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A B S T R A C T   

Use of agrochemicals, including insecticides, is vital to food production and predicted to increase 2–5 fold by 
2050. Previous studies have shown a positive association between agriculture and the human infectious disease 
schistosomiasis, which is problematic as this parasitic disease infects approximately 250 million people world
wide. Certain insecticides might runoff fields and be highly toxic to invertebrates, such as prawns in the genus 
Macrobrachium, that are biocontrol agents for snails that transmit the parasites causing schistosomiasis. We used 
a laboratory dose-response experiment and an observational field study to determine the relative toxicities of 
three pyrethroid (esfenvalerate, λ-cyhalothrin, and permethrin) and three organophosphate (chlorpyrifos, mal
athion, and terbufos) insecticides to Macrobrachium prawns. In the lab, pyrethroids were consistently several 
orders of magnitude more toxic than organophosphate insecticides, and more likely to runoff fields at lethal 
levels according to modeling data. At 31 water contact sites in the lower basin of the Senegal River where 
schistosomiasis is endemic, we found that Macrobrachium prawn survival was associated with pyrethroid but not 
organophosphate application rates to nearby crop fields after controlling for abiotic and prawn-level factors. Our 
laboratory and field results suggest that widely used pyrethroid insecticides can have strong non-target effects on 
Macrobrachium prawns that are biocontrol agents where 400 million people are at risk of human schistosomiasis. 
Understanding the ecotoxicology of high-risk insecticides may help improve human health in schistosomiasis- 
endemic regions undergoing agricultural expansion.   

1. Introduction 

Globally, an estimated 1/3 of crops are produced using pesticides 
(Zhang et al., 2011). The growing use of synthetic chemicals, including 
pesticides, is a driver of global change (Bernhardt et al., 2017; Manush 

et al., 2004) that is outpacing other drivers, such as increasing atmo
spheric CO2 and the loss of both habitat and biodiversity (Bernhardt 
et al., 2017). The use of agricultural pesticides is expected to increase by 
2–5 fold by 2050, particularly in Africa where the human population 
will double to >2 billion by 2050 (Tilman et al., 2011; UN, 2020). 
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Pesticides increased harvest yield by approximately one-third across 
several sub-Saharan African countries (Sheahan et al., 2017). 

Insecticides are pesticides applied to protect crops from insect 
damage, with organophosphates and pyrethroids most commonly used 
by small scale farmers in Africa (Atwood and Paisley-Jones, 2017; 
Salami et al., 2010) and globally (Zhang, 2018). Organophosphates are a 
class of insecticides that act by inhibiting the enzyme acetylcholines
terase (Newman and Unger, 2003), whereas pyrethroids interfere with 
voltage-gated sodium channels (Soderlund and Bloomquist, 1989). 
Despite different modes of action, use, and benefits for food production, 
both insecticide classes can be toxic to aquatic animals (Halstead et al., 
2015). Unfortunately, the indirect ecological impacts of pesticides are 
far less studied than other agents of global change, and adverse effects of 
pesticides found under laboratory conditions remain largely unverified 
in the environment (Bernhardt et al., 2017). Additionally, such 
non-target effects could be influencing aquatic species involved in the 
transmission of certain infectious diseases of humans (Rohr et al., 2019), 
including snail-borne human schistosomiasis. 

Two genera of freshwater snails in Africa, Bulinus and Biomphalaria, 
are responsible for transmitting human schistosomes, parasites that 
infect more than 250 million people worldwide and nearly 200 million 
in sub-Saharan Africa, and cause approximately 200,000 deaths in Af
rica annually (Adenowo et al., 2015; Vos et al., 2016). In many African 
countries, collecting water for drinking and washing household items at 
local, and sometimes polluted, lakes and rivers is a daily part of life. 
Thus, individuals receiving drug treatment for the disease can become 
rapidly re-infected by infected intermediate host snails that remain in 
the water and release thousands of free-swimming parasites into the 
water each day for up to a year (Mutuku et al., 2014). Snail abundance 
and factors that influence it are key to disease control (Civitello et al., 
2022; Civitello et al., 2018; Haggerty et al., 2020; King and Bertsch, 
2015; Nguyen et al., 2021; Sokolow et al., 2018; Wood et al., 2019). 
Importantly, schistosomiasis is especially prevalent in rural areas where 
agricultural expansion has occurred (Rohr et al., 2019; Rohr et al., 
2022), suggesting that agrochemical pollution of waterways might be 
one important factor contributing to disease risk. Recent experimental 
evidence suggests that insecticide runoff into aquatic systems can foster 
snail populations, and potentially Schistosoma transmission risk, by 
killing important snail predators (Haggerty et al., 2022; Halstead et al., 
2018), although the degree to which this happens has yet to be 
determined. 

