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Abstract

Parasitism is a strong selective pressure, and its study is crucial for predicting the

persistence of host species. Mantled howler monkeys are infected by the larvae of

the bot fly Cuterebra baeri. This parasitosis produces myiasis and may have negative

impacts on host health, although systematic information on the dynamics of this

host‐parasite relationship is very limited. Currently, all available information on

infection patterns of C. baeri comes from a single mantled howler monkey population

(Barro Colorado Island, Panama). Therefore, in this study we describe temporal

variation in infection patterns for a newly mantled howler monkey population and

analyze the relationship between climate and infection likelihood. We assessed the

presence of C. baeri nodules in 17 adult individuals in Los Tuxtlas for 10 months

through direct observation and compiled data on ambient temperature and rainfall.

Most subjects had nodules during the study and there were no differences between

sexes in the number of nodules. Nodules were usually located in the neck. Preva-

lence and abundance of nodules peaked thrice during the study (February, April, and

September), a pattern that was very similar to that of parasitism intensity (February,

April, and August). Incidence closely tracked these peaks, increasing before and

decreasing after them. The likelihood of nodule appearance increased when both

mean and minimum temperature decreased in the 24–21 prior days to nodule

appearance. It also increased with decreased rainfall in the 5–2 prior days to nodule

appearance. Although only three of the eight analyzed climate variables had a sig-

nificant effect on parasitosis, these results suggest that climate may affect pupal

development and the access of larvae to hosts. Besides contributing data on C. baeri

parasitism for a new mantled howler monkey population, our study provides novel

information on the influence of environmental factors on the dynamics of host‐

parasite systems.
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1 | INTRODUCTION

Parasitism is a symbiotic relationship where one organism (parasite)

benefits at the expense of another (host). Proximately, parasites

affect hosts through nutrient depletion, tissue damage, and changes

in host behavior, which may result in decreased body condition,

immunosuppression, and secondary infections (Bush et al., 2001;

Sánchez et al., 2018; Sher & Coffman, 1992). Ultimately, parasites

play a crucial role in ecological systems by influencing the population

dynamics of host species (Goater et al., 2014; Hatcher et al., 2006)

through impacts on growth (Gorrell & Schulte‐Hostedde, 2008),

reproduction (Schwanz, 2008), and survivorship (Robar et al., 2010).

Therefore, parasitism is a strong selective pressure, and its study is

crucial for predicting the persistence of host species.

Many parasites cannot complete their life cycle without having a

parasitic relationship with a host. However, some parasites have free‐

living states in which they can live without being associated with a

host, usually through the releasing eggs or larvae into the environ-

ment (Anderson and May, 1979; Roberts et al., 2013). Consequently,

the latter are more susceptible to environmental influences, such as

climate (Altizer et al., 2006). Humidity and ambient temperature are

important factors for the distribution, transmission, and survival of

parasite species (Harvell et al., 2002; Heeb et al., 2000; Moyer

et al., 2002; Needham & Teel, 1991; Poulin, 2006). For instance, the

likelihood of flea infestation of great tit (Parus major) nests increases

with humidity (Heeb et al., 2000) and the abundance of lice (Insecta:

Ischnocera) in several bird species also increases with humidity

(Moyer et al., 2002). Regarding temperature, in winter, with lower

temperatures, parasitic arthropods become less active, fail to

develop, and are more likely to die (Altizer et al., 2006; Eisen

et al., 2016). Thus, climate variation affects the likelihood of parasites

associating with a host (Ogden & Lindsay, 2016), which may lead to

temporal fluctuations in infection patterns (Oda et al., 2018;

Oorebeek & Kleindorfer, 2008, 2009).

The bot fly Cuterebra baeri is a host‐specific dipteran whose

larvae parasitize howler monkeys (Alouatta spp.; de Thoisy

et al., 2001; Dunn, 1934; Guimarães, 1971; Rondón et al., 2023;

Solórzano‐García & Pérez‐Ponce de León, 2018; Treves &

Carlson, 2012; Zeledón et al., 1957). However, parasitosis have also

been recorded in a white‐fronted capuchin monkey (Cebus albifrons

aequatorialis; Vilchez‐Delgado et al., 2022), monkeys of the genus

Aotus (Guimarães, 1971; Rondón et al., 2023), and in humans (Fraiha

et al., 1984; Guimarães & Coimbra, 1982). C. baeri has a life cycle of

approximately 96 days (Figure 1). Adult females can mate at

3–5 days of age, lay eggs (probably on leaves: Catts, 1982), and die

thereafter (Colwell & Milton, 1998; Milton, 1996). Eggs remain in

the substrate for 5 days and both warming and exposure to breath

seem to stimulate hatching (Colwell & Milton, 1998; Milton, 1996).

