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Abstract Future climate change scenarios suggest that hurricanes could become 
stronger and more frequent across the Caribbean over the current century. While 
there are many studies on the impact of hurricanes on forest regeneration and 
limited studies on their effects on the recovery of neotropical fauna communities, 
the impact of hurricanes on the spatial behavior and movement of large mammals 
is essentially unknown. In this chapter we report on a unique dataset on two adult 
Baird’s tapirs that were equipped with GPS collars before and after 2016’s 
Hurricane Otto in Nicaragua’s Indio Maíz Biological Reserve. The collar data 
reveal that both tapir’s habitat use, home-range size, and movement patterns were 
significantly altered by the damage to the primary forest caused by the hurricane. 
Post-hurricane, home range decreased significantly, velocity decreased for both 
individuals, and both tapirs restricted their movements to habitat that allowed 
them to move more efficiently around their home ranges. While food is likely to 
be abundant post-hurricane in the rapidly regenerating forest, both tapirs appeared 
to limit their use of available habitat to maximize the efficiency of their 
movements, which may reduce carrying capacity in the short term for the species 
and limit potential for population growth. 
 
Introduction Hurricanes have played a significant role in the successional 
pathways of Nicaragua’s Caribbean Coast forests throughout history. Records 
show that between 1892 and 1996, Nicaragua was hit by 40 tropical cyclones, 18 
of which made landfall as hurricanes (Centro Humboldt and Fundación del Río 
2017). The Category Five Hurricane Joan that battered Nicaragua in 1989 is 
perhaps the country’s best known hurricane due to the damage it wrought on south 
Caribbean Coast communities and cities and to the extensive research carried out 
after the hurricane to document the regeneration of the region’s lowland tropical 
forests (Yih et al. 1991). While post-hurricane forest regeneration has been studied 
fairly comprehensively, the impact of hurricanes on wildlife is comparatively 
unknown; with the few studies that exist focusing on how rapidly the species 
richness of different species assemblages recover over time (i.e. Will 1991). Yet 
the drastic changes in habitat structure and resource availability caused by 
hurricanes affect not only the species richness of the forest, but also the behavior 
and movement ecology of species, which could have implications for species’ 
carrying capacities, survival rates, and reproduction in sites damaged by 
hurricanes. For example, in some forests affected by Hurricane Joan, only 27% of 
trees remained standing and only 18% of trees had leaves in the immediate 
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aftermath of the storm. For primates, this almost certainly shifted their general 
foraging patterns and habitat use. For large mammals such as jaguars (Panthera 
onca) and Baird’s tapirs (Tapirus bairdii), the 73% of trees that fell during 
Hurricane Joan must have turned the forest floor into a messy labyrinth of fallen 
trees and limbs that affected their ability to move efficiently and thus forced them 
to adjust their hunting and browsing strategies respectively (Yih et al. 1991). 
While difficult to collect data on animal movements before and after hurricanes 
due to the unpredictable nature of the storms, these data are critical to understand 
how hurricanes affect their movement and ultimately their capacity to thrive in 
hurricane damaged forests.  
 
Understanding the full impact of hurricanes on neotropical forest wildlife is even 
more critical due to studies that indicate rising sea surface temperatures in the 
Western Caribbean are expected to produce larger cyclones with higher intensity 
throughout the region (Overland et al. 2016; Baldini et al. 2016). In effect, this 
means that in the remainder of this century, the Western Caribbean is likely to see 
more intense storms capable of damaging more extensive areas of forest. 
 
In this chapter, we report on a unique dataset collected with GPS collars that were 
installed on two Baird’s tapirs before and after 2016’s Category 2-3 Hurricane 
Otto in Nicaragua’s Indio Maíz Biological Reserve. These data gave us the 
opportunity to understand how hurricane damage to these tapirs’ home ranges 
affected their movement, which in turn gives us insight into how hurricanes may 
affect the survival of this globally endangered large mammal in the current 
century. 
 
Study Site The 2,639 square kilometer Indio Maíz Biological Reserve in 
southeastern Nicaragua constitutes important habitat for a host of regionally 
endangered and threatened species, such as great green macaws (Ara ambiguus), 
wild almond trees (Dipteryx panamensis), Baird’s tapirs, jaguars, and white-lipped 
peccaries (Tayassu pecari) (Figure 1). The reserve receives more than 4,000 mm 
of annual rainfall and is comprised of lowland tropical rainforest, Raphia palm 
swamps, and seasonally flooded forests, and the lower reaches of its rivers harbor 
freshwater grasses that sustain local manatee (Trichechus manatus) populations. 
The reserve has no road access; its heart is only accessible by boat or dugout 
canoe. Indio-Maíz is a core area of the over 4,000 square kilometer terrestrial 
portion of the Rama-Kriol Indigenous Territory and is inhabited by Rama 
indigenous peoples, Afro-descendant Kriol, and, increasingly, illegal cattle 
ranchers, but continues to have an extremely low human density.  
 