Macrobrachium prawns are natural predators of freshwater snails in 
most schistosomiasis-endemic regions of the world (Sokolow et al., 
2014, 2017). Prawns look very similar to crayfish, but unlike crayfish, 
they migrate to estuaries to breed. The river prawns M. vollenhovenii and 
M. rosenbergii, native to Africa and the Indo-Pacific region, respectively, 
have been proposed as agents of biological control for schistosomiasis 
(Ozretich et al., 2022; Sokolow et al., 2015). While M. rosenbergii is not 
native to Africa, it possess a similar size, shape, and physiology as native 
M. vollenhovenii and monosex populations, which are unable to inter
breed with M. vollenhovenii (Savaya-Alkalay et al., 2018), show great 
potential for use as biological control agents for schistosomiasis in Africa 
(Levy et al., 2019). Thus, if one or both Macrobrachium prawns are 
vulnerable to insecticides, they may represent an important link in the 
relationship between agricultural expansion and human schistosomiasis 
and impede efforts to introduce the species into African waterways as a 
public health intervention to control schistosomiasis (Hoover et al., 
2019). Recent experimental work has demonstrated that environmen
tally common insecticide concentrations reduce survival of invertebrate 
snail predators, including the crayfish Procambarus alleni (Halstead 
et al., 2015) and Macrobrachium lar from the Philippines (Bajet et al., 
2012). Although P. alleni was previously used in several mesocosm ex
periments examining the effects of insecticides on snails and Schistosoma 
parasites (Halstead et al., 2015; Halstead et al., 2018), it is unclear 
whether insecticides used by rural communities in developing countries 
are reducing the survival of Macrobrachium species used as biological 

control agents of human schistosomiasis. 
This study aimed to address the above knowledge gaps by using a 

laboratory study to determine the relationship between concentrations 
of six insecticides, three organophosphates and three pyrethroids, and 
survival of M. rosenbergii. We then performed an observational field 
study using caged M. vollenhovenii placed into 31 waterways along the 
Senegal River in Senegal, Africa that varied in organophosphate and 
pyrethroid applications in their surrounding landscape. Based on pre
vious work using similar invertebrate snail predators and insecticides 
(Bajet et al., 2012; Halstead et al., 2015), we hypothesized that, in both 
the laboratory and the field, each insecticide class would lower Macro
brachium survival relative to controls, but that pyrethroids would be 
associated with greater mortality than organophosphates. 

2. Materials and methods 

2.1. Lab study 

2.1.1. Selecting test concentrations using an estimated environmental 
concentration model 

Three organophosphate (chlorpyrifos, malathion, and terbufos) and 
three pyrethroid insecticides (esfenvalerate, λ-cyhalothrin, and 
permethrin) were selected for this dose-response study. These chemicals 
were chosen because they are some of the most widely used insecticides 
on the planet, most are regularly used in vegetable crops in Senegal 
(Diop et al., 2016), and most were commonly detected in a study that 
included environmental sampling of 63 sites (9000 data points) along 
the Niger, Senegal and Bani Rivers of West Africa (Anderson et al., 
2014). In fact, chlorpyrifos, esfenvalerate, λ-cyhalothrin, and 
permethrin were some of the most common insecticides detected in this 
extensive field sampling (Anderson et al., 2014). Technical grade in
secticides were used for all laboratory trials (purity >98%; Chemservice, 
West Chester, PA, USA). 

Dose-response studies should ideally be linked to relevant field 
concentrations so that their ecological relevance can be evaluated. To 
select experimental concentrations for each chemical and to assess the 
ecological relevance of the derived LC50 values, we followed the 
methods of Halstead et al. (2015). Briefly, we used the United States 
Environmental Protection Agency (US EPA) Surface Water Calculator 
software to generate 150 simulated annual peak estimated environ
mental concentrations (EECs) in a standardized lentic waterbody. In the 
software, the waterbody is a set distance from the field where the 
insecticide was applied according to the instructions on the product 
label. The software calculates an EEC based on inputs of pesticide traits 
(e.g. half-life and adsorption), application amount and frequency, and 
soil and climatic characteristics (based on a region of interest; see 
Table S1 for details on the parameters used in the model). In risk as
sessments conducted by the US EPA, EECs are compared against toxicity 
values (e.g. LC50) to characterize the likelihood of toxicity at a given 
level of exposure (USEPA, 2004; USEPA, 1992; Rohr et al., 2016). 
Evaluation of EECs in this way informs the development of environ
mental standards, policies, guidelines, and regulations, as well as the 
registration and reregistration of chemicals for legal use (USEPA, 2004). 
Additionally, this model has been validated against actual field con
centrations (USEPA, 2004). We took the approach of offering a distri
bution of estimating peak field concentrations because (1) they are used 
in registration and regulation decisions, (2) environmental concentra
tions of pesticides in West Africa are rare and thus likely miss peak 
concentrations (but see Anderson et al., 2014; Diop et al., 2016; 
Savaya-Alkalay et al., 2018), and (3) studies have shown that field 
concentrations often do not capture peak concentrations within or 
across years (Rumschlag et al., 2019a). Importantly, a survey of pesti
cide residues on vegetables in Senegal revealed pesticide detection fre
quencies consistent with high frequencies of use, contamination levels 
that exceeded local regulations, the use of banned pesticides, and use 
patterns that were inconsistent with label instructions (Diop et al., 
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2016), suggesting that EECs could be conservative estimates of true 
environmental concentrations in Senegal. Once a defensible distribution 
of EECs was obtained, we conducted an under-powered pilot study using 
a range finding procedure and selected a range of experimental con
centrations (Table S2) for each insecticide that spanned the EECs as well 
as known LC50 values of related species for these or related insecticides 
(Table S3). 

2.1.2. Experimental design 
To perform a dose-response study of the six insecticides, we procured 

juvenile M. rosenbergii (25–40 mm) from a commercial supplier (Aqua
culture of Texas, Inc., Weatherford, TX, USA). Because they were juve
niles, they did not yet have secondary sexual characteristics for gender 
identification. Unfortunately, we could not locate a similar commercial 
supplier of M. vollenhovenii in the United States. 