Larvae that fail to quickly penetrate a host (<15 min) die (Colwell &

Milton, 1998). Once inside the host, the larvae go through three

developmental instars for 35–49 days (Colwell & Milton, 1998;

Cristóbal‐Azkarate et al., 2012). Mature larvae leave the host

through a pore, fall to the ground, and burrow into the soil for

pupation (Milton, 1996), with flies emerging after 41–49 days

(Colwell & Milton, 1998; Milton, 1996).

C. baeri larvae produce myiasis, the infestation of vertebrate

animals by dipteran larvae that feed on the host's dead or living

tissue, liquid body substances, or ingested food (Zumpt, 1965).

Myiasis is reflected in the thoracic region and around the neck of

hosts (Catts, 1982), to which howler monkeys mount a strong local

F IGURE 1 The life cycle of the bot fly Cuterebra baeri. Data from Colwell and Milton (1998) and Milton (1996).

2 of 11 | ORTÍZ‐ZÁRATE ET AL.

 10982345, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajp.23680 by Pedro D

ias - U
niversidad V

eracruzana , W
iley O

nline L
ibrary on [28/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



immune response by encapsulating larvae in conspicuous subdermal

nodules (Cristóbal‐Azkarate et al., 2012; Hopkins & Milton, 2016;

Milton, 1996) that can reach 3.5 cm in diameter (J. Cristóbal‐

Azkarate, personal observation). As part of the immune response,

systemically, howler monkeys synthesize immunoglobulin G anti-

bodies to larval antigens which persist after the parasites leave the

host (Baron et al., 1996), although it is unknown for how long they

are maintained. This suggests that howler monkeys may acquire

resistance to C. baeri through multiple exposures, so that parasite

numbers are reduced, as is host mortality (Baron et al., 1996). Yet,

several parasitized individuals die, either due to the exhaustion of

bodily reserves (e.g., fat and albumin) and secondary infections (e.g.,

bacteria proliferate in empty nodules), or due to the interactions

between these and food scarcity (Milton, 1996).

Parasitism of howler monkeys by C. baeri has been reported from

southern Mexico to Colombia (Cristóbal‐Azkarate et al., 2012; Rondón

et al., 2023), but infections seem to be absent in several populations

(Cristóbal‐Azkarate et al., 2012). Additionally, infection patterns

vary through time, with one to three peaks observed per year

(Milton, 1996). Given the ca. 3‐month life cycle of C. baeri, this patchy

spatial and temporal distribution of infections suggests that the pres-

ence and voltinism (i.e., number of generations in a year) may be linked

to the effects of environmental factors on bot flies. For instance, it has

been suggested that rainfall may have a positive influence on C. baeri

viability (Milton, 1996). Currently, however, information on infection

patterns comes from a single population (Barro Colorado Island,

Panama) limiting our understanding of host‐parasite dynamics in this

system.

This study has two aims. First, we describe for the first time C.

baeri infection patterns for mantled howler monkeys (Alouatta pal-

liata) in Los Tuxtlas (Mexico), including information on the number of

individuals infected, number of nodules, location of nodules, sex

differences in parasitism, as well as temporal variation in parasitic

nodule prevalence, abundance, intensity, and incidence. Second, we

examine the effect of climate on parasitization risk by C. baeri. Re-

garding the second aim, we hypothesized that infection patterns of

mantled howler monkeys should be conditional on the impact of

climate on the free‐living stages of the life cycle of C. baeri. We

predicted that the appearance of parasitic nodules in mantled howler

monkeys should depend on temperature and rainfall in the approxi-

mately 5 (larval stage), 10 (egg stage), 15 (mating stage), or 16 to

45 (pupal stage) days before the appearance of the first signs of

parasitism.

2 | METHODS

2.1 | Study site and subjects

We conducted the study at La Flor de Catemaco, a ca. 100 ha forest

fragment located in Los Tuxtlas, Mexico (18°26′43″N, 95°02′49″W).