Historically Indio Maíz has been Nicaragua’s best-preserved rainforest and was 
comprised almost entirely of primary forest. Before 2016 there was no known 
historical record of Indio Maíz having been affected by a hurricane (Centro 
Humboldt and Fundación del Río 2017). Indio Maíz is one of the five largest 
forests remaining in Central America and also one of the most important core 
areas remaining for the conservation of the globally endangered Baird’s tapir 
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(Schank et al. 2017). Nonetheless, Nicaragua has one of the highest rates of forest 
loss in Central America (Hansen et al. 2013) and government agencies responsible 
for managing protected areas are conspicuously absent even in Indio Maíz, which 
as a Biological Reserve is legally the protected area with the strictest regulations 
in the entire country. 

Figure 
1: Path of Hurricane Otto through the Indio Maíz Biological Reserve in the 

Southeast Corner of Nicaragua. 
 
Study Species Baird’s tapirs are members of the order Perissodactyla, or odd-toed 
ungulates, making them evolutionary relatives of the horse and the rhinoceros. 
The species is the largest terrestrial mammal in the Neotropics and also one of the 
most ecologically important species in the forested landscapes it inhabits. Tapirs 
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have large daily food requirements and are prodigious browsers, consuming an 
estimated 100-200 different species of plants, seeds, and fruits. Through their 
selective browsing behavior, they have a large impact on the successional 
pathways of Neotropical forests, and for this reason we often refer to them as the 
“gardeners of the forest” and “ecosystem engineers”.  
 
The Baird’s tapir is classified as globally endangered by the IUCN (Garcìa et al. 
2016). Experts estimate that the current population could have as few as 4,500 
mature adults. The main threats to the survival of the species include extensive 
deforestation, unsustainable poaching, and climate change. Tapirs are solitary 
animals with large spatial requirements and a slow reproductive cycle given their 
gestation period of approximately 400 days. Massive forest loss across most of 
Central America in the last fifteen years combined with significant hunting has 
diminished the population by more than 50% in the past three generations and left 
the remaining tapirs in mostly isolated subpopulations, many of which may not be 
genetically viable (Hansen et al. 2013; Jordan et al. 2014). In the Selva Maya, the 
species’ northernmost stronghold and one of its most important core habitats, there 
is concern that climate change may decrease water availability and decrease the 
suitability of the habitat for tapirs over the course of this century (O’Farrill et al. 
2014). Without a long-term, large-scale effort to reverse recent trends in the 
species’ populations, Baird’s tapirs are vulnerable to becoming critically 
endangered. In this context, the potential for hurricanes to negatively affect 
Baird’s tapirs’ survival and carrying capacity in important core areas like the Indio 
Maíz Biological Reserve could further threaten the survival of the species.  
 
Hurricane Otto Hurricane Otto was an unusually late-forming hurricane during 
2016’s hurricane season. It likely first became a hurricane on November 23, 2016 
approximately 240 kilometers from the Nicaraguan/Costa Rican border (Brown 
2017). Hurricane Otto made landfall as a Category 3 storm with sustained winds 
of approximately 175 km/h on November 24, 2016 near Greytown in the 
southeastern corner of Nicaragua and then began its path across the Indio Maíz 
Biological Reserve (Brown 2017). 
 
Hurricane Otto was a relatively small storm, with hurricane force winds extending 
only 16-32 km from the center of the storm (Brown 2017). Although the storm 
lost strength fairly quickly as it moved across Indio Maíz, the eye of Otto 
remained intact across almost the entirety of the Central American isthmus and 
caused extensive damage to reserve’s primary forest (Centro Humboldt and 
Fundación del Río 2017) (Figure 2). For instance, in 7 sites surveyed in the 
immediate aftermath of the hurricane, 72.7% of trees had fallen to the forest floor 
(Centro Humboldt and Fundación del Río 2017). Local researchers estimated that 
Hurricane Otto damaged 166,792.67 hectares of forest in Indio Maíz (Centro 
Humboldt and Fundación del Río 2017). 
 
Data and Methodology 
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Tapir Captures  
Our team captured and immobilized Baird’s tapirs as a part of a GPS telemetry 
project during two separate capture expeditions in 2016, the first from March 29-
May 8 and the second from August 5-24. During both expeditions, our team used 
pitfall traps camouflaged with leaf litter and dirt to capture tapirs.   
 

 
Figure 2: A photo of Cucaracha Hill, approximately 11 kilometers southeast of 
Almuk’s home range, one week after Hurricane Otto passed through Indio Maíz.  
Before the hurricane, this hill was covered with primary forest.  The forests within 
Wes’ and Almuk’s home ranges fared better than this but were still drastically 
altered by Hurricane Otto. Photo courtesy of Camilo de Castro. 
 
We built 18 traps during the first expedition then monitored them over a period of 
35 days. Total effort was 385 trap nights during the first expedition during which 
we captured two adult male tapirs and one adult female tapir (0.0078 capture rate). 
The female’s collar was not fitted properly and fell off after a few days.  
 