Our LC50 experiment used a static, nonrenewal (no water changes) 

dose-response design with five concentrations for each insecticide (n = 5 
prawns per concentration, see Table S2 and Fig. 1 for tested concen
trations) 10 solvent controls (12 mL/L acetone), and 10 water controls. 
The concentrations were determined based on a serial dilution of a stock 
solution (measured concentrations of stock solutions were within 15% of 
the nominal concentrations based on Abraxis ELISA test kits). We chose 
not to implement a static renewal design for two reasons. First, we were 
using the methods of Halstead et al. (2015), which conducted the same 
study as ours but on crayfish. Given that Halstead et al. (2015) employed 
a static, nonrenewal design, we implemented the same methods to 
facilitate comparison. The second reason we used a static, nonrenewal 
approach is so that the results were more relevant to our field study (see 
below). A 10-d exposure to a relatively constant concentration of 
insecticide is uncommon in most field settings. Typically, pesticides 
enter waterbodies after the first rain post pesticide application and then 
degrade thereafter. Hence, a single dose comes closer to matching 

Fig. 1. Dose-response curves for Macrobrachium rosenbergii after 96-h of exposure to three pyrethroid (a–c) and three organophosphate (d–f) insecticides. The 
horizontal bar represents the 95% confidence interval around the LC50 estimate, with the estimate itself at the point where the confidence interval intersects the 
curve. The shaded areas represent concentrations above the US EPA’s level of concern of 0.5 x LC50 (medium gray) for acute high risk to aquatic organisms. The light 
gray and dark gray regions represent the area of concern calculated from the lower and upper 95% confidence limits of the LC50 estimate, respectively. The gray line 
curves give the kernel density estimates from 150 simulated annual peak environmental concentrations (EECs) in ponds determined from the US EPA Surface Water 
Calculator (SWC) for each insecticide. Thus, those portions of the gray curve within the shaded areas of each plot indicate simulated peak EECs above the US EPA’s 
level of concern (proportions provided in Table 1). The open and black triangles along the x-axes indicate the median and maximum EECs, respectively, from the SWC 
simulations. 
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conditions in our field study. However, we acknowledge that a nonre
newal approach underestimates the 10-d toxicity relative to a static 
renewal design. 

Each insecticide tested, including controls, had a total of 45 experi
mental units (n = 45 prawns per insecticide). Prawns were randomly 
assigned to treatments that were known to the investigator. Our sample 
size was adopted from the similar experimental study by Halstead et al. 
(2015). We chose a non-flowing water exposure because preliminary 
visits to field sites in 2019 using a JDC Instruments Flowatch, water flow 
meter, detected zero water flow within our water access field sites. We 
conducted trials in March 2017. Each replicate consisted of a single 
M. rosenbergii in a 500 mL glass jar, filled with 400 mL of artificial spring 
water (Table S4; Cohen and Neimark, 1980), and capped with a screen. 
These jars were maintained in a laboratory at 23.5 ◦C. The water had a 
pH of 7.7 and starting dissolved oxygen >60%. Each individual was fed 
0.16 g of shrimp pellets (Cobalt International, South Carolina, USA) ad 
libitum. The prawns were acclimated for two weeks prior to the start of 
the experiment. Once the experiment started, survival was assessed 3, 
12, and 24 h after insecticide application, and daily thereafter for 10 
days. 

2.1.3. Data analyses 
We used the drc package (Ritz et al., 2015) in R 4.0.4 statistical 

software (RCoreTeam, 2018) to generate dose-response curves and es
timate LC50 values. Two-parameter logistic models were used to esti
mate 96-h and 10-d LC50 values, and we approximated 95% confidence 
intervals around each LC50 value using the variance of the estimate and 
then back-transforming from the log scale (Ritz et al., 2015). We then 
used our LC50 estimates to determine the proportion of the simulated 
EEC values that exceeded the US EPA’s level of concern, which is defined 
as ≥ 50 percent of the LC50 value (0.5 x LC50) (USEPA, 2020). In
secticides with EECs that exceeded the level of concern are more likely 
to enter water bodies at levels toxic to the focal species when applied at 
their label rates (see Table S1 for label rates). 

To determine if differences in prawn survival were more associated 
with either individual chemicals or chemical class, we performed a Cox 
mixed effects model for the survival of prawns across all treatments 
using the R package survival (Therneau, 2020). We converted all con
centrations to toxic units (TUs) using SPEAR Calculator software 
(v0.8.1, Department System Ecotoxicology – Helmoltz Center for Ehr
sam et al., 2016) to account for variation in absolute toxicity among 
chemicals, as described by Halstead et al. (2015). Standardized chemical 
concentration was used as a continuous fixed effect in the model, and 
random intercepts for each chemical were nested within their respective 
chemical classes (pyrethroid or organophosphate). Coefficients of the 
random effects were used to determine the contribution of each chem
ical and chemical class to overall mortality risk. 

2.2. Field study 

2.2.1. Study area and village selection 
Our field study took place at 31 water points across 16 villages in 

Northern Senegal, a schistosomiasis hyper-endemic region experiencing 
rapid agricultural expansion. All of our sites were located along the 
Senegal and Lampsar Rivers and the shore of Lac de Guiers (16◦15′N 
15◦50′W). Our study region was once populated by M. vollenhovenii 
before the construction of the Diama dam that prevented prawn 
breeding migrations to estuaries, which led to the loss of prawns up
stream of the dam (Savaya Alkalay et al., 2014). Shortly after the dam 
was constructed, and its associated environmental changes materialized, 
Schistosoma infection increased and led to perennially high infection 
levels (Steinmann et al., 2006; Talla et al., 1992; Talla et al., 1990). 

