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the probability of cowbird occurrence. To investigate 
these hypotheses, we developed three Bayesian hier-
archical occupancy models: one where the hosts and 
parasite occurred independently, one that used the 
latent host species richness as a predictor of cowbird 
occurrence, and one that used each latent host occur-
rence state as predictors. These methods addressed 
observation errors and appropriately propagated error 
to our predictions of co-occurrence rates. We selected 
the best performing model using WAIC, then used 
it to predict co-occurrence rates. While there was 
some evidence that host species richness increased 
the probability of cowbirds, the parsimonious model 
assumed no interaction. With this model, we found 
that cowbirds were more likely to overlap with certain 
hosts in shaded-coffee plantations. This may suggest 
increased parasitism at these plantations, potentially 
presenting challenges for managers who advocate for 
shade restoration to gain ecological services such as 
biodiversity conservation.

Keywords Island biodiversity · Shade coffee · 
Bayesian occupancy model

Introduction

The isolation that makes islands so biologically inter-
esting and unique also makes them particularly vul-
nerable to invasive species. Island invaders have con-
tributed to 86% of insular extinctions, which in turn 

Abstract Invasive species threaten island biodiver-
sity globally. For example, the Shiny Cowbird (Molo-
thrus bonariensis) parasitizes many of Puerto Rico’s 
endemic species, particularly in the open forests in 
the island’s southwest. Less is known, however, about 
cowbird parasitism in the agro-ecological highlands, 
which contain a patchwork of forests, shaded-coffee 
plantations, and coffee farms without shade. In this 
paper, we estimated co-occurrence rates, a potential 
indicator of parasitism rates, between the cowbird and 
four host species across these three land uses, hypoth-
esizing that cowbirds would most likely co-occur with 
their hosts in shaded-coffee farms. We also hypothe-
sized that the presence of host species would increase 
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represent 75% of all global extinctions since 1500 
(Doherty et  al. 2016; Holmes et  al. 2019). Puerto 
Rico alone is home to approximately 180 introduced 
plant and animal species (Lugo et  al. 2012), includ-
ing the Black Rat (Rattus rattus), the Small Indian 
Mongoose (Herpestes auropunctatus), and the Green 
Iguana (Iguana iguana). These omnivores and carni-
vores threaten the islands 18 endemic birds species 
through direct predation and nest predation.

In addition, the island’s endemic birds face brood 
parasitism by the Shiny Cowbird (Molothrus bonar-
iensis), which established itself in Puerto Rico some-
time in the mid-20th century (Post and Wiley 1977). 
Since then, the cowbird proliferated throughout the 
island, parasitizing a multitude of host species (Wiley 
1988). Unlike hosts in the cowbird’s native range, the 
Puerto Rican bird community does not have natural 
defense mechanisms against cowbird parasitism. As a 
result, cowbird parasitism especially threatens these 
native birds. For example, studies in the lowlands 
of Puerto Rico indicate that parasitism depresses 
the reproductive rates of Puerto Rican Vireos (Vireo 
latimeri; Woodworth 1997; Irizarry et  al. 2016). In 
fact, Woodworth (1999) found that cowbirds were the 
only one of three invasives whose presence causes 
population declines in vireos (the other species in 
the study were mongooses and iguanas). In addition, 
cowbirds are largely responsible for declines in low-
land populations of the endangered Yellow-shoul-
dered Blackbird (Cruz et al. 2005).

All of the aforementioned studies have taken place 
in the semi-arid forests in the lowlands of Puerto 
Rico, and largely focused on Puerto Rican Vireos 
and Yellow-shouldered Blackbirds. Less is known 
about these dynamics in the agricultural highlands of 
Puerto Rico, where the cowbird may co-occur with 
many endemic bird species. Indeed, the cowbird par-
asitizes multiple endemic bird species on the island 
(Wiley 1988), and it seems reasonable to assume that 
parasitism would affect these host populations simi-
larly. Unfortunately, it would be incredibly costly to 
estimate cowbird nest parasitism rates on each of its 
preferred host species in a small area, much less at a 
landscape scale.