Vegetation at this site is tropical evergreen forest, although in some

areas the original understory and forest floor vegetation were

replaced by palm plantations. The climate is hot and humid: during

the study monthly mean ± SD ambient temperature was 24.4 ± 2.0°C

(range = 21.4°C in December—27.2°C in May; Figure 2) and rainfall

was 375.7 ± 206.4 mm (range = 114mm in March—674mm in Sep-

tember; total rainfall = 4509mm). Three climatic seasons occur at Los

Tuxtlas: a dry season characterized by high temperatures and low

rainfall; a wet season characterized by high temperatures and high

rainfall; and a transition season with low to intermediate tempera-

tures and intermediate to low rainfall.

Mantled howler monkeys living at La Flor de Catemaco have

been studied since 2002 and are habituated to the presence of re-

searchers (Dias et al., 2023). We studied two groups comprising 17

adults (Group 1: six females and four males; Group 2: four females

and three males) that we individually recognized by natural markings

in their fur and other physical traits, such as scars, broken fingers, and

facial features.

Although infants and juveniles are susceptible to being parasi-

tized by C. baeri (Milton, 1996), we did not study them because death

and dispersal would make the longitudinal monitoring of infection

patterns difficult. Infants are the age group most likely to die

(Cristóbal Azkarate et al., 2017; Dias et al., 2023) and juveniles can

emigrate from their natal groups when they are completely weaned,

which can occur as early as 14 months of age (Balcells & Vea, 2009).

2.2 | C. baeri nodule observation

Between July 2022 and April 2023, we conducted observations on

the presence of C. baeri nodules in study subjects. Observation

periods consisted of the following of each group for five

consecutive days (mean ± SD duration of observation periods was

4.8 ± 4.0 days), with a total of 36 periods and 127 observation days

conducted during the study. During each visit, we inferred the

presence and degree of C. baeri infection through detailed observa-

tions of each individual performed with Bushnell 10 × 42mm bino-

culars. We noted the individual identity, date, number, and location of

the parasitic nodules as well as whether each parasitic nodule was

closed, opened, opened without parasite, or absent (i.e., a nodule was

not observed where it was previously seen). We recorded changes in

the appearance of bot fly nodules through time (i.e., closed to opened

to opened without parasite to no‐nodule) to determine the duration

of each stage.

2.3 | Climate data

We compiled climate data from an automatic meteorologic station

located ca. 5 km from the study site and managed by CONAGUA

(National Water Commission of Mexico). This station follows the

recording standards of the World Meteorological Organization and

registers ambient temperature (in °C) and rainfall (in mm) at 10min

intervals. Based on this data we calculated daily minimum, mean, and

maximum ambient temperature as well as daily total rainfall.
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2.4 | Data organization and analysis

We assessed sex differences in the number of nodules with a chi‐

square test in which we adjusted expected nodule frequencies by the

number of individuals of each sex. We also calculated the mean

duration of bot fly nodules (i.e., time from the first observation of a

nodule to its disappearance) and the following parasitism measures

(Margolis et al., 1982): prevalence (the number of infected individuals

divided by the total number of individuals); abundance [the number

of nodules divided by the total number of individuals; relative density

in Milton (1996)]; intensity (the number of nodules divided by the

total number of infected individuals); and incidence (number of in-

dividuals with a new nodule divided by individuals without nodules at

the beginning of the observation period). These calculations were

performed per 5‐day observation period (i.e., n = 36).

To assess the influence of climate on the likelihood that bot flies

parasitize mantled howler monkeys we used Climate Window

Analysis implemented with the climwin package (Bailey & van de

Pol, 2016) in R 4.3.2 (R Core Team, 2024). Climate Window Analysis

allows identifying the time at which the influence of a climatic

variable on a response variable is the strongest. In our study, we

tested the effects of daily minimum, mean, and maximum ambient

temperature as well as rainfall on the appearance of bot fly nodules.

Given that the life cycle of C. baeri from the beginning of pupation

to the moment that parasitic nodules become visible elapses ca.

60 days (Figure 1), we explored how the first observation of a given

bot fly nodule was related to the climate during the previous

60 days. We aggregated each climate variable by taking the mean

and the variation of all daily values contained within the climatic

time window. In climwin variation is assessed with the “slope”

aggregate statistic, corresponding to the estimated slope of the

relationship between the climatic variable and the biological

response over the selected window (Bailey & van de Pol, 2016).