2.2.2. Insecticide use 
We conducted a survey of 663 households at the 16 study villages in 

2016 to collect data on the area of crop land where different types of 

insecticides were used. A respondent from each household was asked to 
report the area of cultivated land they controlled as well as their use of 
insecticide on their land. We then calculated the total area on which 
each class of insecticide was applied in each village. Household surveys 
were approved by Internal Review Board of the University of California, 
Santa Barbara (Protocol # 19–170,676) and in Senegal by the National 
Committee of Ethics for Health Research from the Republic of Senegal 
(Protocol #SEN14/33). 

2.2.3. Prawn survival 
To investigate prawn survival, we captured wild M. vollenhovenii 

downstream of the Diama dam and temporarily housed them in an 
outdoor freshwater pond located nearby in St. Louis, Senegal. A subset of 
mature prawns was collected from the holding pond and transported to 
experimental cage enclosures at village water points. The average 
weight (±1 SD) of prawns used in the experiment was 23.3 g (±9.2). We 
released adult M. vollenhovenii individually into small known-fate en
closures made of a fishing-net overlaid upon a metal frame that was 
approximately 30 × 30 × 60 cm in size. The cages were not baited and 
thus prawns were allowed to forage upon prey that naturally entered the 
cage over time. We deployed one cage for each of 31 water access points 
across 16 villages. We used a small sample size of 16 villages because of 
the logistics of performing a village-level social survey and the consid
erable distance and difficulty of traveling between rural villages in our 
study region of Senegal. We randomly assigned one prawn to each cage 
and prawn survival was checked daily by a local villager, given personal 
protective equipment (waders and shoulder length gloves), who was 
blind to our agricultural surveys or abiotic conditions near cages. Any 
prawns that died were replaced at the end of each month from the start 
of the study in March until the end in October 2019 (8 months). Thus, 
225 prawns were deployed and we had survival times for each except 
those that lived until the end of the experiment (which were censored in 
the survival analysis, see below). Before each prawn was placed in its 
cage, we recorded its mass (g), sex, and number of claws. We also 
recorded the water temperature (◦C) at the cage during the prawn 
release and various other abiotic and biotic variables (see below). 

2.2.4. Estimated runoff and abiotic conditions 
We flew a drone with a 12.4 MP camera above each water access 

point in July 2019 to estimate aquatic vegetation cover because it is very 
dense in our study region and might intercept insecticide runoff or 
change abiotic conditions near prawn cages. The drone flew at an alti
tude of approximately 150 m above the prawn cages, and travelled in all 
four cardinal directions from those locations, capturing images every 5 s 
to a distance of 300 m from the water access point. All images for each 
village were aligned using Agisoft Photoscan Professional to create both 
an orthomosaic and a digital elevation model (DEM). We used the 
orthomosaic (16 cm/pix resolution) in QGIS 3.2 to estimate the amount 
of emergent vegetation within a 100-m buffer around each prawn cage. 
To characterize site topography, we used the DEM (6 m/pix resolution) 
in QGIS 3.2 to estimate percent slope from each prawn cage to the 
nearest planted field. Finally, we took the average values of each pre
dictor per village because insecticide use was only available at the 
village-level. To compare abiotic conditions of sites descriptively in 
terms of their suitability for prawns, we also visited a random point at 
each waterway in July 2019 to record average salinity and dissolved 
oxygen values at each village using a YSI Pro multimeter. 

2.2.5. Data analyses 
All statistical analyses were conducted with R 4.0.4 statistical soft

ware (RCoreTeam, 2018). To predict prawn survival, we performed a 
Cox proportional hazards regression analysis using the survival package 
in R and including a single survival time value for each prawn (n = 225 
total prawns). A Cox model estimates regression coefficients for each 
predictor and exponentiated coefficients or hazard ratios. A positive 
regression coefficient suggests that mortality increases with a given 
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predictor. Hazard ratios give the effect sizes, with values > 1, <1, and 
equal to 1 representing predictors that increase, decrease, or have no 
effect on mortality, respectively. Additionally, 95% confidence intervals 
can be estimated for the hazard ratios. One assumption of the Cox model 
is that risk is consistent throughout the study. However, that assumption 
is unlikely to be true in this system because insecticide exposure will 
temporally vary with rainfall and application times. Unfortunately, 
precipitation data was not available from our study region to include it 
as a covariate in our models. Instead, given that exploratory data ana
lyses showed that prawn survival was dependent upon month, we fit a 
stratified Cox model with a strata term for month, which fits separate 
baseline hazard functions for each month. Regression coefficients (and 
associated hazard ratios) optimized for all strata are then fitted. In a 
stratified Cox model, it is not possible to test for differences among levels 
of the strata term (here month). The term + cluster(village) was included 
to account for clusters of correlated observations at the village-level 
(re-sampling of the same villages for prawn survival) and produce 
robust estimates (standard errors adjusted for the non-independence) 
using the grouped jackknife method. We fit an initial global model 
using all village- and prawn-level predictors mentioned above, and a 
reduced model that sequentially dropped the least significant predictors 
until all terms were significant. We also tested for an interaction be
tween emergent plant cover and dissolved oxygen, given that dense 
emergent plants can lower oxygen (Bunch et al., 2010, 2015). 