Instead, we propose studying co-occurrence rates 
as an indicator of nest parasitism at a broad scale. 
That these two rates would be perfectly correlated 
is a strong assumption. However, there are reasons 
to assume that they are correlated, perhaps strongly, 

during the breeding season. First, by definition, 
cowbirds must be near a host’s nest to parasitize it. 
Second, cowbirds exhibit clear preferences when 
choosing hosts and parasitize their preferred hosts 
at high rates where they co-occur (Wiley 1988; 
Cruz et  al. 2005; Woodworth 1997). Finally, cow-
bird species tend to linger around their hosts’ nests 
well after the parasitizing event to ensure that the 
hosts tend to their young (Smith et  al. 2000; Hoo-
ver and Robinson 2007). Thus, we believe that co-
occurrence rates could be a reasonable facsimile for 
nest parasitism rates at a landscape scale, i.e., the 
scale of the agricultural highlands.

Ecologists and land managers have noted Puerto 
Rico’s agricultural highlands as an important region 
for conservation (Gould et al. 2008; Gladkikh et al. 
2020). Many endemic species can be found in the 
region, which primarily consists of forests, coffee 
planted as row crops (sun coffee), and coffee farms 
overshadowed by large trees (shade coffee). Over 
the last 20 years, some farmers here have moved 
away from sun coffee, which is more agricultur-
ally acute, for the benefits of shade coffee (Irizarry 
et al. 2018). The tree species planted in shade cof-
fee farms reduce soil erosion for farmers (Beer et al. 
1997), provide feeding and breeding habitat for 
birds (Irizarry et al. 2018), and retain carbon for the 
climate (Blaser et al. 2018). Thus, shade coffee has 
potential as the rare land use that can equally benefit 
communities and conservation (Blaser et al. 2018).

However, we hypothesized that these benefits may 
be mitigated by the invasion of the Shiny Cowbird. 
Specifically, we hypothesized that cowbirds would be 
more likely to co-occur with their preferred hosts in 
shade coffee because it resembles, and is intermedi-
ate between, the cowbirds preferred feeding habitat 
(grasslands) and the hosts’ preferred breeding habi-
tat (forests). Further, shade coffee plantations share 
some characteristics with edge habitats that cowbirds 
often use to find hosts (Smith et al. 2000), as well as 
the lowland dry forests in Puerto Rico (Woodworth 
1997), where the cowbirds occur and parasitize hosts 
at high rates.

In this paper, we estimated co-occurrence rates 
between the Shiny Cowbird and its preferred hosts 
in the highlands of Puerto Rico. We hypothesized 
that cowbirds would most likely co-occur with their 
hosts in shade coffee. In addition, we hypothesized 
that cowbirds would be more likely to occur at sites 
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with their preferred hosts regardless of habitat, either 
because of the number of host species at a site (i.e., 
host species richness), or because each host species 
has a unique effect on cowbird presence.

To estimate co-occurrence rates, we use Bayesian 
hierarchical occupancy models trained with data from 
standard occupancy surveys (i.e., spatially and tem-
porally replicated presence-absence surveys). This 
framework allowed us to test our hypotheses because 
it properly incorporates uncertainty in predictions of 
co-occurrence and can flexibly accommodate differ-
ent mechanisms for the host-parasite interaction.

Methods

Data

To address these hypotheses, we used data from 
standard occupancy surveys conducted in the spring 
of 2015. We surveyed 120 randomly selected sites, 
stratified by land use type (41, 37, and 42, sites in for-
est, sun coffee plantations, and shade coffee planta-
tions, respectively; Fig.  1). We spaced each sample 
point 500  m apart to mitigate dependence among 
sites. At each site, we conducted community-level 
bird surveys from March to June in 2015. This period 
is the peak of the breeding season for nearly the entire 
bird community (Collazo and Groom 2001). We vis-
ited each site three times (although 3 sites were vis-
ited twice), with three to four weeks between surveys. 
Each survey was conducted by one of two teams of 
observers–denoted here as observers A and B. The 
observers recorded the detection of any species seen 
or heard within a 50 m radius over a 12-min period. 

We used a 50 m radius to minimize any heterogeneity 
in detection probability in the sample radius. Surveys 
took place from 30 min before sunrise to 10 AM. To 
mitigate heterogeneity in detection probability due to 
the time of the survey, we attempted to stratify repli-
cate surveys at a site by time of day. Further details 
about the study area and data can be found in (Patton 
2016, pp. 14).

