al. 2020).

4.4   |   Strengths and Limitations

The strengths of this study include the collection of both sur-
vey and biological samples to assess conditions related to 
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inflammation and stress, with data gathered during a period of 
uniquely intense water insecurity. However, as a cross-sectional 
analysis from one time point, it is limited in its ability to infer 
causality. Additionally, it is unable to distinguish between 
chronic inflammation and acute inflammation. Prior work with 
small-scale populations suggests that CRP levels ≥ 1 mg/L gen-
erally represent mild, but costly acute inflammation as there is 
limited evidence of chronic inflammation in those populations 
(Mcdade et al. 2012; Urlacher et al. 2018). However, our results 
were mostly consistent when using a 3 mg/L cutoff and when ex-
cluding participants who may have had active infections; thus, 
we cannot rule out that chronic stress from drought conditions 
and severe water insecurity may lead to differential CRP pro-
files. The sensitivity analysis using CRP ≥ 3 mg/L as the cutoff 
likely captures individuals experiencing acute-phase inflam-
mation that may introduce error into the analysis. Second, the 
statistical power is likely reduced with fewer individuals in 
the elevated category and a less balanced sample—thus poten-
tially explaining why high WI was no longer associated with 
elevated CRP in the linear models and the sensitivity analysis. 
Additionally, as we only have fingernails from one timepoint in 
2022 and due to the fact that FCC averages cortisol levels over 
the period reflective of the fingernails, here designed to capture 
the height of the drought, it is not able to distinguish changes in 
cortisol levels within individuals. Future research should inves-
tigate how these stressors impact direct measures of cardiomet-
abolic health, other biomarkers, including additional measures 
of inflammation (e.g., pro-inflammatory cytokines) and gastro-
intestinal microbiomes as well as the risk of noncommunicable 
diseases in pastoralist communities. Similarly, future research 
should explore how sexual division of labor and increasing mar-
ket integration affects these relationships.

5   |   Conclusion

In this study, we found that higher FCC and severe water insecu-
rity were significantly associated with elevated circulating CRP 
during a historic drought in northern Kenya. This study provides 
additional evidence for how an extreme drought negatively af-
fects pastoralists' biology through the complex relationships be-
tween chronic stress, water insecurity, and inflammation. More 
broadly, these results highlight how exposures to extreme cli-
matic events can negatively influence the well-being and health 
of these populations. The impact of drought on human health is 
a pressing global health issue, especially among marginalized 
and under-resourced populations who already face health and 
economic disparities and are likely to bear the brunt of climate 
change. This is particularly important to understand given the 
central role of inflammation in the etiology of cardiometabolic 
and other noncommunicable diseases that are rising rapidly 
in low- and middle-income countries. Multisectoral strategic 
investments are needed in reliable and safe water sources, par-
ticularly in areas experiencing severe water insecurity, to foster 
resilience in communities facing the effects of climate change.
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