3. Results 

3.1. Lab study 

We found that pyrethroid insecticides were generally an order of 
magnitude more toxic (lower estimated LC50values) than organophos
phate insecticides (Table 1). Overall, the LC50 (95% CI) of the most toxic 
pyrethroid and organophosphate were 0.25 μg/L (0.07–0.43) for 
esfenvalerate and 16.73 μg/L (7.86–25.60) for chlorpyrifos, respectively 
(Table 1). Greater toxicity of pyrethroid compared to organophosphate 
insecticides for M. rosenbergii in our laboratory experiment is consistent 
with data from the US EPA’s Ecotox database for other Macrobrachium 
species, for example, LC50 values for M. nipponense and M. rosenbergii 
exposed to pyrethroids were 0.05 and 0.03 μg/L (Table 1, Table S3). 
However, we encourage caution in interpreting the terbufos LC50 esti
mate because we did not have a concentration that exceeded 50% 
mortality. Nevertheless, the relative confidence interval for this LC50 
estimate is not consistently larger than the intervals for the other five 
insecticides (Table 1, Fig. 1). 

We found that EEC values of each pyrethroid tested commonly 
exceeded the EPA’s level of concern, defined as half the LC50 value 
(Fig. 1). In contrast, we found that organophosphates rarely exceeded 
the EPA’s level of concern for M. rosenbergii (Table 1). Among organo
phosphates, only chlorpyrifos generated EEC simulations that exceeded 
the EPA’s level of concern, which spanned only three percent of the 
simulations (Table 1). For the three pyrethroids, 17–81% of the exposure 

simulations exceeded the EPA’s level of concern (Table 1). Thus, pyre
throids had a consistently greater chance of exceeding levels of concern 
than organophosphates (Fig. 1; Table 1). 

A Cox mixed-effects survival model indicated that insecticide class 
accounted for 70.7% of the variance in prawn mortality. After 96 h of 
exposure, the three most deadly insecticides (i.e., highest hazard ratios 
or risk per μg/l) were the pyrethroids esfenvalerate and λ-cyhalothrin, 
and the organophosphate chlorpyrifos (Table S5, Table 2). Converting 
all concentrations to toxic units (TUs) using the SPEAR Calculator 
software revealed that, on average, pyrethroid insecticides led to 275% 
more mortality than organophosphates (Table S5). The coefficients of 
random effects suggest that variation among individual insecticides 
within the organophosphate class was largely driven by the relatively 
low risk presented by malathion (Tables 1 and 2). 

3.1.1. Field study 
We documented a total of 1515 ha of agricultural fields using our 

social survey in the 16 villages we sampled in Senegal (Table 3). In
secticides were applied to 60% of the total planted field area and there 
was an average of 47.8 ha (±8.0 SE) of insecticide application per 
village. One organophosphate (dimethoate) and one pyrethroid (delta
methrin) insecticide together made up 78% of the total area where in
secticides were applied. However, chlorpyrifos and permethrin were 
very regularly detected in water samples from extensive field sampling 
along the Niger, Senegal and Bani Rivers of West Africa. Each village 
received an average of 14.1 prawns (±1.4 SE) during the study, which 
depended upon number of water access points at each village. 

Given that Macrobrachium spp. LC50 values for pyrethroids were one 
to two orders of magnitude lower than LC50 values for organophosphates 
and the laboratory hazard ratios suggested that pyrethroids were 
generally more toxic in nature than organophosphates, we hypothesized 
that pyrethroid use (measured as area of insecticide application) would 

Table 1 
LC50 (μg/L) values for M. rosenbergii after 96-h and 10-d exposure using all nominal concentrations of three pyrethroid (esfenvalerate, λ-cyhalothrin, and permethrin) 
and three organophosphate (chlorpyrifos, malathion, and terbufos) insecticides. The second column for each endpoint reports the proportion out of 150 annual peak 
estimated environmental concentrations (EEC) calculated from the US EPA Pesticide in Water Calculator (v.1.52) that exceeded the US EPA level of concern defined as 
one-half the estimated LC50 (see Methods for full explanation of metrics).  

Chemical class Chemical 96-h endpoint 10-d endpoint 

LC50 (95% C.I.) EEC >0.5 x LC50 LC50 (95% C.I.) EEC >0.5 x LC50 

Pyrethroid Esfenvalerate 0.49 (0.12–0.86) 0.71 0.49 (0.12–0.86) 0.71 
Pyrethroid λ-cyhalothrin 0.97 (0.55–1.39) 0.81 0.97 (0.55–1.39) 0.81 
Pyrethroid Permethrin 5.21 (1.31–9.12) 0.17 5.21 (1.30–9.12) 0.17 
Organophosphate Chlorpyrifos 132.70 (18.12–47.28) 0.06 22.40 (11.50–33.31) 0.03 
Organophosphate Malathion 4238.6 (1999.60–6477.60) 0.00 4238.60 (1999.6–6477.6) 0.00 
Organophosphate Terbufos 197.40 (61.52–333.28) 0.00 114.07 (51.28–176.85) 0.00  

Table 2 
Cox survival analysis for Macrobrachium rosenbergii exposed to multiple con
centrations of three pyrethroid (esfenvalerate, λ-cyhalothrin, and permethrin) 
and three organophosphate (chlorpyrifos, malathion, and terbufos) insecticides 
for 10 days. Positive coefficients (coef) indicate that the probability of prawn 
mortality during the study increased with chemical exposure. The hazard ratio 
(HR) is the exponent of the coefficient and indicates the probability of an in
crease in mortality for every 1 μg/L increase in concentration. For example, the 
hazard ratio of 1.051 for esfenvalerate indicates that every 1 μg/L increase in 
esfenvalerate increases the probability of mortality during the study increases by 
5.1%. The 95% confidence intervals are provided for the hazard ratio.  