Modeling approach

Occupancy models (MacKenzie et  al. 2002; Tyre 
et  al. 2003) are immensely popular in ecology for 
their diversity of uses and return on sampling invest-
ment. Their hierarchical nature allows scientists to 
estimate the true probability of occurrence when 
individuals can go undetected during surveys (i.e., 
imperfect detection). The community-level variation 
(Dorazio and Royle 2005) expands on this approach 
by jointly estimating occurrence for a community 
of species, increasing the precision of estimates. 
Other variations have been used to study competition 
between native and invasive species (Yackulic et  al. 
2014), the effect of hosts on brood parasites (Péron 
et  al. 2016), and co-occurrence between native and 
invasive species (Kass et al. 2020).

Estimating co-occurrence rates for interacting spe-
cies pairs presents challenges. As mentioned above, 
the first difficulty is imperfect detection, i.e., the fact 
that surveyors often miss species that are truly present 
at a site. Second, we may need to relax the assump-
tion that occurrence of the host species will be inde-
pendent of parasite occurrence. Finally, predictions 
of co-occurrence must account for uncertainty in the 
estimates of occurrence for both species. Namely, 
estimates of occurrence for the parasite and host com-
munity will contain observational uncertainty (e.g., 
imperfect detection) and model uncertainty (i.e., 
imperfect description of the system).

We addressed each of these challenges in our 
modeling approach. Specifically, we used a Bayesian 
workflow to produce a full posterior predictive distri-
bution of co-occurrence, which retained observational 
and model uncertainty from the host and parasite 
models. To address the second challenge, we devel-
oped two models with different host-parasite interac-
tion terms, and compared their performance against a 
model that assumed independence. Finally, to address 
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Fig. 1  Map of the study area, including sample points and 
overlapping protected areas
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imperfect detection, we used the occupancy modeling 
framework.

Parasite

To model occurrence for the parasite, we used a 
standard Bayesian static site occupancy model (Mac-
Kenzie et  al. 2002; Royle and Dorazio 2008,  Chap-
ter 3). In this model, observers visit J sites K times. 
During each visit, the parasite is either detected, 
yjk = 1, or not, yjk = 0. The model assumes that 
yjk ∼ Bern(f (ujk,�) ∗ zj) , where f (ujk,�) is a func-
tion of visit specific covariates, ujk, that affect the 
detection of the parasite; � are the parameters gov-
erning the effects of the covariates on detection; and 
zj is a binary variable indicating whether the parasite 
occupies a site. Thus, the parasite is detected with 
probability f (ujk,�) at sites it truly occupies, and 
with probability zero in sites it does not occupy. A 
common choice of f (ujk,�), is the logit linear model, 
where f (ujk,�) = logit−1(u′jk�).

The model assumes that zj ∼ Bern(g(vj, �)), i.e., 
that true parasite occurrence at a site is a Bernoulli 
random variable with probability g(vj, �), where � is 
a vector of coefficients representing the effect of site 
level covariates, vj, on the occurrence of the parasite. 
The full posterior distribution of the occurrence and 
detection parameters can be described generally as,

where [�] represents the prior distribution for the 
effects of visit-level covariates on detection, and [�] 
represents the prior distribution for the effects of site-
level covariates on detection.

Host community

To estimate occurrence for the host community, we 
used the multispecies framework of Dorazio and 
Royle (2005). We assumed that there is a size N pre-
defined community of host species (Pacifici et  al. 
2014). In addition, we assumed that each host spe-
cies i = 1, 2,… ,N was subject to the same sampling 
protocol as the parasite. This model used the same 

(1)

[�, �|�] ∝

J∏

j=1

K∏

k=1

Bern(yjk | f (ujk,�) ∗ zj)

Bern(zj | g(vj, �)) [�] [�],

underpinnings as the parasite occurrence model (i.e., 
the single season occupancy model) for each of the 
N species. However, instead of fitting N occurrence 
models for each species in the host community, we fit 
a single model that treats each species as a random 
effect (Dorazio and Royle 2005). In other words, the 
covariate effects on detection, �

i
, and occurrence, �

i
, 

for each species are derived from a common prior 
distribution. For example, the covariate effects on 
detection could come from a common multivariate 
normal distribution, i.e., �

i
∼ Normal(�� ,��), with 

hyperparameters �� and �� . This formulation allows 
each species-level parameter to borrow strength from 
one anther, leading to more precise estimates (Broms 
et  al. 2016). The full posterior distribution of this 
model can be described as,