Therefore, a positive slope suggests an increasing trend, whereas a

negative slope indicates a decreasing trend.

For each climate variable and aggregated measure, we created a

generalized linear mixed model with a binomial error distribution and

a logit link function (i.e., in each observation day nodules were either

present or absent; recording of any given botfly nodule between the

first and last day of observation were excluded from analysis), with

subject identity added as a random factor to account for the repeated

sampling of individuals. Before fitting the models, we rescaled each

climate predictor. Using an information‐theoretic approach, we

identified the best supported model, defined as the model minimizing

the corrected Akaike information criterion corrected for sample

sample size (AICc; Burnham & Anderson, 2002) compared a null

model without climate variables (van de Pol et al., 2016). Given that

the number of possible windows in a 60‐day period is very large

(>1800 combinations), sliding window analysis involves multiple

testing and a high likelihood of committing type I statistical errors. To

account for these problems, we used randomization tests (n = 10 per

model) to determine the reliability of the relationship between each

F IGURE 2 Climate during the study: minimum (blue line), mean (orange line), and maximum ambient temperature (red line); rainfall (green
bars). Observations of mantled howler monkeys at La Flor de Catemaco (Los Tuxtlas, Mexico) were conducted from July 2022 to April 2023
(months to the right of the doted vertical line), but climate window analysis considered climate since May 2022. At Los Tuxtlas the dry season
elapses between February and May (pale blue shading), the wet season includes the months of June to October (pale red shading), and the
transition season occurs from November to January (pale yellow shading).
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climate variable and bot fly nodule occurrence (i.e., the existence of a

true climate signal) with a K‐fold cross‐validation implemented with

climwin. These tests yield a statistic (Pc) that allows discriminating

true signals from type I and type II errors. Specifically, Pc measures

the relative importance of the climate variable in explaining the

biological response compared to other potential explanatory vari-

ables. In simulation studies, it was established that Pc < 0.5 may be

used as a cut‐off for true climate signals, with lower more conserv-

ative values reducing the chance of false positives but simultaneously

increasing false negative rates (Bailey & van de Pol, 2016). Therefore,

we considered Pc < 0.5 as an indicator of a true climate signal for

nodule occurrence.

3 | RESULTS

3.1 | General patterns

During the study period, we observed 15 of the 17 adult mantled

howler monkeys with at least one bot fly nodule. The two individuals

not observed with bot fly nodules were a female and a male. We

observed 34 nodules, of which 62% were in the neck region, 26% on

the flanks, 6% on the belly, 3% on the chest, and 3% on the head.

Seventy‐one percent of the bot fly nodules were observed in females

(10 individuals) and 29% in males (7 individuals; Table 1), although the

difference in the observed nodule frequency was not significant

(χ2 = 1.9, p = 0.163). The mean ± SD duration of visible bot fly nodules

was 30.7 ± 9.1 days (range = 14–50 days) that, if added to 5‐8 days,

which is the time reported by Colwell and Milton (1998) for the time

of infestation to the emergence of nodules containing larvae, yields a

mean time of larval development of approximately 38 days.

We calculated the parasitism measures (prevalence, abundance,

intensity, and incidence) at the population level, and found three

peaks in bot fly nodule prevalence and abundance: February, April,

and September (Figure 3a,b). Mean ± SD parasite prevalence was

14 ± 13 infected individuals (range = 0%–47%) and parasite abun-

dance was 0.2 ± 0.2 bot fly nodules per observed individual

(range = 0–0.7). We also observed three peaks in infection intensity:

February, April, and August (Figure 3c). Mean intensity was 0.9 ± 0.4

nodules/infected individual (range = 0–1.5). No individuals were

parasitized in March and November. There were three periods of

increase and two of decrease in incidence: incidence increased in

December–January, April, and August–September; and decreased in

February–March and September–November (Figure 3d; i.e. incidence

increased before and decreased after abundance and intensity peaks).

3.2 | Nodule occurrence and climate

Only three of the eight analyzed climatic factors indicated a true

climate signal for nodule occurrence. We found little evidence that

mean values of climate variables predicted the occurrence of bot fly

nodules in mantled howler monkeys (Table 2, Figure 4), with maybe

the exception of a positive effect of daily maximum temperature.

