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1.  INTRODUCTION 

Hurricanes can cause abundance declines, give rise 
to negative interspecific interactions and in crease the 
risk of extinction of Caribbean island birds with re-
stricted distribution ranges and small population sizes 

(e.g. see Beissinger et al. 2008). Because of climate 
change, the frequency of major hurricanes (i.e. Saffir-
Simpson scale, categories 3−5) is increasing in the 
warming waters of the Caribbean region (Goldenberg 
et al. 2001, Webster et al. 2005, Biasutti et al. 2012). 
The 2017 Atlantic hurricane season had 6 major hurri-
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ABSTRACT: Since the 1980s, 3 major hurricanes have made landfall on Puerto Rico: Hugo in 
 September 1989 (Saffir-Simpson scale, category 4), Georges in September 1998 (category 3) and 
María in September 2017 (category 4). María was the most devastating hurricane since the 3 major 
hurricanes that occurred in 1899−1932. Major hurricanes can cause severe abundance declines and 
population bottlenecks by de creasing survival and reproductive rates and increasing predation and 
competition for limited resources. In April to June 1986−2021, we used distance sampling to 
estimate abundance and monitor the population dynamics of the endangered Puerto Rico plain pi-
geon Patagioenas inornata wetmorei and the abundant scaly-naped pigeon P. squamosa and red-
tailed hawk Buteo jamaicensis. Here, we fit a Bayesian state-space logistic model with distance 
sampling abundance estimates to generate posterior estimates of maximum population growth rate 
and population carrying capacity, and predict abundance in April to June 2020−2030. In addition, 
we used N-mixture and 2-species models to assess association patterns in April to June 2015−2019. 
The scaly-naped pigeon and red-tailed hawk populations did not decline, or recovered faster from 
their declines than the plain pigeon population after the hurricanes. The association patterns be-
tween species were positive but variable for the 2 pigeon species and negative but variable for the 
plain pigeon and red-tailed hawk. At lowered abundance (i.e. mean ± SE estimates N̂  = 1043 ± 476 
island-wide and N̂  = 522 ± 157 at the centre of abundance in the east-central region in April to June 
2018−2021), the plain pigeon may become extinct if another hurricane with the path and intensity 
of María makes landfall on the island during the current decade.  
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canes, including Irma and María, which at maximum 
intensities reached category 5, with winds exceeding 
252 km h−1 (US National Oceanic & Atmospheric Ad-
ministration 2020). On 6 September 2017, Hurricane 
Irma passed about 100 km off the northeast coast of 
Puerto Rico, bringing as much as 300 mm of rainfall 
and category 2 winds in the range of 155−177 km h−1 
affecting mostly the northeastern and east-central 
 regions (US National Oceanic and Atmospheric Ad-
ministration 2020). Two weeks later, Hurricane María 
made landfall as a category 4, with as much as 
1500 mm of rainfall and winds in the range of 209−
251 km h−1 affecting the whole island (US National 
Oceanic and Atmospheric Administration 2020). 

The most evident direct effect of hurricanes on Car-
ibbean island forests is structural vegetation damage 
from heavy rains and high-speed winds (Boose et al. 
2004, Uriarte et al. 2019, Hall et al. 2020). However, 
the widespread reduction of vegetation cover from 
up rooted trees, stem breaks and defoliation can limit 
food supplies during extended periods of time (e.g. 
see Wunderle 1995, their Fig. 3), particularly for fruit- 
and seed-eating birds, such as the endangered 
Puerto Rico plain pigeon Patagioenas inornata wet -
mo rei. Reduced vegetation cover and limited food 
supplies, in turn, can cause abundance declines and 
population bottlenecks by de creasing decreasing 
survival and reproductive rates and increasing pre-
dation and competition for limited resources (e.g. see 
Beissinger et al. 2008, their Figs. 5 & 8). 

Habitat loss and degradation from agriculture, pre-
dation and competition in remaining forest frag-
ments, hunting and the effects of hurricanes San 
Ciriaco (category 4) in 1899, San Felipe (category 5) 
in 1928, San Ciprián (category 4) in 1932 and Betsy 
(category 3) in 1956, may have caused the plain 
pigeon population bottleneck during the 1920s−
1970s (Wetmore 1916, Danforth 1931, Koenig 1953, 
Pérez-Rivera 1978, Wiley 1985, Miyamoto et al. 1994, 
Boose et al. 2004). Because of the discovery of a small 
number of individuals in the east-central region of 
the island, the US Fish and Wildlife Service listed the 
plain pigeon as endangered in 1970 (USFWS 1982). 
Captive breeding was conducted during 1983−2001, 
with the collaboration of state and federal govern-
ment agencies and the University of Puerto Rico at 
Humacao Campus, but reintroduction efforts were 
mostly unsuccessful for a variety of reasons, includ-
ing predation by the red-tailed hawk Buteo jamai -
censis (Ruiz-Lebrón et al. 1995, USFWS 2011). 

Concerned about the lack of long-term monitoring 
and reliable abundance estimates, we initiated 
island-wide columbid and raptor surveys once per 

year beginning in April to June 1986 (Rivera-Milán 
1992, 1995a,b, Rivera-Milán et al. 2003a, 2014, 2016). 
Since then, we have surveyed columbid and raptor 
populations annually in April to June, except in 2020 
due to the coronavirus pandemic. During that time, 3 
major hurricanes have made landfall on Puerto Rico: 
Hugo (category 4) in September 1989, Georges (cat-
egory 3) in September 1998 and María (category 4) in 
September 2017. The plain pigeon population recov-
ered after hurricanes Hugo and Georges (see Rivera-
Milán et al. 2016, their Fig. 3). However, because 
María has been the most devastating hurricane to 
make landfall on the island since the 3 major hurri-
canes that occurred in 1899−1932 (Boose et al. 2004, 
Uriarte et al. 2019, Hall et al. 2020), we ex pected 
plain pigeon abundance to decline below the low-
est estimate since monitoring started, which had 
occurred in April to June 1990 (Rivera-Milán et al. 
2016). Here, we used distance sampling to (1) esti-
mate plain pigeon, scaly-naped pigeon P. squamosa 
and red-tailed hawk abundance island-wide and in 
the east-central region in April to June 1986−2021, 
(2) fit a Bayesian state-space logistic model with 
abundance estimates, (3) generate posterior esti-
mates of maximum population growth rate and pop-
ulation carrying capacity and (4) predict abundance 
in April to June 2020−2030. We used the Bayesian 
state-space logistic model to project abundance for-
ward in time to cover a decade, based on the preci-
sion of short-term abundance predictions and the 
time period needed for two 5 yr population status re -
views (USFWS 2011, Rivera-Milán et al. 2016). In 
addition, following recommendations provided in the 
most recent population status review (USFWS 2011), 
we repeated the surveys 3 times per year at the cen-
tre of abundance of the plain pigeon in the east-cen-
tral region in April to June 2015−2019. We used N-
mixture and 2-species models to estimate detection, 
abundance and occupancy, and to assess association 
patterns in the east-central region before and after 
hurricanes Irma and María in September 2017. 

While the endangered plain pigeon and the abun-
dant scaly-naped pigeon are similar-sized resident 
congeners that may compete for limited resources 
(Pérez-Rivera 1978, Rivera-Milán 1996, 2001, Rivera-
Milán et al. 2003b, 2014, 2016), the red-tailed hawk 
is an abundant resident raptor that preys on both 
pigeon species (Santana C. & Temple 1988, Rivera-
Milán 1995b, Ruiz-Lebrón et al. 1995, Vilella & 
Nimitz 2012, Vilella et al. 2013, Gallardo et al. 2019). 
Therefore, mainly because of reduced vegetation 
cover and limited food supplies after the 2017 hurri-
canes, we expected plain pigeon detection, abun-
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dance and occupancy to be negatively associated 
with the presence and density of the scaly-naped 
pigeon and red-tailed hawk, resulting in ‘detection δ 
and species ϕ interaction factors’ (sensu MacKenzie 
et al. 2004, 2006) below what would have been the 
case under independent coexistence (i.e. pre-hurri-
cane δ and ϕ = 1, post-hurricane ϕ and δ < 1). How-
ever, although predator−prey and competitive inter-
actions may influence community structure and 
population dynamics (Strong et al. 1984, Begon et al. 
1996, Newton 1998), we recognize that alternative 
explanations about association patterns cannot be 
excluded with survey-based count data (i.e. pattern 
does not necessarily relate to process, and correla-
tion or association does not necessarily imply rela-
tionship or causation; James & Boecklen 1984, Poling 
& Haysl ette 2006, Cooper et al. 2007). Here, we used 
the term ‘interaction’ in a statistical sense, meaning 
that δ and ϕ = 1 would suggest that the 3 species 
tended to occur independently of each other, based 
on estimates of detection, abundance and occupancy 
for the surveyed areas in the east-central region of 
Puerto Rico in April to June 2015−2019. 

2.  MATERIALS AND METHODS 

2.1.  Distance sampling 

We surveyed 1400 points island-wide once per year 
in April to June 1986−2021, including 247 points that 
were surveyed 3 times per year in the east-central re-
gion during 2015−2019 (see Fig. 1 in Rivera-Milán et 
al. 2016). The surveys covered 7490 km2 island-wide 
and 1100 km2 in the east-central region. We did not 
survey heavily urbanized and industrialized areas or 
primary roads (e.g. expressways). We located on-road 
points systematically with random starts along sec-
ondary and tertiary roads (e.g. paved and unpaved 
roads in rural areas). Off-road points were located 
systematically with random starts at a minimum dis-
tance of 200 m from the nearest roads. Minimum dis-
tance was 400 m between off-road points and 800 m 
between on-road points. We used 2-observer teams to 
meet the following distance sampling assumptions: 
(1) certain detection of pigeons and hawks at the point 
centres (i.e. g [0] = 1), (2) de tection at their initial loca-
tions, (3) correct distance measurements and (4) un -
biased cluster size estimation (Buckland et al. 2001). 