where xijk is a binary variable indicating a detection of 
host species i at site j during visit k;  h(⋅) and �(⋅) are 
link functions; �

i
 is a vector of parameters specifying 

the effect of visit specific covariates, ojk , on the detec-
tion of host species i;  �ij indicates the true occurrence 
state of host species i at site j;  �

i
 is a vector of param-

eters specifying the effect of site specific covariates, 
wj , on the occurrence of host species i;  �� and �� are 
vectors of mean covariate effects on occurrence and 
detection; and �� and �� are covariance matrices with 
the variances of covariate effects on the diagonal and 
zeroes on the off diagonal. The zeros represent a sim-
plifying assumption, i.e., that there is no correlation 
between the covariate effects.

Modeling the host influence on parasite occurrence

We were interested in exploring the influence of 
host species presence or absence on the prob-
ability of occurrence for the parasite. To do so we 
fit three models that varied in their assumptions 
about this specific relationship. The first model 
(Model 1: Independent Model) assumes independ-
ence between the parasite and its hosts. The second 
(Model 2: Host Species Richness) assumes that 
host species richness affects parasite occurrence. 

(2)

[�, �,�� ,�� ,�� ,��|�] ∝

N∏

i=1

J∏

j=1

K∏

k=1

Bern(xijk | h(ojk, �i) ∗ �ij)

∗ Bern
(
�ij |�(wj, �i)

)
Normal(�i |�� ,�� )

∗ Normal(�i |�� ,��) [��] [��] [��] [��]



2955Modeling and estimating co‑occurrence between the invasive Shiny Cowbird and its Puerto Rican…

1 3
Vol.: (0123456789)

The final model (Model 3: Individual Host Effects) 
assumes that each host species uniquely influences 
parasite occurrence.

Model 1: Independent Model For the independ-
ent model, we assumed that the parasite occurs 
independently of the hosts. To formulate this 
assumption, we simultaneously fit the parasite and 
the host models, but did not incorporate any effect 
of the hosts on parasite occurrence. The full poste-
rior distribution, written generally, is,

Even if this model does not address our second chal-
lenge (the hosts influencing parasite occurrence), it 
still helps with the third challenge. That is, using the 
full posterior predictive distributions from both mod-
els allows us to properly propagate uncertainty in the 
predictions of co-occurrence.

The next two models try to address the second 
challenge. To be clear, the only component of Mod-
els 1, 2, and 3 that differs is g(⋅) in Eqs.  1 and 3. 
Aside from g(⋅) , the three models are identical.

Model 2: Host Species Richness In this model, we 
modified g(⋅) in Eqs. 1 and 3, to incorporate a covari-
ate, mj, that represents the true number of host species 
at a site. mj, of course, is not observed perfectly, and 
therefore must be modeled and estimated. To do so, 
we used Model 1, letting mj =

∑N

i=1
�ij, an unbiased 

estimator of host species richness (Dorazio and Royle 
2005) that properly accounts for observation and pro-
cess uncertainty. To incorporate this covariate into 
the model, we included it in the parasite occurrence 
function using a logit linear model, such that,

where � is the effect of host species richness on para-
site occurrence.

Model 3: Individual Host Effects In this model, 
we included the true occurrence state for every host 

(3)

[�, �, �, �,�� ,�� ,�� ,��|�,�] ∝

N∏

i=1

J∏

j=1

K∏

k=1

Bern(yjk | f (ujk,�) ∗ zj)

∗ Bern(zj | g(vj, �)) Bern(xijk | h(ojk, �i) ∗ �ij)

∗ Bern(�ij |�(wj, �i)) Normal(�i |�� ,�� )

∗ Normal(�i |�� ,��) [�] [�] [��] [��] [��] [��]

g(vj,mj, �, �) = logit−1(vj� + mj�),

species, � j, as a covariate in the parasite occurrence 
model, g(⋅) using a logit linear model, such that,

where � is a vector with N elements specifying the 
effects of each species on the probability of occur-
rence for the parasite.