However, the best model for maximum daily temperature consisted

of a single‐day time window and the randomization test equaled the

0.5 Pc threshold. Regarding variation in climate (i.e., 'slope' aggregate

measure), the likelihood of nodule occurrence increased with

decreasing minimum temperature and mean temperature 24–21 days

before observation, and with decreasing rainfall 5–2 days before

observation.

4 | DISCUSSION

We aimed at describing the patterns of mantled howler monkey

parasitism by C. baeri for the first time in Mexico and examining the

influence of climate on the occurrence of this parasitism. Most study

subjects were infected by C. baeri during the study and there were no

differences between sexes in the number of observed nodules.

Nodules were usually located on the neck. Prevalence and abundance

of nodules peaked thrice during the study (February, April, and

September), a pattern that was very similar to that of parasitism

TABLE 1 Parasitism attributes per individual mantled howler
monkey studied at La Flor de Catemaco (Los Tuxtlas, Mexico), from
July 2022 to April 2023.a

Individual Sex Group #Nodules Location

MT Male 1 0 —

MM Male 1 2 Belly, right/neck, left

ML Male 1 2 Neck, right/throat

M2 Male 1 1 Neck, left

HF Female 1 5 Neck, right (3)a/belly,

right/flank, right

HB Female 1 3 Flank, left/neck, left/
neck, right

H1 Female 1 1 Neck, left

HS Female 1 1 Neck, left

HN Female 1 2 Neck, left/neck, right

HSp Female 1 6 Neck, right (2)/throat
(2)/chest, right/

flank, left

MJ Male 2 3 Flank, left/flank, right/
neck, right

MP Male 2 1 Head, left

MCN Male 2 1 Flank, left

HPG Female 2 2 Flank, left/flank, right

HPM Female 2 0 —

HA Female 2 2 Flank, right/neck, left

HCC Female 2 2 Neck, right/neck, left

aNumber of observed nodules.
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intensity (February, April, and August). Parasitism incidence closely

tracked these peaks (i.e., incidence increased before peaks and

decreased after them). We found some support for the hypothesis

that the occurrence of parasitism is linked to the influence of climate

on the free‐living stages of the life cycle of C. baeri. Specifically, the

likelihood of nodule appearance increased with decreasing mean and

minimum temperature in the 24–21 prior days and with decreasing

rainfall 5–2 days before nodule appearance. Therefore, our study

contributes data on C. baeri parasitism for a new mantled howler

monkey population as well as new knowledge of the influence of

environmental factors on the dynamics of this host‐parasite system.

This study represents the first report outside Barro Colorado,

Panama, describing temporal changes in parasitosis levels of howler

monkeys by bot flies, and the first time statistical techniques have

been used to analyze the effect of climate on this parasitosis. Our

results align with previous observations that C. baeri nodules tend to

concentrate in the upper body of mantled howler monkeys, and more

specifically in the neck (Calderón‐Arguedas et al., 2004; Cristóbal‐

Azkarate et al., 2012; Milton, 1996). Given that the infection mech-

anism and internal migration patterns of larvae are currently

unknown, it is unclear why most nodules are in these body areas.

Bot fly larvae prevalence, abundance, and intensity in our study

groups were lower than those reported for other groups in Los

Tuxtlas (Cristóbal‐Azkarate et al., 2012), the Caribbean coast of Costa

Rica (Calderón‐Arguedas et al., 2004), and Barro Colorado, Panama

(Milton, 1996; Table 3). The values reported by Cristóbal‐Azkarate

et al. (2012) and Calderón‐Arguedas et al. (2004) represent a snap-

shot in time and do not provide any ecological context, limiting our

ability to interpret the observed similarities and differences. On the

other hand, the study by Milton (1996) followed 8–10 groups for

36 months and included monthly estimates of prevalence, infection

intensity, and monitoring of howler monkey mortality, although it is

(a)

(c) (d)

(b)