Two observers remained side by side at the point 
centres for 6 min, with 1 observer mainly recording 
the data and the other observer mainly measuring the 
distances to single birds or the geometric centre of 

clusters. We defined a cluster as 2 or more individuals 
of the same species within 10 m of each other, show-
ing similar behaviour (e.g. perching). We used 6 min 
counts to increase the probability of pigeons and 
hawks becoming available for detection (e.g. calling). 
Whenever possible, we measured distances to the 
nearest metre with rangefinders. However, when we 
were not able to measure the distances to the nearest 
metre, distances were measured to the nearest loca-
tions and detections were allocated to categories 0−
15, 16−30, 31−45, 46−60, 61−90, 91−120, 121−180, 
181−240, 241−340 or 341−440 m (Rivera-Milán et al. 
2003a, 2014, 2015, 2016). 

We used distances to the nearest metre and cate-
gory midpoints for the analysis of grouped and un-
grouped distance data (Buckland et al. 2001). The 
second and third distance sampling assumptions (see 
above) were relaxed with 2 observers operating as a 
team and the use of distance categories (Buckland et 
al. 2001, Burnham et al. 2004). Regarding the first and 
fourth assumptions (see above), it was unlikely that 2 
experienced observers missed pigeons or hawks at 
the point centres during 6 min counts, and detections 
were mostly of single birds or small clusters during 
the surveys (Rivera-Milán et al. 2003a, 2014, 2016). 
Flying pigeons and hawks were not included in den-
sity estimates, unless we measured the distances to 
their initial locations, before any movement. To mini-
mize responsive movement, which usually was away 
from the point centres, we did not implement a set-
tling period before count initiation. We conducted the 
surveys during 06:30−10:00 and 15:30−19:00 h. Sur-
vey effort accounted for the number of visits per point 
each year (Buckland et al. 2001). 

We modelled detection probability as a function of 
distance r and covariates represented by vector z (i.e. 
g[r, z]; Marques et al. 2007). Density was estimated as: 

                                                                               (1) 

where D̂ is the number of individuals km−2, n  is the 
number of single and cluster detections, s⁻ is the aver-
age cluster size, which was used for density estimation 
when cluster detection was not size biased, and k is 
the number of points. When cluster detection was size 
biased, we used the size-bias regression method 
(Buckland et al. 2001), or included cluster size as a co-
variate in the models.  After exploratory data analysis 
with distances grouped and ungrouped for each spe-
cies separated and years separated or combined 
(Buckland et al. 2001, 2015, Marques et al. 2007), we 
right-truncated the distance data at w = 120 m. Detec-
tion probability was estimated as: 

D̂ = ns

2�kP̂(zi )

77



Endang Species Res 47: 75–89, 2022

                                                                               (2) 

We estimated population size by extrapolating 
density estimates from the surveyed area (i.e. kπw2) 
to the survey region (i.e. N̂  = D̂ × A, where A = 
7490 km2 island-wide or 1100 km2 for the east-cen-
tral region). We used nonparametric bootstrapping to 
estimate detection and abundance standard errors 
(SEs) (Buckland et al. 2001). 

We evaluated the fit of uniform, half-normal and 
hazard-rate detection models with the Kolmogorov-
Smirnov test and Cramer-von Mises family tests 
(Burnham et al. 2004). Based on minimization of 
Akaike’s information criterion (AIC or AIC corrected 
for small sample size, AICc; Burnham & Anderson 
1998) and model flexibility and robustness (Buckland 
et al. 2001, 2015), we selected the hazard-rate key 
function without series expansion to explore the 
 ef fects of the following categorical or continuous co -
variates: cluster size (≥2 individuals), detection mode 
(0 = audio, 1 = visual), detection time (0 = 0−3 min, 1 = 
4−6 min), time of day (minutes after 06:30 h and min-
utes before 19:00 h), point location (0 = on road, 1 = 
off road), life zone (0 = dry, 1 = moist, 2 = wet), 2-
observer team (11 teams, designated 0−10), month 
(0 = April, 1 = May, 2 = June), year (0−34) and vertical 
and horizontal vegetation cover and food availability 
for the pigeons on trees, shrubs and vines within 
60 m of the point centres (0 = open forest canopy and 
understorey, none with fruits or seeds, 1 = low, 2 = 
low−medium, 3 = medium−high, 4 = high; or 0 = 
none−low, 1 = medium−high). 

After the 6 min counts, the 2 observers moved 
around the point centres as much as needed to de -
termine if nearby pigeons or hawks were missed, 
verify any problematic distance measurements and 
reach a consensus about vegetation cover and food 
availability within 60 m. For more information 
about the diet of the 2 pigeon species, see Pérez-
Rivera (1978), Rivera-Milán (1996, 2001) and 
Rivera-Milán et al. (2003b). We post-stratified the 
distance data of each species by year (e.g. pre-
hurricane 0 = 2015−2017, post-hurricane 1 = 2018−
2021), vegetation cover and food availability (0 = 
none−low, 1 = medium−high), and used the 2-
tailed z-statistic to test for significant differences 
(p < 0.05) in detection and density estimates 
(Buckland et al. 2001). We used the programs DIS-
TANCE version 7.3.1 (Thomas et al. 2010) and R 
version 3.6.3 (R Development Core Team 2020), 
and the R package ‘DISTANCE’ version 1.0.2 
(Miller et al. 2019). Results are presented as means 
with bootstrapped SEs. 

2.2.  N-mixture and two-species models 

Based on AICc (Burnham & Anderson 1998), we 
selected the Poisson-binomial mixture model (Royle 
& Nichols 2003, Royle 2004, MacKenzie et al. 2006) to 
estimate detection probability Pij and abundance λ at 
247 points R that were surveyed 3 times per year in 
the east-central region during 2015−2019. The points 
were surveyed once in 2021. We defined the re -
peated counts Cij as conditionally independent bino-
mial random variables with detection and abundance 
at point i and time j (i.e. Pij, Nij), and integrated like-
lihood: 

                                                                                     

                                                                                    (3) 
We used an additive normal random effect to 

account for extra-Poisson variation in abundance. 
For example, log(λij) = β0 + β1 (xij) + β2(yij) + εij for 
covariates xij and yij, with error εij ~ Normal (0, σ2

λij). 
We used a logistic regression model to account for 
extra-binomial variation in detection probability. For 
example, logit(Pij) = β0 + β1(xij) + β2(yij) + εij, for co -
variates xij and yij, with error εij ~ Normal (0, σ2

Pij). We 
expected plain pigeon abundance and detection esti-
mates to be negatively associated with the point-
level density estimates of the scaly-naped pigeon 
and red-tailed hawk (i.e. , where w = 
120 m). We standardised the density estimates (i.e. 
z = [raw score − mean score]/SD), and evaluated the 
fit of Poisson-binomial mixture models with Pear-
son’s χ2 test (MacKenzie et al. 2006). With the most 
basic Poisson-binomial mixture model (i.e. λ[.], Pij [.]), 
we assumed (1) constant abundance during the 2 wk 
survey periods per year in April to June 2015−2019 
(i.e. population closure), (2) constant detection (i.e. 
the same for all individuals of each species at point i 
and time j) and (3) no false positives (e.g. no double-
counting at point i and time j). 

In addition, we treated the point-level count data 
as non-detection or detection (i.e. 0 or 1), and used 2-
species models to estimate species ϕ and detection δ 
interaction factors: 

                                                                               (4) 

and: 

                                                                               (5) 

where ψA is the probability of occupancy by the plain 
pigeon (i.e. species A), regardless of occupancy by 
the scaly-naped pigeon or red-tailed hawk (i.e. spe-
cies B); ψB is the probability of occupancy by B, re -

P̂(zi ) = 2
w 2 rĝ(r ,zi

0

w

� )dr

L(�,Pij Cij )=

Binomial Cij Nij ,Pij( )
j=1

J

��
��

�
�	
Poisson Nij �( )

Ni =max(Ci )




��

�

�
�
�i=1

R

�

D̂ij = �̂ij �w 2
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B
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gardless of occupancy by A; and ψAB is the probability 
of AB co-occupancy (MacKenzie et al. 2004, 2006). PA

j  
is the probability of detection for A during the j th sur-
vey, given AB  presence; PB

j  is the probability of de-
tection for B during the j th survey, given AB presence; 
and Pj

AB  is the probability of AB co-detection during 
the j th survey, given AB presence (MacKenzie et al. 
2004, 2006). 

While ϕ and δ = 1 would suggest independent co-
occupancy and co-detection (i.e. ψAB = ψA × ψB and 
Pj

AB = PA
j  × PB

j ), ϕ and δ < 1 would suggest negative 
and ϕ and δ > 1 would suggest positive co-occupancy 
and co-detection. We also estimated the probability 
of occupancy and detection of A during the j th survey, 
given A presence but B absence (denoted ‘b’) (i.e. ψAb 
and Pj

Ab). With ϕ and δ < 1, we would expect ψAb and 
Pj

Ab > ψAB and Pj
AB; that is, higher plain pigeon occu-

pancy and detection with scaly-naped pigeon and 
red-tailed hawk absence than presence at the sur-
veyed points. For additional information about the 
formulation of 2-species models, see MacKenzie et al. 
(2004, 2006). We used the single-season Poisson-
binomial mixture and 2-species models as imple-
mented in the program PRESENCE version 2.13.6 
(Hines 2020) and the R package ‘UNMARKED’ ver-
sion 1.1.0 (Fiske & Chandler 2011). Results are pre-
sented as means with bootstrapped SEs. 