One benefit of this model relative to Model 2 is 
that it allowed us to directly estimate the effect of 
each host on parasite occurrence, potentially provid-
ing a small window into the effect of host selection. 
That is, it allowed us to see which hosts influenced 
parasite occurrence and to what degree. There are a 
number of approaches to exploring this, including the 
hypothesis-testing, e.g. does the credible interval of 
�ij overlap zero, or the information theoretic approach, 
e.g., which hosts are included in the most parsimoni-
ous model. For a more general approach, i.e., one that 
would be useful even when N is large, we used indi-
cator variable selection, specifically stochastic search 
variable selection (SVSS) (O’Hara and Sillanpää 
2009).

Model fitting

Using knowledge of the system and results from 
previous studies (e.g., Wiley 1988), we defined the 
members of the host community as the Adelaide’s 
Warbler (ADWA), Black-whiskered Vireo (BWVI), 
Puerto Rican Oriole (PROR), and the Puerto Rican 
Vireo (PRVI; Table  S1). We selected covariates 
that we knew affected the occurrence and detection 
of the host species and the cowbird, while exclud-
ing covariates found to be irrelevant by exploratory 
analysis (Patton 2016). For the host community, 
these included a site-level covariate wj indicating the 
land use at a site (three levels: forest, sun coffee, and 
shade coffee), and visit-level a covariate ojk indicat-
ing which set of observers conducted the survey (two 
levels: A and B). For the cowbird, we included a site-
level covariate vj that indicated the land use at a site 
(two levels: forest or coffee). We only used two levels 
because we found that the model with all three lev-
els overfit the data, evidenced by the credible inter-
vals for � being markedly wider than in the two-level 
model. This may suggest that the model couldn’t dis-
entangle the effect of sun vs. shade, or that there is 
variation in cowbird occurrence within coffee farms 

(4)g(vj, � ,j, �, �) = logit−1(vj� + � j�),
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that the sun/shade split could not explain. That cow-
birds would occupy sun and shade equally may be 
ecologically plausible, if cowbirds use sun coffee 
for feeding habitat, and shaded coffee for breeding 
and feeding habitat. See Discussion for a discussion 
of gradients between coffee types, and how shade 
maturity might affect cowbird occurrence. Finally, we 
also included a visit-level covariate ujk that indicated 
which set of observers conducted the survey.

For each model, we used semi-informative priors 
to enhance MCMC efficiency. [�] and [�] were given 
Normal(0,5) priors, while [��] and [��] were given 
Normal(0,10) priors, and the diagonal elements of 
[��] and [��] were given truncated Cauchy(0, 2.252 ) 
priors (Gelman et  al. 2013; Broms et  al. 2016). [�], 
the parameter describing the effect of host species 
richness on cowbird occurrence, was given a Nor-
mal(0,5) prior.

For model 3, to determine which host signifi-
cantly affected cowbird occurrence, we used indica-
tor variable selection—specifically, stochastic search 
variable selection (SVSS; O’Hara and Sillanpää 
2009). In indicator variable selection, an individual 
covariate bi is either included or excluded from the 
model at each MCMC iteration via a binary vari-
able, �ibi, where �i = 1 when the covariate is in the 
model, and �i = 0 otherwise. As a result, the pos-
terior mean of �i can be interpreted as the posterior 
probability that the covariate is in the model, allow-
ing us to look at the relative effects of individual 
host species. SVSS is a type of indicator variable 
selection, whereby each bi is given a mixture prior: 
bi ∼ (1 − �i)Normal(0, t2) + �iNormal(0, c2t2) 
(O’Hara and Sillanpää 2009), where the variances 
in the Normals are tuning parameters. After explor-
ing many options, we set t2 = 0.0001 and c2t2 = 5. 
We gave � Bernoulli(�) priors. Each �i was given a 
Beta(1,1) prior. This hierarchical approach alleviates 
the problem of � drifting to zero (Hobbs and Hooten 
2015, Section 9.2).

We fit each model using JAGS (v.4.3) and pack-
age rjags (v.4.12) in R (v.4.1.1) (Plummer 2016; R 
Core Team 2016). We used two chains, adapted the 
MCMC sampler for 40,000 iterations, discarded 
the first 80,000 iterations post adaptation, and then 
ran the model for 80,000 iterations keeping every 
2nd draw, for a total of 40,000 iterations kept. We 
assessed convergence via traceplots and the Gelman-
Rubin statistic (Gelman and Rubin 1992).