F IGURE 3 Population level parasitism of mantled howler monkeys studied at La Flor de Catemaco (Los Tuxtlas, Mexico) by bot flies
(Cuterebra baeri): prevalence (a), abundance (b), intensity (c), and incidence (d). For a more intuitive depiction of data, we represent study months
in calendar order, although observations were conducted from July 2022 to April 2023. The x‐axis scale break indicates that no data were
collected in May and June.
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unclear if the same individuals were observed through time. In this

sense, the author argues that high dietary stress associated with low

fruit consumption (the main source of readily available energy for

mantled howler monkeys) negatively affects the immune system of

the howler monkeys, facilitating the establishment of high larval

burdens. Compared to Barro Colorado, howler monkeys at La Flor de

Catemaco spend considerably more time feeding on fruit (42% vs

59%, respectively; Milton, 1980; Rangel‐Negrín et al., 2021). This

difference could be related to the lower density of howler monkeys in

La Flor de Catemaco (0.4 individuals/ha: Dias et al., 2023; Barro

Colorado Island, Panama, 0.8 individuals/ha: Milton, 1996) and the

absence of competing spider monkeys (Ateles geoffroyi), a fruit spe-

cialist, in our study area. Yet, without information on nutrient

acquisition, physical condition, and individual immunological status it

is currently impossible to establish whether differences between

populations are linked to variation in resource availability or other

factors, including overall climate patterns. Future research focused

on the intersection of the physiology, behavior, and ecology of

mantled howler monkeys related to C. baeri infection should allow

examining these proposals.

The uneven time intervals between the three peaks in parasitism

measures support the proposal that infection patterns do not directly

correspond to the number of possible C. baeri generations in a year,

given its life cycle. Temporal variation in host immunity related to

access to food resources (mentioned above) could account for this

variation, but climate window analyses also suggests that these peaks

could be linked to the influence of climate on certain stages of the

parasite life cycle. If C. baeri from Los Tuxtlas and Barro Colorado

TABLE 2 Results of sliding window analyses of the influence of
climatic factors on bot fly infestation in mantled howler monkeys
living at La Flor de Catemaco (Los Tuxtlas, Mexico) studied from July
2022 to April 2023.

Predictor Statistic Estimate ± SE ΔAICc

Best
window
(days) Pc

Minimum

temperature

Mean 0.5 ± 0.2 −4.6 19–18 0.52

Slope −2.4 ± 0.6 −13.5 24–21 0.15

Mean
temperature

Mean 0.6 ± 0.3 −5.6 33–33 0.53

Slope −2.2 ± 0.6 −10.3 24–21 0.36

Maximum
temperature

Mean 0.7 ± 0.3 −7.3 4–4 0.50

Slope −1.2 ± 0.2 −9.3 4–2 0.55

Rainfall Mean 0.5 ± 0.2 −6.3 3–2 0.56

Slope −1.2 ± 0.3 −9.7 5–2 0.48

(a)

(e) (f) (g) (h)

(b) (c) (d)

F IGURE 4 AICc values of climate models relating the occurrence of bot fly (Cuterebra baeri) nodules in mantled howler monkeys living at La
Flor de Catemaco (Los Tuxtlas, Mexico) with climate from July 2022 to April 2023. Panels (a–d) depict model results based on mean climate
values whereas panels (e–h) pertain to models based on variation (i.e., slope) in climate variables.
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have a similar life cycle (Milton, 1996), then our results indicate that

decreasing minimum and mean ambient temperatures during pupa-

tion (i.e., 24–21 days before bot fly nodule detection) have a positive

effect on C. baeri, as inferred by increased infection likelihood of

mantled howler monkeys. These results are consistent with evidence

of temperature effects on oestrid viability. For instance, when ex-

posed to persistent high temperatures, the pupae of sheep bot flies

(Oestrus ovis) lose weight, resulting in lightweight flies that may have

decreased fitness (Cepeda‐Palacios & Scholl, 2000). Similarly, the

eclosion of reindeer bot flies (Hypoderma tarandi and Cephenemyia

trompe) occurs later in cold than in hot summers, reducing the

number of days in which adults can fly, and thus, mate

(Nilssen, 1997). This evidence, however, does not help explaining

why decreasing temperature over a specific period favors pupae

development. Thus, the specific impact of variation in ambient tem-

perature on C. baeri remains to be determined by studies focusing on

the physiology and development of this oestrid.