2.3.  Bayesian state-space logistic model 

We modelled the population dynamics of the plain 
pigeon, scaly-naped pigeon and red-tailed hawk 
with the standard logistic equation (Runge et al. 
2009, Rivera-Milán et al. 2014, 2016): 

                                                                               (6) 

where rm is the maximum intrinsic rate of population 
growth, K is the population carrying capacity, Nt is 
the true unknown abundance state of the population, 
and Mt is the total number of human-induced deaths 
in year t. Mt = Nt × mt, where mt is the mortality rate 
between year t and t + 1. We generated mortality 
rates randomly as part of the Markov chain Monte 
Carlo (MCMC) algorithm with uniform distributions 
(e.g. m ~ Uniform [0.01, 0.10] for the plain pigeon and 
red-tailed hawk to account for illegal hunting; and 
m ~ Uniform [0.05, 0.50] for the scaly-naped pigeon 
to account for legal and illegal hunting; Rivera-Milán 
et al. 2014, 2016). We re-parameterized the unknown 
abundance state as a proportion of population carry-
ing capacity (i.e. Nt/K) to reduce the autocorrelation 

of MCMC samples. We assumed that the error of 
state model predictions ε was lognormally distrib-
uted with mean 0 and estimated standard deviation 
σp. Based on this reparameterization, we projected 
abundance forward in time with: 

                                                                               (7) 

We modelled the abundance proportion of the first 
year using a lognormal distribution with mean P0 and 
variance σ2

P0
: 

                                                                               (8) 

While the process model in the state-space formula-
tion accounted for our incomplete understanding of 
pigeon and hawk population dynamics, we related 
true abundance state to the distance sampling abun-
dance estimates and SEs to account for observation 
variance (Knape 2008). That is, we specified that 
abundance yt and observation variance σ2

t,o were es -
timated from the surveys. Because the distribution of 
abundance estimates tends to be positively skewed, 
we assumed a lognormal distribution for σ2

t,o (Buck-
land et al. 2001). We transformed abundance esti-
mates to the natural logarithm scale by transforming 
the bootstrapped SEs to the standard deviations (SDs) 
of the corresponding lognormal distribution. To com-
plete the observation model of the state-space formu-
lation, we related true unknown abundance state (i.e. 
Nt = Pt × K) and estimated abundance with: 

                          log(yt) = log(Pt K) + μt                      (9) 

where: 

                            μt ~ Normal(0, σ2
t,o)                      (10) 

We assumed equal mortality for all individuals of 
each species, regardless of age and sex class. We also 
assumed additive mortality from natural and human-
induced disturbances, although the model formulation 
allowed for compensation through linear density-
dependent population growth (Runge et al. 2009, 
Rivera-Milán et al. 2014, 2016). We estimated unob-
served population parameters and unknown abun-
dance states under the assumption of conditional in-
dependence for each time step. We specified uniform 
prior distributions with wide but biologically realistic 
ranges. For example, in the case of the plain pigeon 
island-wide (see Rivera-Milán et al. 2016, their 
Table 1), rm ~ Uniform (0.01, 1), K ~ Uniform (10 000, 
100 000), and the mean of initial abundance on the log 
scale P0 ~ Uniform (−2, 0). For the SDs of process error 
and initial annual abundance proportion, we also 
used uniform priors (e.g. σp and σ2

t,o ~ Uniform [0, 2]). 

Nt +  1 = N + rmNt 1� Nt

K
�
�

�
�( ) � Mt

Pt +  1 = Pt  + rmPt  [1� Pt  ]�
Mt

K( )e�t  

P1 ~ Lognormal P0, �P0
2( )

79



Endang Species Res 47: 75–89, 2022

To generate parameter posterior distri-
butions, we ran the program JAGS ver-
sion 4.3.0 (Plummer 2003) with the R 
package ‘R2JAGS’ version 0.5−7 (Su & 
Yajima 2015). We generated 250 000 it-
erations and used the first 50 000 itera-
tions for a burn-in period. We thinned 3 
Markov chains by 25 to obtain samples 
of 8000 iterations. We checked for con-
vergence of the MCMC algorithm with 
trace plots and node summary statistics 
(e.g. Brooks-Gelman-Rubin diagnostic 
statistic R), and made posterior predic-
tive checks of model fit with Bayesian 
p-values (Gelman & Hill 2007). Results 
are presented as means ± SDs and me-
dians with 2.5th and 97.5th percentiles. 

3.  RESULTS 

3.1.  Distance sampling 

Overall, we made 803 plain pigeon 
detections (Fig. 1), 33 817 scaly-naped 
pigeon detections (Fig. 2), and 1624 
red-tailed hawk detections (Fig. 3) at 
the 1400 points that were surveyed in 
April to June 1986−2021. The hazard-
rate key function without series ex -
pansion fit the distance data of the 
plain pigeon (e.g. range of Cramer-von 
Mises family tests 0.70 < p ≤ 0.80; 
Fig. 1), scaly-naped pigeon (0.60 < p ≤ 
0.70; Fig. 2) and red-tailed hawk 
(0.80 < p ≤ 0.90; Fig. 3). Vegetation 
cover had a negative effect and was 
the most important detection covariate 
for the plain pigeon (β ± SE = −0.24 ± 
0.06), scaly-naped pigeon (β = −0.82 ± 
0.04) and red-tailed hawk (β = −0.46 ± 
0.03). Other covariates, such as point 
location (ΔAICc ≥ 3.68), 2-observer 
team (ΔAICc ≥ 4.31) and year (ΔAICc ≥ 
5.71), received less support from the 
distance data of the 3 species. For the 
plain pigeon, de tection probability av-
eraged 0.38 ± 0.06 in none−low vegeta-
tion cover and 0.22 ± 0.05 in medium−
high vegetation cover (z = 2.05, p = 0.04). For the 
scaly-naped pigeon, detection probability averaged 
0.35 ± 0.03 in none−low vegetation cover and 0.27 ± 
0.02 in medium−high vegetation cover (z = 2.22, p = 

0.03). For the red-tailed hawk, detection probability 
averaged 0.54 ± 0.10 in none−low vegetation cover 
and 0.26 ± 0.03 in medium−high vegetation cover (z = 
2.68, p = 0.01). Overall, detection probability averaged 
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pansion and 33 817 detections made at the 1400 points surveyed on Puerto  

Rico in April to June 1986−2021

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
0.016
0.018
0.020

Distance (m)

g(
r)

ƒ(
r)

a b

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Fig. 3. Red-tailed hawk (a) detection probability g(r) and (b) probability den-
sity function ƒ(r) based on the hazard-rate key function without series expan-
sion and 1624 detections made at the 1400 points surveyed on Puerto Rico 

in April to June 1986−2021



Rivera-Milán et al.: Pigeons and hawks in Puerto Rico

0.30 ± 0.02 for the plain pigeon (Fig. 1), 0.32 ± 0.01 for 
the scaly-naped pigeon (Fig. 2) and 0.40 ± 0.03 for the 
red-tailed hawk (Fig. 3). 

Overall, plain pigeon density and population size 
averaged 2.66 ± 0.94 km−2 and 20 456 ± 6697 island-
wide (Table 1, Fig. 4a), and 5.43 ± 1.81 km−2 and 6149 
± 2226 in the east-central region (Table 1, Fig. 4b). 
Plain pigeon density and population size declined is-
land-wide (z = 2.25, p = 0.03) and in the east-central 
region (z = 2.58, p = 0.01) after Hurricane Hugo in 
1989. Plain pigeon abundance did not de cline signifi-
cantly island-wide (z = 1.74, p = 0.08) or in the east-
central region (z = 1.89, p = 0.06) after Hurricane 
Georges in 1998 (Table 1, Fig. 4). However, between 
2017 and 2018 (i.e. before−after hurricanes Irma and 

María), plain pigeon density and population size de-
clined from 1.60 ± 0.70 km−2 and 11 984 ± 5129 to 0.10 
± 0.05 km−2 and 749 ± 354 island-wide (z = 2.14, p = 
0.03; Table 1, Fig. 4a), and from 3.90 ± 1.70 km−2 and 
4257 ± 1822 to 0.50 ± 0.10 km−2 and 550 ± 110 in the 
east-central region (z = 2.00, p = 0.05; Table 1, Fig. 
4b). Plain pigeon abundance was at the lowest level 
ever estimated since monitoring started in 1986, and 
remained low during 2018−2021 (Table 1, Fig. 4). Af-
ter the 1989, 1998 and 2017 hurricanes, plain pigeon 
abundance was higher at the points with medium−
high than none−low vegetation cover (z > 2.30, p < 
0.02) and food availability (z > 2.09, p < 0.04). 

Overall, scaly-naped pigeon density and population 
size averaged 37.19 ± 5.88 km−2 and 278 780 ± 44 117 

island-wide (Table 2, Fig. 5a), and 42.95 ± 
8.03 km−2 and 47 080 ± 8854 in the east-central 
region (Table 2, Fig. 5b). Scaly-naped pigeon 
density and population size did not decline is-
land-wide or in the east-central region after 
hurricanes Hugo in 1989 and Georges in 1998 
(z < 1.17, p > 0.24; Table 2, Fig. 5). However, 
between 2017 and 2018, scaly-naped pigeon 
density and population size declined from 
53.90 ± 5.10 km−2 and 403 711 ± 38 199 to 
30.30 ± 2.79 km−2 and 226 947 ± 20 879) island-
wide (z = 3.99, p < 0.001; Table 2, Fig. 5a), and 
from 67.80 ± 12.07 km−2 and 74 580 ± 13 275) to 
29.20 ± 4.38 km−2 and 32 120 ± 4818 in the 
east-central region (z = 3.08, p = 0.002; 
Table 2, Fig. 5b). Scaly-naped pigeon abun-
dance returned to pre-hurricane levels in 2019 
(Table 2, Fig. 5). After the 1989, 1998 and 2017 
hurricanes, scaly-naped pigeon abundance 
was higher at the points with medium−high 
than none−low vegetation cover (z > 2.38, p < 
0.02) and food availability (z > 2.19, p < 0.03). 