Chemical coef SE HR (95%CI) z-value p-value 

Esfenvalerate 0.05 0.01 1.05 (1.04–1.07) 6.62 <0.001 
λ-cyhalothrin 0.63 0.09 1.87 (1.69–2.06) 6.69 <0.001 
Permethrin 0.29 0.16 1.34 (1.02–1.67) 1.80 0.072 
Chlorpyrifos 0.16 0.02 1.17 (1.12–1.23) 7.02 <0.001 
Malathion 0.00 0.00 1.00 (1.00–1.00) 6.42 <0.001 
Terbufos 0.01 0.00 1.02 (1.01–1.02) 4.60 <0.001  
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be more positively associated with prawn mortality in Senegalese 
waterbodies than organophosphate use. As predicted, when accounting 
for significant covariates in the final model (Table 3), M. vollenhovenii 
mortality was positively associated with total pyrethroid applications 
(ha) (Fig. 2a), but was not significantly related to organophosphate 
applications (Table S5, Table 3). In villages with pyrethroid use, prawn 
survival decreased rapidly in the first few days after prawn release, 
consistent with the 96-h results of the LC50 trials. 

Prawn mortality was also associated with several covariates. For 
example, prawn mortality was positively associated with water point 
temperature at release (Table 3; Fig. 2b; mean water temperature: 
28.2 ◦C, range: 20–32.6 ◦C), and the average amount of emergent 
vegetation within 100 m of cages (Fig. 2d). Male prawns experienced 

significantly higher mortality than female prawns (Table 3; Fig. 2c). 
Finally, prawn mortality was negatively associated with dissolved oxy
gen (Fig. 2e), whereas mortality was positively associated with con
ductivity (Fig. 2f). We found no significant interaction between 
emergent plant cover and dissolved oxygen (Table S5; p > 0.05). 

4. Discussion 

Synthetic chemicals are important agents of global change, but 
adverse effects of pesticides observed in laboratory studies are rarely 
estimated in the field (Bernhardt et al., 2017). Our laboratory and field 
experiments support the hypothesis that pyrethroid insecticides pose a 
high mortality risk for two species of Macrobrachium predators of snails 
whose declines have been positively linked to schistosomiasis infections 
in humans (Sokolow et al., 2017). We found that M. rosenbergii LC50 
values for three pyrethroids were consistently lower by one or more 
orders of magnitude than organophosphate insecticides, in agreement 
with previous laboratory studies of other invertebrate snail predators 
(Bajet et al., 2012; Halstead et al., 2015). Additionally, these conclusions 
are probably conservative given that our calculated LC50 values for the 
pyrethroid insecticides are probably overestimated relative to the or
ganophosphates because the pyrethroids have higher levels of adsorp
tion (Wheelock et al., 2005). Importantly, expected concentrations of 
pyrethroid insecticides in water bodies are more likely to exceed LC50 
values of Macrobrachium prawns than expected field concentrations of 
organophosphate insecticides. Thus, our findings suggest that pyre
throid insecticides may be more likely to runoff fields and kill prawns 
than organophosphate insecticides. We corroborated these laboratory 
findings in a natural setting by documenting that caged M. vollenhovenii 
survival at water points was better predicted by reported pyrethroid 
rather than organophosphate applications on crop fields near these 
water points. Thus, prawn survival was negatively associated with 

Table 3 
Results of the Cox proportional hazards model after model selection (see 
methods for selection process). Average values for all predictors in the initial 
model are provided in Table S6.  

Predictor coef robust 
SEa 

hazard (95% 
CI) 

z- 
value 

p-value 

Total pyrethroid use 
(ha) 

0.06 0.01 1.06 
(1.03–1.09) 

4.11 <0.001 

Water temperature 
(◦C) 

0.31 0.10 1.36 
(1.12–1.64) 

3.16 0.002 

Sex of prawn (male) 0.43 0.19 1.53 
(1.05–2.24) 

2.20 0.028 

Avg. Emergent 
vegetation (m2) 

<0.01 <0.01 1.00 
(1.00–1.00) 

3.92 <0.001 

Avg. Dissolved oxygen 
(ppm) 

− 0.19 0.05 0.83 
(0.76–0.90) 

− 4.23 <0.001 

Avg. Conductivity 
(μS/cm) 

<0.01 <0.01 1.01 
(1.00–1.02) 

3.13 0.002  

a Wald tests were substituted for likelihood ratio tests to provide robust 
variances. 