After fitting each model, we conducted poste-
rior predictive checks to evaluate model fit (Gelman 
et al. 2013; Chambert et al. 2014), using the observed 
number of sites where each host co-occurred with the 
parasite as a test statistic. To evaluate the parsimony 
of each model, we used WAIC (p. 218 Gelman et al. 
2014; Hobbs and Hooten 2015). WAIC is an infor-
mation criterion (similar in construction to AIC) for 
Bayesian models that uses the full posterior distribu-
tion to estimate predictive accuracy (estimated using 
the computed log pointwise predictive density) and 
the effective number of parameters (estimated using 
the computed posterior variance of the log likelihood, 
summed across all data points). Using the model that 
fit the data and had the lowest WAIC score, we pre-
dicted the probability of co-occurrence between the 
parasite and each host in the three land uses, as well 
as the number of sites where each host co-occurred 
with a parasite, and the number of sites where each 
host occurred without the parasite.

Results

All parameters reported in Tables S2, S3, and S4 
passed visual inspection of convergence, and the 
Gelman-Rubin statistic indicated convergence (i.e., 
all R̂ < 1.1 ). Each of the three models demonstrated 
adequate model fit (Fig. S1). Each model performed 
similarly in terms of WAIC (Table 1). While WAIC 
rewarded Models 1 and 2 for greater predictive abil-
ity, the metric penalized them in kind for increased 
model complexity. Assuming that all else being 
equal, simpler is better, we chose to use Model 1 for 
inference and prediction (Figs. 2, 3, 4).

Cowbirds were more likely to occur in coffee plan-
tations (Posterior Mean = 0.85; 95% credible interval 
0.65, 0.99) than in forests (0.24; 95% CI 0.09, 0.45). 

Table 1  Values of WAIC, the information criterion used for 
model selection. elppd  is the computed log pointwise predic-
tive density, a measure of predictive accurracy p

WAIC
 is the 

computed posterior variance of the log likelihood, a measure 
of the number of parameters or model complexity

WAIC elppd p
WAIC

Model 1 1460 −707.6 22.17
Model 2 1459 −705.8 23.76
Model 3 1459 −703.7 25.62
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For the hosts, the difference in occurrence among 
land uses depended on the species (Table S2). In gen-
eral, the hosts were more likely to occur in shaded 

coffee plantations and forested sites. As a result, the 
hosts were generally more likely to co-occur with 
cowbirds in coffee plantations of either type (Fig. 2). 
Two endemic hosts, the Puerto Rican Vireos and Ade-
laide’s Warbler, were more likely to co-occur with 
cowbirds in shaded coffee plantations than in forests 
or sun coffee plantations (Figs.  3  and 4). The hosts 
were more likely to occur in sites without cowbirds if 
they were forested sites rather than if they were coffee 
plantations (Fig. 4). Conversely, the majority of sites 
where the hosts occurred with cowbirds were coffee 
plantations (Fig. 3).

The estimate of � from Model 2 was slightly 
positive (0.47; 95% CI − 0.56, 1.54), indicating that 
host species richness may have a positive effect on 
parasite occurrence (Tables S2 and S5). Including 
this parameter in the model dramatically decreased 
the estimate of cowbird occurrence in forests, indi-
cating that the cowbird was unlikely to be found in 
forested habitats without hosts. That being said, we 
caution against deep interpretations of this param-
eter because its credible interval overlaps zero.

Estimates of the effect of individual host spe-
cies occurrence, �i in Model 3, did not indicate 
that any individual host had a notable effect on 
cowbird occurrence, nor did the posterior means 
of the model weights, �i (Tables S3 and S5). Each 
estimate of �i overlapped zero, and no estimate of 
�i deviated far from 0.5. The effect of Vireo occur-
rence on Cowbird occurrence, �i , was the only effect 
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whose 80% interval did not overlap zero. However, 
the effect was small and the 95% credible included 
zero.

Discussion

In this paper, we explored patterns in co-occurrence 
between the invasive Shiny Cowbird and its endemic 
hosts in the agricultural highlands of Puerto Rico. 
We hypothesized that the invasive Shiny Cowbird 
would most likely co-occur with its Puerto Rican 
hosts in shade coffee plantations, and that cowbirds 
would be more likely to occur in sites with their hosts 
regardless of land use. We found some evidence that 
the hosts influenced cowbird occurrence (Table S5), 
but the best performing model by WAIC assumed 
independence between the cowbird and its hosts 
(Table 1). We found that, in general, cowbirds were 
least likely to occur with their hosts in forested sites, 
and most likely to co-occur with their hosts in shade 
coffee plantations (Fig. 2). For host species that fre-
quented both types of coffee plantations, e.g., Black-
whiskered Vireo, co-occurrence rates were high 
regardless of the type of coffee farm. For host species 
that preferred shaded coffee plantations to sun coffee, 
e.g., Adelaide’s Warbler and Puerto Rican Vireo, co-
occurrence rates were highest in shaded coffee planta-
tions (Figs. 3 and 4).