Overall, red-tailed hawk density and popu-
lation size averaged 2.49 ± 0.57 km−2 and 
18 787 ± 4197 island-wide (Table 3, Fig. 6a), 
and 1.63 ± 0.41 km−2 and 1844 ± 468 in the 
east-central region (Table 3, Fig. 6b). After 
the 1989 and 1998 hurricanes, red-tailed 
hawk abundance did not decline significantly 
island-wide or in the east-central region (z < 
1.58, p > 0.11; Table 3, Fig. 6). Red-tailed 
hawk density and population size island-wide 
averaged 2.81 ± 0.73 km−2 and 21 066 ± 5498 
in 2017, and 1.93 ± 0.52 km−2 and 14 456 ± 
3860 in 2018 (z = 0.98, p = 0.33; Table 3, 
Fig. 6a). However, in the east-central region, 
red-tailed hawk density and population size 
averaged 2.20 ± 0.53 km−2 and 2420 ± 581 in 

81

Year             Island-wide                          East-central region 
               D̂       SE          N̂        SE             D̂       SE         N̂        SE 
 
1986     0.70    0.20      5018    1260         1.20    0.30     1320      331 
1987     1.50    0.30    11535    2445         3.10    0.70     3410      723 
1988     1.60    0.40    11984    2696         2.10    0.50     2310      520 
1989     1.40    0.30    10411    2613         3.40    0.90     3740      939 
1990     0.50    0.20      3745    1393         1.00    0.40     1100      409 
1991     1.30    0.40      9363    3286         2.30    0.80     2530      888 
1992     2.30    0.90    17227    6426         4.30    0.90     4740    1768 
1993     2.40    0.90    17602    6548         3.40    0.15     3740    1391 
1994     4.60    1.60    34454  11749         6.20    2.10     6820    2326 
1995     4.10    1.20    30709    9305         5.70    1.70     6270    1900 
1996     8.10    2.40    60669  18140         8.10    2.40     8910    2664 
1997     7.50    2.70    56175  20240       12.80    3.80   13770    4961 
1998   10.20    3.20    76398  23968       20.20    6.50   22220    6971 
1999     3.70    1.90    27713  14231         7.20    2.30     7920    4067 
2000     4.10    1.50    30709  11235         8.10    3.00     8910    3260 
2001     5.80    1.80    43442  13482       15.50    4.70   17050    5291 
2002     4.00    1.40    29960  10486       11.00    3.70   12100    4235 
2003     3.30    1.20    24717    8988         9.00    3.40     9900    3600 
2004     1.80    0.80    13482    5992         5.10    2.30     5610    2493 
2005     1.60    0.60    11984    4494         4.90    1.50     5390    2021 
2006     1.80    0.80    13482    5963         5.20    2.30     5720    2530 
2007     1.90    0.90    14231    6582         8.00    3.70     8800    4070 
2008     3.20    1.20    23968    9205         6.50    1.00     8079    3103 
2009     3.60    1.30    26964    4494         7.20    1.10     7920    2904 
2010     3.10    0.90    23219    2459         5.10    0.70     5610    1716 
2011     2.40    0.90    17602    3389         5.10    2.00     5578    2203 
2012     1.60    0.60    11984    3286         3.90    1.50     4257    1633 
2013     0.80    0.40      5992    2969         2.60    1.30     2849    1412 
2014     1.90    0.80    14445    1388         4.40    1.70     4836    1915 
2015     1.40    0.60    10446    4387         3.50    1.50     3896    1636 
2016     1.50    0.60    11235    4752         3.70    1.60     4081    1726 
2017     1.60    0.70    11984    5129         3.90    1.70     4257    1822 
2018     0.10    0.05        749       354         0.50    0.10       550       110 
2019     0.08    0.03        599       237         0.40    0.10       440       110 
2021     0.24    0.11      1781      839         0.50    0.20       550       265

Table 1. Plain pigeon distance sampling abundance estimates with 
bootstrapped SEs island-wide and in the east-central region of Puerto 
Rico in April−June 1986−2021. For the island-wide estimates, density 
(D̂) = ind. km−2 at 1400 surveyed points, and population size (N̂ ) = ind. 
7490 km−2. For the east-central region, D̂ = ind. km−2 at 247 surveyed  

points, and N̂  = ind. 1100 km−2
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2017, and 1.00 ± 0.31 km−2 and 1100 ± 341 in 2018 
(z = 1.96, p = 0.05; Table 1, Fig. 6b). After the 1989, 
1998 and 2017 hurricanes, red-tailed hawk abun-
dance was higher at the points with medium−high 
than none−low vegetation cover (z > 2.42, p < 0.02). 

3.2.  N-mixture and two-species models 

The most basic Poisson-binomial mixture model fit 
the plain pigeon count data collected at the 247 
points that were surveyed 3 times per year in the 
east-central region in April−June 2015−2019 (range 
of Pearson’s χ2 = 0.62−2.13, df = 7, p = 0.95−0.99; 
range of AICc values = 709.46−837.37). More com-
plex models (e.g. λ [pigeon + hawk density], Pij 
[pigeon + hawk density]; range of Pearson’s χ2 = 
0.61−1.98, df = 7, p = 0.96−0.99; range of ΔAICc val-
ues = 0.52−0.62) were informative but increased the 
SEs of detection and abundance estimates. As a 
result, there was a positive but variable association 
between the plain pigeon and scaly-naped pigeon 
point-level density estimates (range of beta coeffi-
cients β = 0.24−0.70, SE = 0.20−0.50) and detection 
estimates (β = 0.26−0.56, SE = 0.22−0.41), and there 
was a negative but variable association between the 
plain pigeon and red-tailed hawk point-level density 
estimates (β = −1.06 to −1.22, SE = 0.97−1.11) and 
detection estimates (β = −1.02 to −1.27, SE = 0.84−
1.10). The Poisson-binomial mixture models and dis-

tance sampling hazard-rate models generated simi-
lar abundance estimates for the east-central region 
during 2015−2019. For example, based on the Pois-
son-binomial mixture models, population size aver-
aged 543 ± 237 for the plain pigeon, 42 807 ± 1417 for 
the scaly-naped pigeon and 1353 ± 96 for the red-
tailed hawk in 2018 and 2019. For comparison with 
the distance sampling abundance estimates, see 
Tables 1−3. 

Based on the 2-species models, plain pigeon occu-
pancy averaged 0.32 ± 0.03, scaly-naped pigeon 
occupancy averaged 0.91 ± 0.04, and red-tailed 
hawk occupancy averaged 0.68 ± 0.14 at the points 
that were surveyed in the east-central region during 
2015−2019. Co-occupancy ψAB averaged 0.48 ± 0.05 
for the plain pigeon and scaly-naped pigeon, and 
0.19 ± 0.08 for the plain pigeon and red-tailed hawk. 
That is, the species interaction factor ϕ averaged 
1.66 ± 0.25 for the plain pigeon and scaly-naped 
pigeon, and 0.90 ± 0.43 for the plain pigeon and red-
tailed hawk. Plain pigeon detection probability, 
given both pigeon species presence, averaged 0.37 ± 
0.11). Scaly-naped detection probability, given both 
pigeon species presence, averaged 0.69 ± 0.03. Red-
tailed hawk detection probability, given plain pigeon 
and red-tailed hawk presence, averaged 0.70 ± 0.15. 
Co-detection (Pj

AB) averaged 0.37 ± 0.06 for the plain 
pigeon and scaly-naped pigeon, and 0.17 ± 0.06 for 
the plain pigeon and red-tailed hawk. That is, the 
detection interaction factor δ averaged 1.42 ± 0.49 for 
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Fig. 4. Plain pigeon distance sampling abundance estimates with bootstrapped SEs (crosses with vertical lines) in April to June 
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the 2 pigeon species, and 0.64 ± 0.33 for the 
plain pigeon and red-tailed hawk. 

The probability of occupancy and detection 
of the plain pigeon, given plain pigeon pres-
ence but scaly-naped pigeon absence, aver-
aged 0.13 ± 0.06 and 0.20 ± 0.09; that is, ψAb 
and Pj

Ab < ψAB and Pj
AB. However, the proba-

bility of occupancy and detection of the plain 
pigeon, given plain pigeon presence but red-
tailed hawk absence, averaged 0.40 ± 0.25 
and 0.71 ± 0.20; that is, ψAb and Pj

Ab > ψAB and 
Pj

AB. The association patterns were similar 
during 2015−2019. For example, before the 
2017 hurricanes, ϕ and δ averaged 1.16 ± 0.45 
and 1.42 ± 0.96 for the 2 pigeon species (i.e. 
positive but variable associations), and 0.89 ± 
0.44 and 0.36 ± 0.19 for the plain pigeon and 
red-tailed hawk (i.e. negative but variable 
associations). 

3.3.  Bayesian state-space logistic model 

Markov chains and node summary statistics 
showed convergence of the MCMC algorithm 
(e.g. Brooks-Gelman-Rubin diagnostic statis-
tic, range of R = 1.00−1.01), and Bayesian p-
values showed no evidence of model lack of 
fit (range of p = 0.29−0.57). Posterior esti-
mates of maximum population growth rate rm 
and carrying capacity K for the 2 pigeon spe-
cies and red-tailed hawk are provided in 
Table 4. Posterior mean ± SD estimates of rm 
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Year             Island-wide                          East-central region 
               D̂       SE          N̂        SE             D̂       SE         N̂        SE 
 
1986     7.30    1.76    54677  13166       14.60    3.27   16060    3597 
1987     8.40    1.80    62916  13501       16.80    3.71   18480    4084 
1988   16.30    4.00  122087  29970       16.30    3.91   17930    4303 
1989   20.90    5.14  156541  38480       21.80    5.38   23980    5923 
1990   32.50    8.52  243425  63786       25.20    6.25   27720    6875 
1991   15.20    3.68  113848  27539       18.20    4.08   20020    4484 
1992   15.40    3.94  115346  29482       25.40    6.27   27940    6901 
1993   25.06    4.51  187723  33792       30.10    6.77   33110    7450 
1994   31.25    6.07  234030  45489       32.50    7.64   35750    8401 
1995   38.00    8.80  284656  65941       38.00    8.40   41805    9239 
1996   39.16    8.76  293338  65638       39.16    8.66   43080    9521 
1997   37.85    9.12  283523  68338       37.85    7.57   41639    8328 
1998   40.10   10.16 300349  76134       50.00   12.00  55000  13200 
1999   53.20   12.30 398468  92145       40.30    9.39   44330  10329 
2000   50.40    8.07  377496  60435       50.40    8.01   55440    8815 
2001   45.50    5.95  340795  44557       45.50    7.28   50050    8008 
2002   46.00    6.96  344540  52162       46.00    7.27   50600    7995 
2003   26.00    4.28  194740  32043       52.00    7.96   57200    8752 
2004   32.70    5.70  244923  42696       65.40   11.71  71940  12877 
2005   45.30    6.54  339297  48984       45.30    7.11   49830    7823 
2006   31.80    6.48  238182  48571       63.60   12.53  69960  13782 
2007   45.90    6.53  343791  48921       61.80   10.07  67980  11081 
2008   41.20    5.75  308603  43053       51.30    9.49   56430  10440 
2009   41.20    3.50  308588  26215       41.20    8.12   45320    8928 
2010   53.60    4.98  401427  37293       53.60    9.43   58955  10376 
2011   52.91    5.05  396281  37792       52.91   10.58  58199  11640 
2012   52.22    5.11  391135  38292       44.40    6.75   48840    7424 
2013   43.33    5.58  324560  41771       43.33    7.89   47665    8675 
2014   35.27    2.77  264150  20726       70.53   13.12  77587  14431 
2015   41.98    3.29  314438  24620       64.00   10.18  70400  11194 
2016   40.87    6.71  306129  50289       61.80   10.20  67980  11217 
2017   53.90    5.10  403711  38199       67.80   12.07  74580  13275 
2018   30.30    2.79  226947  20879       29.20    4.38   32120    4818 
2019   47.70    4.77  357273  74783       38.90    6.22   42790    6846 
2021   64.00    6.46  479360  48415       62.90    9.88   69190  10863