As infection peaks encompassed cold (January, February) and hot

(March, April; August, September) months, no common pattern seems

to exist across temperature time windows. In this sense, even if

decreases in ambient temperature have an overall positive effect on

pupae, the moment at which these changes occur may further

influence the pace of pupal development, as reported for other

oestrid species (Breev et al., 1980; Nilssen, 1997). Specifically, fol-

lowing the September prevalence and abundance peak, there was a

sustained drop in temperatures until the next peak, which occurred

4 months later in February; whereas temperatures increased gradu-

ally from February to the April peak, i.e. a 2‐month lag. If shorter

pupation is associated with decreased temperature in warmer periods

of the year (dry season), an additional peak in parasitism could occur

in May and June. Unfortunately, we could not sample mantled howler

monkeys in those months, so the impact of decreasing temperatures

on both the duration and success of pupal development and, ulti-

mately, infection patterns of mantled howler monkeys, remains to be

examined.

The likelihood of infection increased when rainfall decreased

3–5 days before nodule emergence, a time window that corresponds

to the egg and larval stages of C. baeri life cycle. As C. baeri eggs have

structural traits to resist water (Colwell et al., 1999), it is possible that

rainfall mostly affects recently hatched larvae, especially because

these seem to be fragile (i.e., they have 15min to enter a host before

dying: Colwell & Milton, 1998). Downpours, which are common at

Los Tuxtlas (Soto & Gama, 1997) and occurred in all study months,

could wash larvae from vegetation (the putative oviposition substrate

of C. baeri: Colwell & Milton, 1998), precluding infection

(Stromberg, 1997). If this is the case, rainfall would affect C. baeri

parasitism directly (i.e., mechanical actions on larvae) rather than

indirectly via its impact on soil moisture, as previously speculated

(Milton, 1996). In contrast with previous studies, we correlated cli-

mate and infection patterns at a fine temporal scale (i.e., 0–60 days)

and, using climate window analysis, we explored the relationships

between climatic variables and parasitism with minimal a priori as-

sumptions in terms of the timeframe in which those relationships

should occur (i.e., definition of the range of dates in which analyses

should be performed: Bailey & van de Pol, 2016). We propose that

future assessments of the ecology of mantled howler monkey

infection by C. baeri should base on similar methods instead of using

broad classifications of climate (i.e., climate 'seasons': Baron

et al., 1996; Calderón‐Arguedas et al., 2004; Milton, 1996). Again,

given the limited scope of our study (10‐month observation of 17

subjects living in a single site), the patterns identified here must be

confirmed by further research.

Predictions for future climatic conditions suggest that maximum

temperature of the warmest month, minimum temperature of the

coldest month, and the annual range of temperature will increase by

2050 at LosTuxtlas; and annual precipitation is predicted to decrease

in most of Mexico's natural protected areas (Esperon‐Rodriguez

et al., 2019). Climatic changes like these would probably affect the

free‐living stages of the life cycle of C. baeri. This may be reflected in

the species voltinism and its parasitic dynamics with mantled howler

monkeys. A possible alteration of the equilibrium between parasite

and host could imply fitness consequences and affect the persistence

of both species.

We conclude that the overall patterns of C. baeri infection of

mantled howler monkeys converge with previous research, although we

detected some variation in parasitism measures that could be linked to

TABLE 3 Measures of bot fly parasitism for different populations of mantled howler monkeys.

Measure

Site
Barro Colorado
Island (Panamá)

Caribbean coast of
Costa Rica Los Tuxtlas (México)

La Flor de Catemaco
(México)

Prevalence 60 29 28 14.6

Abundancea 1.9 0.7 1.1 0.2

Intensity 2.8 2.75 – 0.9

Incidence – – – 1.3

Sample size 55‐106 28 46 17

Study Milton (1996) Calderón‐Arguedas
et al. (2004)

Cristóbal‐Azkarate
et al. (2012)

This study

aRelative density in Milton (1996).
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differences between populations in immunological, demographic, and

ecological factors. We also found some support for the hypothesis that

infection patterns are influenced by environmental factors, as infection

likelihood was linked to decreases in ambient temperature and rainfall, a

possible consequence of the impact of these factors on pupal devel-

opment and access of larvae to hosts. Finally, we have no evidence of

adult mantled howler monkey mortality associated with C. baeri infec-

tion in La Flor de Catemaco, neither during this study nor in ca. 20 years

of population monitoring (Dias et al., 2023). This contrasts with reports

from the only other site for which we previously had long‐term infor-

mation on this parasitosis (Milton, 1996) and warrants future inter-

population comparative research.
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