We found some evidence, although not strong, 
that cowbirds were more likely to occur at sites with 
their hosts. For example, Model 2 provided evidence 
for a positive association between cowbird occur-
rence and host species richness. This finding is in line 
with the results of Cummings and Veech (2014), who 
found that host species richness is the best predictor 
of Brown-headed Cowbird abundance in the Prairie 
Pothole region of the United States. While our cred-
ible interval of �, the effect of host species richness 
on cowbird occurrence, overlapped zero (Table  S5), 
we believe this result stems from the lack of sites 
with cowbirds and few or no hosts (Table  S6). A 
study with more sites and more heterogeneity in host 
species richness might find a stronger relationship 
between richness and cowbird occurrence.

It remains unclear why Model 3 failed to separate 
the effect of each individual host species on cowbird 
occurrence. One possible explanation is our use of 
static, rather than dynamic, site occupancy models. 

We suspect that the effects of host presence on cow-
bird occurrence would be much more pronounced 
in colonization rates, which could be estimated with 
a dynamic models. For example, Péron et al. (2016) 
used such models to elucidate the relative importance 
of land use and host species occurrence on parasite 
colonization and extinction rates. These dynamic 
host parasite occurrence models could be particularly 
interesting, given that dynamic occurrence models 
can provide great insight into the ecology of brood 
parasites (e.g., host selection), as well as the effect of 
brood parasites on the extinction of their hosts (Yack-
ulic et al. 2014).

Our findings present some interesting ques-
tions for endemic bird conservation in the montane 
regions of Puerto Rico. Shaded coffee plantations 
clearly provide better habitat for native birds than 
their sun coffee counterparts (Irizarry et  al. 2018). 
The shade trees provide nesting and feeding habitat 
for forest birds; thus, this community is much more 
likely to be found in shaded coffee plantations. As 
a result, some managers have advocated for plant-
ing shade trees in coffee farms to gain ecological 
services (Irizarry et al. 2018). However, our results 
indicate that Adelaide’s Warbler and the Puerto 
Rican Vireo were most likely to overlap with the 
invasive parasite in shaded coffee plantations. The 
findings of Woodworth (1997, 1999) indicate that 
co-occurrence with cowbirds can shrink endemic 
host populations where the species co-occur. Thus, 
on the one hand, our results indicate that the inva-
sion of the cowbird might diminish the ecological 
value provided by shade coffee.

On the other hand, our study may have been lim-
ited by the fact that we treated all shaded coffee 
plantations as equal and completely distinct from 
their sun coffee counterparts. In reality, canopy 
cover dictates a gradient between sun (0% cover) 
and shaded coffee (roughly 35% cover). Further, 
Irizarry et al. (2018) demonstrated that shade trees 
must fully mature before they provide ecological 
services to forest birds, i.e., before they develop 
habitat characteristics similar to forests. Thus, we 
might expect cowbirds to occupy fully mature plan-
tations less, lowering co-occurrence rates relative 
to recently restored shade. Future studies could 
explore relative parasitism rates as a function of res-
toration maturity.
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If co-occurrence (or parasitism) does not depend on 
maturity, there may be value in mitigating the effect of 
cowbirds by preserving forested sites. For example, we 
predicted that the Puerto Rican Vireo would occur in 
about 20 forested sites without the parasite, compared 
to only 3 shaded sites (Fig.  4). Tossas (2008) found 
that the cowbird parasitized fewer vireo nests in Mari-
cao Forest (a large forest reserve) than the open habi-
tats, e.g., agriculture, around Guanica Forest. Further, 
Tossas and Thomlinson (2007) found that vireos rarely 
occupied and did not breed in small forest fragments, 
suggesting that small fragments could have less con-
servation value than large forest tracts. Thus, large for-
est preservation may be another valuable tool for man-
agers in the highlands.
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