Table 2. As in Table 1, but for scaly-naped pigeon 

0

100

200

300

400

500

600

700

800

900

0

20

40

60

80

100

1986 1996 2006 2016 2026 1986 1996 2006 2016 2026

No
. o

f i
nd

ivi
du

al
s (

×1
00

0)
 

a b

Fig. 5. As in Fig. 4, but for scaly-naped pigeon 



Endang Species Res 47: 75–89, 2022

and K island-wide were 0.23 ± 0.11 and 
49 235 ± 6835 for the plain pigeon, 0.55 ± 0.05 
and 534 134 ± 40 216 for the scaly-naped 
pigeon, and 0.17 ± 0.10 and 43 130 ± 20 869 
for the red-tailed hawk (Table 4). Posterior 
mean estimates of rm and K in the east-central 
region were 0.26 ± 0.12 and 9725 ± 2793 for 
the plain pigeon, 0.57 ± 0.06 and 60 820 ± 
4622 for the scaly-naped pigeon, and 0.25 ± 
0.12 and 2962 ± 999 for the red-tailed hawk 
(Table 4). 

Plain pigeon predicted abundance Np for 
2020−2030 averaged 11 102 ± 17 705 SD 
(median = 5955, 2.5−97.5th percentiles = 
324−13 803) island-wide and 3034 ± 3942 
(median = 1744, 2.5−97.5th percentiles = 115−
13 386) in the east-central region (Fig. 4). For 
the scaly-naped pigeon, Np averaged 465 825 
± 138 680 (median = 448 824, 2.5−97.5th per-
centiles = 244 415−784 155) island-wide and 
53 498 ± 10 860 (median = 52 546, 2.5−97.5th 
percentiles = 34 917−78 387) in the east-cen-
tral region (Fig. 5). For the red-tailed hawk, 
Np averaged 17 874 ± 6120 (median = 17 171, 
2.5−97.5th percentiles = 8043−31 951) island-
wide and 1680 ± 463 (median = 1662, 2.5−
97.5th percentiles = 865−2691) in the east-cen-
tral region (Fig. 6). 

Predicted abundance was variable mainly 
due to process variance (i.e. range of σ2

o coef -
ficient of variation CV = 0.40−0.73; and range 
of observation variance σ2

o CV = 0.17−0.37). 
For the plain pigeon, σ2

P posterior mean ± SD 
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Year             Island-wide                          East-central region 
               D̂       SE          N̂        SE             D̂       SE         N̂        SE 
 
1986     1.67    0.42    12508    3115         1.00    0.28     1104      309 
1987     1.80    0.48    13482    3559         1.11    0.31     1221      342 
1988     1.90    0.34    14231    2576         1.20    0.32     1320      356 
1989     1.88    0.47    14089    3494         1.20    0.31     1320      343 
1990     1.30    0.33      9737    2483         0.90    0.19       990       208 
1991     1.37    0.31    10246    2346         1.14    0.25     1256      276 
1992     1.39    0.35    10381    2626         1.66    0.48     1830      531 
1993     1.26    0.29      9405    2173         1.51    0.32     1658      348 
1994     1.81    0.35    13573    2633         1.75    0.44     1920      480 
1995     2.42    0.48    18129    3608         1.90    0.46     2095      503 
1996     2.52    0.55    18910    4085         1.80    0.52     1980      574 
1997     2.41    0.47    18027    3497         1.89    0.38     2077      415 
1998     2.61    0.65    19541    4866         2.00    0.50     2200      550 
1999     1.58    0.34    11805    1826         1.29    0.39     1420      426 
2000     1.62    0.47    12108    1986         1.50    0.34     1648      494 
2001     1.99    0.36    14905    2683         1.50    0.39     1650      429 
2002     2.14    0.60    16029    4472         1.68    0.49     1848      536 
2003     2.34    0.47    17527    3540         1.80    0.47     1980      515 
2004     2.94    0.74    22043    5577         1.65    0.33     1818      364 
2005     2.77    0.55    20747    4108         1.92    0.44     2116      487 
2006     2.91    0.60    21796    4512         1.79    0.45     1971      493 
2007     3.13    0.70    23451    5277         1.76    0.40     1933      445 
2008     3.41    0.71    25527    5310         1.91    0.55     2100      609 
2009     3.51    0.70    26275    5255         2.00    0.40     2200      440 
2010     3.84    1.11    28728    8331         2.10    0.53     2310      578 
2011     3.76    1.02    28175    7607         2.20    0.62     2420      678 
2012     3.70    0.70    27712    5265         2.30    0.62     2530      683 
2013     3.90    0.78    29210    5871         2.30    0.58     2530      633 
2014     3.54    0.72    26517    5409         2.10    0.57     2310      624 
2015     3.78    0.81    28299    6056         2.00    0.54     2200      594 
2016     3.68    0.91    27552    6805         2.10    0.46     2310      508 
2017     2.81    0.73    21066    5498         2.20    0.53     2420      581 
2018     1.93    0.52    14456    3860         1.00    0.31     1100      341 
2019     1.75    0.43    13121    3188         1.09    0.32     1200      348 
2021     2.43    0.45    18222    3389         1.41    0.32     1550      357

Table 3. As in Table 1, but for red-tailed hawk
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Fig. 6. As in Fig. 4, but for red-tailed hawk
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was 0.25 ± 0.11 (median = 0.23, 2.5−97.5th per -
centiles = 0.10−0.30) island-wide and 0.26 ± 0.10 (me-
dian = 0.24, 2.5−97.5th percentiles = 0.11−0.51) in the 
east-central region. For the scaly-naped pigeon, σ2

P 
pos terior mean was 0.07 ± 0.03 (median = 0.06, 2.5−
97.5th percentiles = 0.03−0.13) island-wide and 0.03 ± 
0.01 (median = 0.02, 2.5−97.5th percentiles = 0.01−
0.06) in the east-central re gion. For the red-tailed 
hawk, σ2

P posterior mean was 0.04 ± 0.02 (median = 
0.04, 2.5−97.5th percentiles = 0.01−0.10) island-wide 
and 0.02 ± 0.01 (median = 0.02, 2.5−97.5th percentiles 
= 0.001−0.06) in the east-central region. 

4.  DISCUSSION 

The plain pigeon population recovered after the 
1989 and 1998 hurricanes, but the most severe abun-
dance decline occurred after the 2017 hurricanes. In 
contrast, the scaly-naped pigeon and red-tailed hawk 
populations did not decline, or recovered faster from 
their declines, than the plain pigeon population after 
the 1989, 1998 and 2017 hurricanes. That is, the scaly-
naped pigeon and red-tailed hawk populations 
showed more ‘resistance’ and ‘resilience’ (sensu Pimm 
1991) than the plain pigeon population. Hugo in 1989 
was a stronger hurricane but affected a smaller 
portion of the island than Georges did in 1998 (see 
Uriarte et al. 2019, their Fig. 1). However, based on the 
abundance decline in April to June 1990, we sug-
gested that a hurricane with the intensity of Hugo but 

the path of Georges would have 
been de vastating for the plain pi-
geon population (Rivera-Milán et 
al. 2003a,b). In September 2017, 
hurricane Irma brought heavy 
rains and category 2 winds that 
affected mostly the northeastern 
and east-central regions. How-
ever, a hurricane with the path 
and intensity of María had not oc-
curred since the 3 major hurri-
canes that occurred in 1899−1932 
(see Boose et al. 2004, their Table 
2 and Fig. 4), and the structural 
vegetation damage from record-
breaking rainfall and category 4 
winds was extensive in lowland 
and highland forests across the is-
land, including the centre of 
abundance of the plain pigeon in 
the east-central region (see Hall 
et al. 2020, their Figs. 1 & 3). 

Because of reproductive adaptations and strategies 
typical of the columbids (e.g. crop-milk production, 
multiple brooding and ex tended nesting seasons; 
Blockstein & Westmoreland 1993), successful repro-
duction is of key importance for population recovery 
after major hurricanes (Rivera-Milán 1996, 2001, 
Rivera-Milán et al. 2003b). However, contrary to the 
scaly-naped pigeon, which was actively calling and 
nesting during the 2018−2021 surveys, the plain pi-
geon was rarely calling and the few nesting at tempts 
we observed were un successful most likely due to 
nest predators, such as the black rat Rattus rattus and 
pearly-eyed thrasher Marga rops fuscatus, which 
were abundant in  second-growth forests of the east-
central region (Rivera-Milán 1996, 2001, Rivera-
Milán et al. 2003b, Ventosa-Febles 2019). In addition, 
because the detection probability of the plain pigeon 
and scaly-naped pigeon was higher at the points with 
none−low than medium−high vegetation cover, the 
extensive structural vegetation damage caused by the 
2017 hurricanes may have increased pigeon exposure 
and predation rates (Santana C. & Temple 1988, Ruiz-
Lebrón et al. 1995, Beissinger et al. 2008, Vilella & 
Nimitz 2012, Vilella et al. 2013, Gallardo et al. 2019). 