Fig. 2. Partial residual plot of the final Cox model (after model selection) showing the association between prawn mortality (log (hazard ratio)) and pyrethroid use 
(a), water temperature (b), sex of the prawn (c), average emergent vegetation with 100 m of the prawn cage (d), average dissolved oxygen (e), and average con
ductivity (f). Each panel shows the marginal effect controlling for the other factors in the model, which are shown in the remaining panels. Plots were generated in 
the R package visreg. Shaded areas represent 95% confidence bandss. 
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pyrethroid and not organophosphate use, despite our study sites actually 
averaging more total organophosphate than pyrethroid insecticide ap
plications reported by households living nearby and our field trials 
occurred at higher temperatures than our laboratory trials, which often 
elevate organophosphate and reduce pyrethroid toxicity (e.g., Boina 
et al., 2009). Although the pyrethroid and organophosphate insecticides 
used in the field did not perfectly match those studied in the laboratory, 
in several studies, toxicity levels were more similar within than across 
pesticides classes (Rumschlag et al., 2022; Rumschlag et al., 2019b; 
Rumschlag et al., 2020). Consequently, our findings suggest that pre
dicted rises in insecticide use associated with human population growth 
(Tilman et al., 2011) could be highly relevant to schistosomiasis in
terventions employing Macrobrachium prawns. 

Introducing Macrobrachium prawns into waterways has recently 
been proposed as a public health intervention in our study region 
(Sokolow et al., 2017), and identifying abiotic factors that affect prawn 
survival in the wild will be very important to the success of such in
terventions. Consistent with previous studies (Cheng et al., 2003), we 
found that oxygen was a strong positive determinant of Macrobrachium 
survival. Prawn mortality increases quickly below 2 mg/L oxygen 
(Ferreira et al., 2011), and approximately 25% of our field measure
ments were below this threshold. Temperature increases the metabolic 
rate of ectotherms (Rohr et al., 2013), with optimal temperatures being 
approximately 30 ◦C for both M. rosenbergii and M. vollenhovenii (Akin
wunmi et al., 2014; New, 1995). Prawns in our experiment were likely 
acclimated to ambient temperatures in our outdoor growing ponds but 
could not migrate to more favorable temperatures in waterways once 
placed in experimental cages. Summer water temperatures in the 
Senegal River Basin can reach 32 ◦C (Sane et al., 2017), with air tem
peratures reaching 40 ◦C (Cheikh et al., 2013). Given that each degree 
Celsius rise in temperatures increases oxygen demand by increasing 
prawn metabolism (Manush et al., 2004; Xi-lin et al., 1999), water 
temperatures at release sites may have increased prawn mortality by 
raising oxygen demands. 

Prawn- and village-level characteristics may also influence prawn 
responses to abiotic conditions in Senegalese waterways. Male 
M. vollenhovenii could be more sensitive to oxygen because they reach a 
larger size (Olele and Kalayolo, 2012), and body size in crayfish de
termines oxygen consumption (Armitage and Wall, 1982). Unlike tem
perature, conductivity does not impact oxygen stress in M. rosenbergii 
(Ern et al., 2013). All conductivity values that we observed were suitable 
for adult prawns (New, 1995). However, water conductivity is an indi
cator of agricultural runoff (Harwell et al., 2008). Eutrophication asso
ciated with nutrients in runoff can increase the chances of hypoxia at 
sites (Dodds and Whiles, 2019) and eutrophication from nutrients has 
been observed in our study system (Cogels et al., 2001). Fertilizers, 
which are used at all 16 villages, are also positively associated with 
invasive macrophytes, such as Typha spp., that were the most common 
emergent aquatic plant in our study and are distributed worldwide 
(Bansal et al., 2019). Emergent plants such as Typha spp. Can shade 
waterways, limiting photosynthesis by algae or submerged plants that 
produce oxygen and change water circulation (Jones et al., 2021). Typha 
spp. Can also create leaf litter that lowers dissolved oxygen as it decays 
(Bunch et al., 2010, 2015). However, we found no significant interaction 
between emergent plant cover and dissolved oxygen. Although no pre
vious study has, to our knowledge, examined prawns in relation to 
emergent plants, Typha spp. Invasion can lead to aquatic communities 
dominated by hypoxic-tolerant species (Schrank and Lishawa, 2019). 
Crayfish, which are phylogenetically and functionally similar to prawns, 
will feed on a variety of aquatic plants but do not readily consume Typha 
(Bolser et al., 1998). This might suggest that Typha may also provide 
little direct benefit to Macrobrachium. Together, these findings suggest 
that prawn- and site-level factors can influence prawn mortality that, in 
turn, can have important impacts on population densities of interme
diate host snails of human schistosomiasis. Importantly, although the 
prawns were caged in this study and thus unable to avoid any 

unfavorable conditions, many animals in nature move towards preferred 
levels of dissolved oxygen and thermoregulate (Cohen et al., 2017; Sauer 
et al., 2018). In contrast, some species have been shown not to avoid 
pesticides at concentrations with adverse effects on these same species 
(Araujo et al., 2016) and pesticides can also damage or interfere with 
olfaction preventing contaminant detection and avoidance (e.g., Ehrsam 
et al., 2016). 

Extrapolating hazards among insecticide classes from laboratory to 
field settings is key to understanding the effects that different insecticide 
classes might have on Macrobrachium biocontrol of schistosomiasis. Our 
laboratory M. rosenbergii LC50 values for three organophosphates were 
generally within the 95% CIs of the LC50’s reported for P. alleni from 
Halstead et al. (2015). Similar to Halstead et al. (2015), we found that 
the two insecticides with the lowest hazard ratios were the organo
phosphates malathion and terbufos, whereas chlorpyrifos posed a higher 
risk among the organophosphates. Additionally, previous laboratory 
studies support our finding of greater toxicity of pyrethroid than 
organophosphate insecticides to crayfish and Macrobrachium prawns 
(Bajet et al., 2012; Halstead et al., 2015; Halstead et al., 2018). Pyre
throids, including deltamethrin, the most common pyrethroid reported 
in our household surveys in Senegal, had such a high toxicity to M. lar in 
the Philippines that pyrethroid environmental concentrations actually 
exceeded LC50 values in the laboratory (Bajet et al., 2012). Environ
mental concentrations simulated in our study using EPA software 
showed patterns consistent within insecticide class and with previous 
studies (Halstead et al., 2015). However, we are the first to provide 
evidence from nature supporting all of these laboratory findings, thus 
providing evidence of toxicity at relevant exposures (Rohr et al., 2011). 