Detection, abundance and occupancy estimates 
suggested positive but variable associations between 
the plain pigeon and scaly-naped pigeon (i.e. contrary 
to what we expected, ϕ and δ > 1), and negative but 
variable associations between the plain pigeon and 
red-tailed hawk (i.e. as we expected, ϕ and δ < 1). Al-
though alternative explanations cannot be ex cluded 
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Island-wide     Species                             rm          SD       Median     2.5th       97.5th 
 
                        Plain pigeon                  0.232     0.113       0.207      0.095      0.295 
                        Scaly-naped pigeon     0.550     0.046       0.536      0.502      0.676 
                        Red-tailed hawk           0.165     0.104       0.142      0.028      0.416 

Island-wide     Species                             K          SD       Median     2.5th       97.5th 
 
                        Plain pigeon                 49 235    16 835     43 628    30 538    58 600 
                        Scaly-naped pigeon    534 134   40 216    521 415  500 725  640 312 
                        Red-tailed hawk           43130    20 869     35 540    19 675    92 563 

East-central     Species                             rm          SD       Median     2.5th       97.5th 
 
                        Plain pigeon                  0.255     0.124       0.228      0.097      0.562 
                        Scaly-naped pigeon     0.566     0.061       0.546      0.502      0.735 
                        Red-tailed hawk           0.249     0.118       0.238      0.065      0.477 

East-central     Species                             K          SD       Median     2.5th       97.5th 
 
                        Plain pigeon                  9725      2793        9314       5404      15 980 
                        Scaly-naped pigeon     60 820     4622       60 408    52 980    70 732 
                        Red-tailed hawk            2962       999         2561       1928       5626 

Table 4. Posterior estimates of maximum population growth rate rm and population 
carrying capacity K for the plain pigeon, scaly-naped pigeon and red-tailed hawk 
 island-wide and in the east-central region of Puerto Rico in April to June 1986−2021
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with our survey-based count data (e.g. competitive in-
teractions from exploitation, interference or exclusion; 
Pérez-Rivera 1978, Poling & Hayslette 2006, Cooper 
et al. 2007), we suggest that a simple explanation for 
the positive associations is that both pigeon species 
responded similarly to hawk predation and foraging 
resources, converging at localities with medium−high 
vegetation cover and food availability (James & 
Boecklen 1984, Rivera-Milán 1995a, 1996, 2001, 
Rivera-Milán et al. 2003b). As a result, plain pigeon 
detection and occupancy estimates were higher with 
scaly-naped pigeon presence than ab sence at the 
points surveyed in the east-central region during 
2015−2019 (i.e. ψAb and Pj

Ab < ψAB and Pj
AB). In addi-

tion, because both pigeon species were observed fly-
ing and feeding together on plants such as the Puerto 
Rico royal palm Roystonea borinquena, day-blooming 
jasmine Cestrum diurnum and princess vine Cissus 
verticillata before−after the 1989, 1998 and 2017 hur-
ricanes, and because similar re  sults were obtained 
with different datasets (e.g. transect surveys of 
columbid nests during 1986−1999; see Rivera-Milán 
2001, their Fig. 2), we suggest that individual-level 
competitive interactions with the scaly-naped pigeon 
had a negligible effect on the plain pigeon population 
dynamics. 

Regarding predator−prey interactions, because the 
red-tailed hawk was observed attacking the plain 
pigeon and scaly-naped pigeon before−after the 
1989, 1998 and 2017 hurricanes, we suggest that the 
pigeons tended to avoid localities with none−low 
vegetation cover and medium−high hawk density. 
As a result, plain pigeon detection and occupancy 
estimates were higher with red-tailed hawk absence 
than presence at the points surveyed in the east-cen-
tral region during 2015−2019 (i.e. ψAb and Pj

Ab > ψAB 
and Pj

AB). Although the pigeons can respond to hawk 
audio and visual cues with avoidance and other 
antipredator behaviours (Burger et al. 1989, Cook et 
al. 2005, Stephan & Bugnyar 2013), we suggest that 
additive mortality from predation and human-
induced disturbance can influence the population 
dynamics of both pigeon species (Rivera-Milán et al. 
2014, 2016), and increase the risk of extinction of the 
plain pigeon at lowered abundance levels (i.e. dis-
tance sampling mean ± SE estimates N̂  = 1043 ± 476 
island-wide and N̂  = 522 ± 157 at the centre of abun-
dance in the east-central region in April to June 
2018−2021; Table 1, Fig. 4). 

In the Bayesian state-space logistic model, the para -
 meter rm represented the exponential rate of in crease 
of the pigeon and hawk populations from low num-
bers and under favourable environmental conditions 

(i.e. in the absence of natural and human-induced dis-
turbances and with plenty of food and other resources 
needed to maximize reproductive and recruitment 
rates; Niel & Lebreton 2005, Runge et al. 2009). In the 
model, the parameter K represented the abundance 
levels above which the pigeon and hawk populations 
tended to decline due to the effects of density de-
pendence (e.g. the size of home ranges and limited 
space with suitable resources to survive and repro-
duce; Vilella & Nimitz 2012, Vilella et al. 2013). Al-
though parameters rm (range of CVs = 0.08−0.63) and 
K (CVs = 0.08−0.49) and abundance predictions Np 
(CVs = 0.30−1.60) were difficult to estimate with pre-
cision (e.g. at CVs < 0.20) from  survey-based count 
data collected annually under varying environmental 
conditions (i.e. future population dynamics may or 
may not repeat previous ones due to uncertainty from 
climate change, extreme weather and variation in 
density-independent and density-dependent re-
sponses, resulting in high process variance; Knape 
2008, Knape & de Valpine 2011, Oppel et al. 2014, 
Sæther et al. 2016), we monitored the recovery of the 
pigeon and hawk populations from low numbers dur-
ing a period of natural reforestation of abandoned 
pasturelands and croplands (Koenig 1953, Brandeis & 
Turner 2013, Yuan et al. 2017), and before−after se-
vere abundance de clines from the landfall of 3 major 
hurricanes during 1986−2021 (Boose et al. 2004, Uri-
arte et al. 2019, Hall et al. 2020). Because parameter 
posterior estimates and abundance predictions were 
updated annually with survey-based count data, we 
continued learning from monitoring and modelling, 
despite imperfect observations of population state 
(e.g. due to detection probability), partial control over 
human-induced disturbance (e.g. due to illegal hunt-
ing) and incomplete understanding of population dy-
namics (e.g. due to environmental stochasticity). 

In addition, although we made a series of simplify-
ing assumptions (e.g. linear density dependence and 
equal mortality probability, regardless of age and sex 
class), the Bayesian state-space logistic model was 
useful for estimation and prediction, despite differ-
ences in life-history characteristics and demographic 
traits (i.e. columbid early maturity with low survival 
and high reproductive rates as opposed to raptor de-
layed maturity with high survival and low reproduc-
tive rates). For example, using the demographic in-
variant method (see Niel & Lebreton 2005, their 
Eq. 15), and assuming annual survival rates were in 
the range of 0.40−0.70 for hatch-year and after-hatch 
year pigeons (Vilella et al. 2013), rm was in the range 
of 0.24−0.60; and assuming annual survival rates 
were in the range of 0.70−0.95 for after-hatch year 
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and after-second year hawks (Gallardo et al. 2019), rm 
was in the range of 0.03−0.24 (for comparison, see the 
medians and 2.5−97.5th percentiles in Table 4). Like-
wise, using life-stage survival probabilities and a sea-
sonal matrix model, Gallardo et al. (2019) ob tained an 
intrinsic rate of increase r  in the range of 0.05−0.24 for 
the red-tailed hawk. The model provided an adequate 
representation of the pigeon and hawk survey-based 
count data (i.e. Bayesian p-values were within the 
range of 0.1−0.9; Gelman & Hill 2007), and generated 
reasonable posterior estimates of K and Np, including 
2020 when surveys were not conducted due to the 
coronavirus pande mic. The posterior estimates of K 
overlapped with the distance sampling abundance 
estimates, and have been used to set population man-
agement ob jectives (Sanderson 2006, Traill et al. 
2010, Rivera-Milán et al. 2014, 2016). The posterior 
estimates of Np, which accounted for observation and 
process variance, also provided valuable information 
about the expected magnitude of the pigeon and 
hawk population fluctuations during 2020−2030. 

Based on our monitoring and modelling results, we 
suggest that the abundance of the plain pigeon, 
scaly-naped pigeon and red-tailed hawk increased 
from low numbers and approached carrying capacity 
levels during the late 1990s in response to increased 
foraging and nesting resources in second-growth 
forests across the island. However, while the abun-
dance of the scaly-naped pigeon and red-tailed 
hawk continued fluctuating around carrying capac-
ity, we suggest that the abundance of the plain pi -
geon declined during 2002−2017 as a result of habi-
tat loss and degradation from development, which 
was widespread in the east-central region (see Mart-
inuzzi et al. 2007, their Fig. 8), and the combined 
effects of predation and human-induced mortality 
(Rivera-Milán 1996, Rivera-Milán et al. 2003b, 2016). 
The plain pigeon has a clutch size of 1 egg instead of 
the typical columbid clutch size of 2 eggs (Blockstein 
& Westmoreland 1993), which can limit annual 
reproductive output and lower maximum population 
growth rate. The 2.5−97.5th percentiles of rm ranged 
from 0.50 to 0.74 for the scaly-naped pigeon and from 
0.10 to 0.56 for the plain pigeon. That is, population 
doubling time (t = ln[2]/rm) ranged from 0.94 to 1.38 yr 
for the scaly-naped pigeon and from 1.24 to 7.30 yr 
for the plain pigeon. Therefore, the plain pigeon pop-
ulation had less ‘demographic vigour’ (sensu Caugh-
ley 1977) and was less resilient (Pimm 1991) than the 
scaly-naped pigeon population to natural and human-
induced disturbances. 

The plain pigeon population did not recover dur-
ing the 2018−2021 surveys and may undergo a pro-

longed bottleneck (Miyamoto et al. 1994, Beissinger 
et al. 2008), which may result in extinction, particu-
larly if human-induced disturbance continues un -
abated, reproduction remains unsuccessful, and an -
other hurricane with the path and intensity of María 
makes landfall on Puerto Rico during the current de -
cade. Therefore, in addition to long-term monitoring, 
which is needed to update the posterior estimates of 
population parameters and increase the precision of 
abundance predictions, we recommend to (1) con-
tinue predator removal efforts at nesting localities to 
increase and maintain reproductive success rates 
above 0.40 ± 0.05 (SE) (Rivera-Milán et al. 2003b, 
Ventosa-Febles 2019), (2) use radio and satellite tele -
metry to estimate annual survival rates and quantify 
movements and resource use (Meyer & Wilmers 
2007, Vilella et al. 2013), (3) combine count, teleme-
try and nesting data using an integrated population 
modelling framework (Johnson et al. 2010, Oppel et 
al. 2014) and (4) initiate a captive breeding pro-
gramme with reintroduction methods similar to the 
Puerto Rican parrot Amazona vittata (White et al. 
2005, Earnhardt et al. 2014, Clubb et al. 2015). We 
also need to minimize human-induced mortality from 
illegal hunting (Rivera-Milán et al. 2016); and, be -
cause most of the island forests are under private 
ownership (Brandeis & Turner 2013), we need to 
engage landowners in habitat conservation through 
programmes such as the Partners for Fish and 
Wildlife (see www.fws.gov/caribbean/ES/ and www.
fws.gov/partners/). We consider the plain pigeon 
sub species Patagioenas inornata wetmorei a unique 
conservation unit (Miyamoto et al. 1994, Russello et 
al. 2010) in need of targeted, question-driven moni-
toring and evidence-based management (Sutherland 
et al. 2004, Nichols & Williams 2006, Lindenmayer & 
Likens 2010), aiming to increase and maintain abun-
dance above the carrying capacity 2.5th percentiles 
(i.e. >30 000 island-wide and >5000 in the east-cen-
tral region; Sanderson 2006, Traill et al. 2010, Rivera-
Milán et al. 2016). 

 
 

Acknowledgements. Thanks to the editors and 4 anonymous 
referees for helpful comments and suggestions to improve 
the manuscript. We received support from the US Fish and 
Wildlife Service, Division of Migratory Bird Management, 
Branch of Assessment and Decision Support, the US Depart-
ment of Agriculture, Animal and Plant Health Inspection 
Service and the Puerto Rico Department of Natural and Envi-
ronmental Resources, Division of Terrestrial Resources 
through Commonwealth and Federal Aid funds. The findings 
and conclusions in this article are those of the authors and do 
not necessarily represent the views, determinations or poli-
cies of our respective agencies. Similarly, the use of trade, 
firm or product names does not imply agency endorsement. 

87



Endang Species Res 47: 75–89, 2022

LITERATURE CITED 
 

Begon M, Mortimer M, Thompson DJ (1996) Population 
ecology, 3rd edn. Blackwell Science, Malden, MA 

Beissinger SR, Wunderle JM Jr, Meyers MJ, Sæther BE, 
Engen S (2008) Anatomy of a bottleneck:  diagnosing fac-
tors limiting population growth in the Puerto Rican 
 parrot. Ecol Monogr 78: 185−203  

Biasutti M, Sobel AH, Camargo SJ, Creyts TT (2012) Pro-
jected changes in the physical climate of the Gulf Coast 
and Caribbean. Clim Change 112: 819−845  

Blockstein DE, Westmoreland D (1993) Reproductive strat-
egy. In:  Baskett TS, Sayre MW, Tomlinson RE, Mirarchi 
RE (eds) Ecology and management of the mourning 
dove. Stackpole Books, Harrisburg, PA, p 105–116 

Boose ER, Serrano MI, Foster DR (2004) Landscape and re -
gional impacts of hurricanes in Puerto Rico. Ecol Monogr 
74: 335−352  

Brandeis TJ, Turner JA (2013) Puerto Rico’s forests, 2009. 
Resour Bull SRS-RB-191. US Department of Agriculture 
Forest Service, Southern Research Station, Asheville, NC  

Buckland ST, Anderson DR, Burnham KP, Laake JL, Borchers 
DL, Thomas L (2001) Introduction to distance sampling. 
Oxford University Press, New York, NY 

Buckland ST, Rexstad EA, Marques TA, Oedekoven CS 
(2015) Distance sampling:  methods and applications. 
Springer, New York, NY 

Burger JM, Gochfeld M, Gochfeld DJ, Saliva JE (1989) Nest 
site selection in Zenaida dove (Zenaida aurita) in Puerto 
Rico. Biotropica 21: 244−249  

Burnham KP, Anderson DR (1998) Model selection and 
inference:  a practical information theoretic approach. 
Springer-Verlag, New York, NY 

Burnham KP, Buckland ST, Laake JL, Borchers DL, Marques 
TA, Bishop JRB, Thomas L (2004) Further topics in dis-
tance sampling. In:  Buckland ST, Anderson DR, Burnham 
KP, Laake JL, Borchers DL, Thomas L (eds) Advanced dis-
tance sampling. Oxford University Press, New York, NY, 
p 307–392 

Caughley G (1977) Analysis of vertebrate populations. John 
Wiley & Sons, New York, NY 

Clubb S, Vélez J, Garner MM, Zaias J, Gray C (2015) Health 
and reproductive assessment of selected Puerto Rican 
parrots (Amazona vittata) in captivity. J Avian Med Surg 
29: 313−325  

Cook RG, Levison DG, Gillett SR, Blaisdell AP (2005) Capac-
ity and limits of associative memory in pigeons. Psychon 
Bull Rev 12: 350−358  

Cooper CB, Hochachka WM, Dhondt AA (2007) Contrasting 
natural experiments confirm competition between house 
finches and house sparrows. Ecology 88: 864−870  

Danforth ST (1931) Puerto Rican ornithological records. 
J Agric Univ P R 15: 33−106 

Earnhardt J, Vélez-Valentín J, Valentín R, Long S, Lynch C, 
Schowe K (2014) The Puerto Rican parrot reintroduction 
program. Zoo Biol 33:89–98 

Fiske I, Chandler R (2011) UNMARKED:  an R package for 
fitting hierarchical models of wildlife occurrence and 
abundance. J Stat Softw 43: 1−23  

Gallardo JC, Vilella FJ, Colvin ME (2019) A seasonal popula-
tion matrix model of the Caribbean red-tailed hawk 
Buteo jamaicensis jamaicensis in eastern Puerto Rico. Ibis 
161: 459−466 

Gelman A, Hill J (2007) Data analysis using regression and 
multilevel/hierarchical models. Cambridge University 
Press, New York, NY 

Goldenberg SB, Landsea CW, Mestas-Nuñez AM, Gray WM 

(2001) The recent increase in Atlantic hurricane activity:  
causes and implications. Science 293: 474−479  

Hall J, Muscarella R, Quebberman A, Arellano G, Thompson 
J, Zimmerman JK, Uriarte M (2020) Hurricane-induced 
rainfall is a stronger predictor of tropical forest damage in 
Puerto Rico than maximum wind speeds. Sci Rep 10: 4318 

Hines JE (2020) PRESENCE:  software to estimate patch occu-
pancy and related parameters. US Geological Survey, 
Patuxent Wildlife Research Center, Laurel, MD. www.
mbr-pwrc.usgs.gov/software/presence.html (accessed 7 
Oc tober 2021)  

James FC, Boecklen WJ (1984) Interspecific morphological 
relationships and the densities of birds. In:  Strong DR, 
Simberloff D, Abele LG, Thistle AB (eds) Ecological com-
munities:  conceptual issues and the evidence. Princeton 
University Press, Princeton, NJ, p 458–477 

Johnson HE, Mills LS, Wehausen JD, Stephenson TR (2010) 
Combining ground count, telemetry and mark−resight 
data to infer population dynamics in an endangered spe-
cies. J Appl Ecol 47: 1083−1093  

Knape J (2008) Estimability of density dependence in mod-
els of time series data. Ecology 89: 2994−3000  

Knape J, de Valpine P (2011) Effects of weather and climate 
on the dynamics of animal population time series. Proc R 
Soc B 278: 985−992 

Koenig N (1953) A comprehensive agricultural program for 
Puerto Rico. US Department of Agriculture, Washington, 
DC 

Lindenmayer DB, Likens GE (2010) The science and applica-
tion of ecological monitoring. Biol Conserv 143: 1317−1328  

MacKenzie DI, Bailey LL, Nichols JD (2004) Investigating 
species co-occurrence patterns when species are de -
tected imperfectly. J Anim Ecol 73: 546−555  

MacKenzie DI, Nichols JD, Royle JA, Pollock KH, Bailey LL, 
Hines JE (2006) Occupancy estimation and modeling:  
inferring patterns and dynamics of species occurrence. 
Allan Press, Burlington, MA 

Marques TA, Thomas L, Fancy SG, Buckland ST (2007) Im -
proving estimates of bird density using multiple-covari-
ate distance sampling. Auk 124: 1229−1243  

Martinuzzi S, Gould WA, Ramos-González OM (2007) Land 
development, land use, and urban sprawl in Puerto Rico 
integrating remote census and population census data. 
Landsc Urban Plann 79: 288−297  

Meyer KD, Wilmers T (2007) Foraging habitats, winter resi-
dency, survival, and philopatry of adult white-crowned 
pigeons (Patagioenas leucocephala) in the lower Florida 
Keys. Final report. Florida Fish and Wildlife Conserva-
tion Commission, Tallahassee, FL 

Miller DL, Rexstad E, Thomas L, Marshall L, Laake JL (2019) 
Distance sampling in R. J Stat Soft 89: 1−28 

Miyamoto MM, Allard MW, Moreno JA (1994) Conservation 
genetics of the plain pigeon (Columba inornata) in 
Puerto Rico. Auk 111: 910−916  

Newton I (1998) Population limitation in birds. Academic 
Press, San Diego, CA 

Nichols JD, Williams BK (2006) Monitoring for conservation. 
Trends Ecol Evol 21: 668−673  

Niel C, Lebreton JD (2005) Using demographic invariants to 
detect overharvested bird populations from incomplete 
data. Conserv Biol 19: 826−835  

Oppel S, Hilton G, Ratcliffe N, Fenton C and others (2014) 
Assessing population viability while accounting for demo-
graphic and environmental uncertainty. Ecology 95: 
1809−1818 

Pérez-Rivera RA (1978) Preliminary work of the feeding 
habits, nesting habitat and reproductive activities of the 