The loss of river prawns in the Senegal River Delta following agri
cultural projects that coincided with disease outbreaks (Sokolow et al., 
2017; Steinmann et al., 2006) emphasizes the need to identify low-risk 
insecticides for increasing crop yields without harming native prawns. 
Additionally, successfully re-introducing Macrobrachium prawns for 
biocontrol of schistosomiasis will require identifying low-risk in
secticides in endemic and developing regions undergoing agricultural 
expansion. Among organophosphates, we found that malathion has a 
particularly low toxicity to prawns, consistent with experiments using 
the prawn species M. rosenbergii (Natarajan et al., 1992), M. lar (Bajet 
et al., 2012) and the crayfish P. alleni (Halstead et al., 2015). As the 
M. rosenbergii used in our laboratory study were commercially bred for 
human consumption in a hatchery, they had no known previous expo
sure to insecticides in their familial history, which strongly suggests that 
the displayed resistance by Macrobrachium prawns to malathion is 
innate. Thus, our results suggest that malathion may be a particularly 
useful insecticide to protect crops from pests without increasing Mac
robrachium mortality, a conclusion recently supported by freshwater 
mesocosm studies on schistosomiasis risk more generally (Haggerty 
et al., 2022). Although the pyrethroids we tested were generally more 
toxic to prawns than the organophosphates, the pyrethroid permethrin 
had a lower chance of reaching EPA levels of concern (EEC >0.5 x LC50) 
than λ-cyhalothrin or esfenvalerate pyrethroids. Permethrin also has the 
lowest desorption rate among pyrethroids we examined (Fojut and 
Young, 2011), which could be important for lowering its bioavailability 
in agricultural regions where organic carbon levels are low (Fojut and 
Young, 2011). 

Our study has several limitations that could influence our under
standing of insecticide effects on prawn biocontrol agents in field set
tings. We did not have spatial information on the agricultural area 
reported in our social surveys. Thus, we assumed that villages with more 
fields also have more fields near their water access points. However, 
some fields reported in our surveys were likely too distant to generate 
runoff into waterways. In this case, our village-level analyses might not 
capture the agricultural runoff or abiotic conditions that occur at prawn 
cages as accurately as if we had temporal abiotic samples or knew each 
field location in relation to the cages. An additional caveat to our field 
study is that we did not have insecticide application rate data, and, thus, 
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we assumed that chemical application rates were comparable among the 
study villages and did not change between our survey and prawn trials. 
Quantifying chemical concentrations in waterways each month could 
have helped to address several of the above limitations and to determine 
if static exposures in the laboratory overestimated Macrobrachium 
exposure to insecticides in nature, but quantifying monthly insecticide 
concentrations from waterways receiving a potential mixture of chem
icals can be logistically challenging and costly. Non-lethal effects of 
organophosphates that were not measured in our study appear to occur 
for Macrobrachium rosenbergii (Chang et al., 2013) and may have yet 
unknown impacts on their long-term use as biocontrol agents near 
agricultural areas. Future studies that can address the limitations of our 
field experiment and that explore known interactions between organo
phosphates and pyrethroids that can synergistically increase toxicity 
(Gaughan et al., 1980) would be useful to further improve our under
standing of insecticide risks. 

5. Conclusions 

In conclusion, our findings suggest that levels of different insecticide 
classes used by rural subsistence farmers near waterways may adversely 
affect Macrobrachium prawn species that are biocontrol agents of 
schistosomiasis. Importantly, previous mesocosm and modeling studies 
demonstrated that snails that can transmit trematode parasites are less 
sensitive to insecticides than arthropod predators and competitors of 
snails (Becker et al., 2020; Halstead et al., 2015; Halstead et al., 2018; 
Hoover et al., 2020; Rumschlag et al., 2020) and that the loss of snail 
predators arising from insecticide toxicity can increase snail densities 
and possibly the risk of snail-transmitted disease (Halstead et al., 2018; 
Rohr et al., 2008). Thus, our findings may offer one potential explana
tion for the positive links between Schistosoma transmission and agri
cultural expansion (Rohr et al., 2022) and can help inform future 
Macrobrachium prawn introductions to control snails. Our findings 
further suggest that restoration of prawns in aquatic systems (Rohr et al., 
2018) may be hampered by insecticide runoff. While insecticides will 
remain essential in developing countries (Snyder et al., 2015), educating 
farmers about the risks of particular insecticides (particularly pyre
throids) for native fauna may be warranted. Future studies are needed to 
examine the effects of farmers’ switching from pyrethroids to alternative 
insecticides with fewer impacts on arthropod predators of snails, such as 
malathion (Lund et al., 2021). Careful choice of insecticides may be 
needed to reduce crop pests without increasing the risk of disease in 
areas endemic for schistosomiasis. 
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