88

https://doi.org/10.1890/07-0018.1
https://doi.org/10.1007/s10584-011-0254-y
https://doi.org/10.1890/02-4057
https://doi.org/10.2307/2388651
https://doi.org/10.1647/2013-067
https://doi.org/10.3758/BF03196384
https://doi.org/10.1890/06-0855
https://doi.org/10.1002/zoo.21109
https://doi.org/10.18637/jss.v043.i10
https://doi.org/10.1111/ibi.12703
https://doi.org/10.1126/science.1060040
https://doi.org/10.1038/s1598-020-61164-2
https://doi.org/10.1890/13-0733.1
https://doi.org/10.1111/j.1523-1739.2005.00310.x
https://doi.org/10.1016/j.tree.2006.08.007
https://doi.org/10.2307/4088823
https://doi.org/10.18637/jss.v089.i01
https://doi.org/10.1016/j.landurbplan.2006.02.014
https://doi.org/10.1093/auk/124.4.1229
https://doi.org/10.1111/j.0021-8790.2004.00828.x
https://doi.org/10.1016/j.biocon.2010.02.013
https://doi.org/10.1098/rspb.2010.1333
https://doi.org/10.1890/08-0071.1
https://doi.org/10.1111/j.1365-2664.2010.01846.x
http://www.mbr-pwrc.usgs.gov/software/presence.html


Rivera-Milán et al.: Pigeons and hawks in Puerto Rico

plain pigeon (Columba inornata wetmorei) and the red-
necked pigeon (Columba squamosa), sympatric species:  
an analysis of the interaction. Science-Ciencia 5: 89−98 

Pimm SL (1991) The balance of nature? University of 
Chicago Press, Chicago, IL 

Plummer M (2003) JAGS:  a program for analysis of Bayesian 
graphical models using Gibbs sampling. www.r-project.
org/conferences/DSC-2003/Proceedings/Plummer.pdf 
(accessed 7 October 2021)  

Poling TD, Hayslette SE (2006) Dietary overlap and foraging 
competition between mourning doves and Eurasian col-
lared-doves. J Wildl Manag 70: 998−1004  

R Development Core Team (2020) R:  a language and envi-
ronment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna 

Rivera-Milán FF (1992) Distribution and relative abundance 
patterns of columbids in Puerto Rico. Condor 94: 224−238  

Rivera-Milán FF (1995a) Spatial and temporal variation in 
the detectability and density of columbids in Puerto Rico 
and on Vieques Island. Ornitol Neotrop 6: 1−17 

Rivera-Milán FF (1995b) Distribution and abundance of rap-
tors in Puerto Rico. Wilson Bull 107: 452−462 

Rivera-Milán FF (1996) Nest density and success of 
columbids in Puerto Rico. Condor 98: 100−113  

Rivera-Milán FF (2001) Transect surveys of columbid nests 
on Puerto Rico, Vieques and Culebra islands. Condor 103: 
332−342  

Rivera-Milán FF, Ruiz CR, Cruz JA, Vázquez M, Martínez 
AJ (2003a) Population monitoring of plain pigeons in 
Puerto Rico. Wilson Bull 115: 45−51  

Rivera-Milán FF, Ruiz CR, Cruz JA, Sustache JA (2003b) 
Reproduction of plain pigeons (Columba inornata wet-
morei) in east-central Puerto Rico. Auk 120: 466−480  

Rivera-Milán FF, Boomer GS, Martínez AJ (2014) Monitor-
ing and modeling of population dynamics for the harvest 
management of scaly-naped pigeons in Puerto Rico. 
J Wildl Manag 78: 513−521  

Rivera-Milán FF, Bertuol P, Simal F, Rusk BL (2015) Distance 
sampling survey and abundance estimation of the criti-
cally endangered Grenada dove (Leptotila wellsi). Con-
dor 117: 87−93  

Rivera-Milán FF, Boomer GS, Martínez AJ (2016) Sustainability 
assessment of plain pigeons and white-crowned pigeons 
 illegally hunted in Puerto Rico. Condor 118: 300−308 

Royle JA (2004) N-mixture models for estimating population 
size from spatially replicated counts. Biometrics 60: 
108−115  

Royle JA, Nichols JD (2003) Estimating abundance from 
repeated presence−absence or point counts. Ecology 84: 
777−790  

Ruiz-Lebrón CR, Galán-Kercadó DJ, Pérez-Rivera RA (1995) 
Segunda liberación experimental de palomas sabaneras 
en Cidra, Puerto Rico. J Caribb Ornithol 8: 5−7 

Runge MC, Sauer JR, Avery ML, Blackwell BF, Koneff MD 
(2009) Assessing allowable take of migratory birds. 
J Wildl Manag 73: 556−565  

Russello MA, Stahala C, Lalonde D, Schmidt KL, Amato G 
(2010) Cryptic diversity and conservation units in the 
Bahama parrot. Conserv Genet 11: 1809−1821  

Sæther BE, Grøtan V, Engen S, Coulson T and others (2016) 
Demographic routes to variability and regulation in bird 
populations. Nature Commun 7: 12001 

Sanderson EW (2006) How many animals do we want to 
save? The many ways of setting population target levels 
for conservation. Bioscience 56: 911−922  

Santana C. E, Temple SA (1988) Biology and diet of red-
tailed hawks in Puerto Rico. Biotropica 20: 151−160  

Stephan C, Bugnyar T (2013) Pigeons integrate past 
knowledge across sensory modalities. Anim Behav 85: 
605−613  

Strong DR, Simberloff D, Abele LG, Thistle AB (1984) Eco-
logical communities:  conceptual issues and the evidence, 
Princeton University Press, Princeton, NJ 

Su JS, Yajima M (2015) Using R to run JAGS. https: //cran.r-
project.org/web/packages//R2jags/R2jags.pdf (accessed 
7 October 2021) 

Sutherland WJ, Pullin AS, Dolman PM, Knight TM (2004) 
The need for evidence-based conservation. Trends Ecol 
Evol 19: 305−308  

Thomas L, Buckland ST, Rexstad EA, Laake JL and others 
(2010) Distance software:  design and analysis of distance 
sampling surveys for estimating population size. J Appl 
Ecol 47: 5−14  

Traill LW, Brook BW, Frankham RR, Bradshaw CJA (2010) 
Pragmatic population viability targets in a rapidly chang-
ing world. Biol Conserv 143: 28−34  

Uriarte M, Thompson J, Zimmerman JK (2019) Hurricane 
María tripled stem breaks and doubled tree mortality 
relative to other major storms. Nature Commun 10: 
1362 

US Fish and Wildlife Service (1982) Puerto Rican plain pigeon 
recovery plan. US Department of the Interior, Atlanta, GA 

US Fish and Wildlife Service (2011) Puerto Rican plain 
pigeon 5-year status review. US Department of the Inte-
rior, Atlanta, GA 

US National Oceanic and Atmospheric Administration 
(2020) National Hurricane Center and Central Pacific 
Hurricane Center. 2017 Atlantic Hurricane Season, https://
www.nhc.noaa.gov/data/tcr/index.php?season=2017&
basin=atl (accessed 26 January 2022) 

Ventosa-Febles EA (2019) Rat control management to 
enhance reproduction of the Puerto Rico plain pigeon 
after Hurricane María. Final Report. US Department of 
Agriculture, APHIS, San Juan, PR 

Vilella FJ, Nimitz WF (2012) Spatial dynamics of the red-
tailed hawk in the Luquillo Mountains of Puerto Rico. 
Wilson J Ornithol 124: 758−766  

Vilella FJ, Chen H, Marable K (2013) Movement, resource 
use, and survival of the scaly-naped pigeon and plain 
pigeon in east-central Puerto Rico. Final report project 
W-28-1. US Geological Survey Cooperative Fish and 
Wild life Research Unit, Mississippi State University, Mis-
sissippi State, MS 

Webster PJ, Holland GJ, Curry JA, Chang HR (2005) 
Changes in tropical cyclone numbers, duration, and 
intensity. Science 309: 1844−1846  

Wetmore A (1916) Birds of Porto Rico. Bull 326. US Depart-
ment of Agriculture, Washington, DC 

White TH Jr, Collazo JA, Vilella FJ (2005) Survival of cap-
tive-reared Puerto Rican parrots released in the Carib-
bean National Forest. Condor 107: 426−434 

Wiley JW (1985) Bird conservation in the United States Car-
ibbean. In:  Temple SA (ed) Bird conservation. University 
of Wisconsin Press, Madison, WI, p 107–159 

Wunderle JM Jr (1995) Responses of bird populations in a 
Puerto Rican forest to Hurricane Hugo:  the first 18 months. 
Condor 97: 879−896  

Yuan F, López JJ, Arnold S, Brand A and others (2017) 
Forestation in Puerto Rico, 1970s to present. J Geogr Geol 
9: 30−41

89

Editorial responsibility: David Richardson,  
Norwich, UK 

Reviewed by: T. Carlo and 3 anonymous referees

Submitted: January 11, 2021 
Accepted: October 21, 2021 
Proofs received from author(s): January 26, 2022

www.r-project.org/conferences/DSC-2003/Proceedings/Plummer.pdf
https://doi.org/10.2193/0022-541X(2006)70%5b998%3ADOAFCB%5d2.0.CO%3B2
https://doi.org/10.2307/1368811
https://doi.org/10.2307/1369513
https://doi.org/10.1093/condor/103.2.332
https://doi.org/10.1676/02-068
https://doi.org/10.1093/auk/120.2.466
https://doi.org/10.1002/jwmg.672
https://doi.org/10.1650/CONDOR-14-131.1
https://doi.org/10.1650/CONDOR-15-110.1
https://doi.org/10.1111/j.0006-341X.2004.00142.x
https://doi.org/10.1890/0012-9658(2003)084%5b0777%3AEAFRPA%5d2.0.CO%3B2
https://doi.org/10.2193/2008-090
https://doi.org/10.5539/jgg.v9n3p30
https://doi.org/10.2307/1369528
https://doi.org/10.1126/science.1116448
https://doi.org/10.1676/1559-4491-124.4.758
https://www.nhc.noaa.gov/data/tcr/index.php?season=2017&basin=atl
https://doi.org/10.1038/s41467-019-09319-2
https://doi.org/10.1016/j.biocon.2009.09.001
https://doi.org/10.1111/j.1365-2664.2009.01737.x
https://doi.org/10.1016/j.tree.2004.03.018
https://cran.r-project.org/web/packages//R2jags/R2jags.pdf
https://doi.org/10.1016/j.anbehav.2012.12.023
https://doi.org/10.1641/0006-3568(2006)56%5b911%3AHMADWW%5d2.0.CO%3B2
https://doi.org/10.1007/s10592-010-0074-z