We built 12 traps during the second expedition, but only monitored them for 9 
days due to unexpected torrential rains that forced our team to end the expedition 
early. Total effort was 75 trap nights. During this expedition we captured one 
adult male Wes (.013 capture rate).  No non-target species were captured in 
pitfalls during either expedition with the exception of a single Tome’s spiny rat 
(Proechimys semispinosus) that we removed from the trap and released. 
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All captured tapirs were immobilized and then fitted with a Telonics Iridium 
Collar programmed to attempt a GPS fix of the animal’s location every hour and 
to make periodic satellite transmissions. All collars had automatic release 
mechanisms programmed to release approximately one year after collar 
installation, however the automatic release mechanisms malfunctioned and did not 
drop off. After multiple and ongoing expeditions to recapture collared individuals, 
we have managed to recapture one of the males collared in April 2016 (Almuk) 
and the male (Wes) captured in August 2016.  
 
Almuk was captured and collared on April 8, 2016.  From this date the collar 
continued to attempt GPS fixes every hour until 9/7/2017. During this interval, 
Almuk’s collar successfully recorded a total of 8,830 locations, including 4,217 
before the hurricane and 4,613 after the hurricane. Almuk’s collar had an overall 
fix acquisition rate of 70.6%.   
 
Wes was captured and collared on August 16, 2016. From this date, the collar 
continued to attempt GPS fixes every hour until January 23, 2018. During this 
interval, the collar successfully recorded a total of 8,532 locations, including 1,464 
before the hurricane and 7,068 after the hurricane. Wes’ collar had an overall fix 
acquisition rate of 64.8%.   
 
Data Analysis  
We digitized all visible streams and rivers from topographic maps (U.S. National 
Imagery and Mapping Agency, Series E751), and calculated the distance from 
GPS fixes to these waterways (units=meters). We then compared these samples 
before and after the hurricane. We also downloaded a 30-meter DEM (Tachikawa 
et al. 2011), calculated slope (units=degrees), and did another comparison of 
before and after values. This was done to determine how tapir movement changed 
in relation to these environmental variables.  We decided to use slope and distance 
to streams and rivers as our environmental variables based on our observations in 
the field while surveying for suitable locations to build tapir traps.  Since 
Hurricane Otto, we have rarely seen tapir tracks walking up and down hills, yet we 
do see frequent sign of tapir activity while walking along rivers and streams.  In 
addition to this, we hypothesized that tapirs would avoid areas with the 
combination of large slopes and many downed trees due to the energy required to 
simply walk around in such areas. Likewise, given that rivers and streams post-
hurricane are relatively open areas compared with the damaged forest, we 
hypothesized that tapirs might be using rivers and streams simply because they 
offer a very efficient means of moving around their home ranges. 
 
To analyze the tapir movement patterns in general, we compared the area change 
in their home ranges before and after the hurricane. We used a fixed kernel density 
estimation (KDE) (Worton 1989; Seaman and Powell 1996) to calculate the 95% 
(Home range) and 50% (Core area) utilization distributions for each tapir before 
and after the hurricane. To smooth the data, we used the default smoothing factor, 
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which is generated for each of the trajectory datasets (Worton, 1995). Smoothing 
is beneficial because it reduces variance in the low sample areas and reduces bias 
in areas with many observations (Worton, 1989). Home range estimators like 
KDE potentially misrepresent home ranges because they treat movement data, 
which is inherently spatially and temporally autocorrelated, as a point pattern 
rather than as a movement process (Cushman 2010). Autocorrelation can be 
reduced by filtering points so they are statistically independent (Welch et al., 
2016), however, the spatiotemporal autocorrelation can also emerge as a function 
of an animal’s preference for specific areas within their home range. Therefore, 
instead of filtering data, in addition to KDE, we used Time Local Convex Hall (T-
LoCoH) which is a time-scaled home range estimator (Lyons et al. 2013). T-
LoCoH converts the time difference between point pairs into a time-scaled 
distance metric used with spatial proximity to construct nearest neighbor convex-
hulls (Lyons et al. 2013). A scaling factor, s, determines the maximum amount of 
time from which a spatial neighbor is still considered correlated to the focal 
location and is therefore calculated as a nearest neighbor (Lyons et al. 2013). As 
the scaling factor, s, increases, the time factor is weighted more heavily; s = 0 
means time is not considered at all. To determine our s factor we plotted our data 
to see the natural frequencies in the data for the distance of each point to the 
centroid of the entire datasets over time (Lyons 2014). Using that technique, we 
set used s= 0.015. We then compared the areas calculated using both KDE and T-
LoCoH before and after the hurricane to determine if change had occurred. 
 
Results Welch’s T-test results between samples of environmental variables, slope 
and distance to waterways, for GPS fixes before and after the hurricane show that: 
1) both individuals used areas with lower slopes after the hurricane, and 2) Wes 
used habitat farther from rivers with a higher frequency after the hurricane, 
whereas Almuk used habitat closer from rivers with a higher frequency after the 
hurricane (Table 1, Figure 3). During recent re-capture expeditions for Wes, 
however, we noted that there were several small creeks in the areas far from the 
main river that he appeared to frequent.  These small creeks are not included in 
our rivers and streams layer, so there is the chance that our analyses were unable 
to capture the true relationship between Wes’ movements and local waterways. 
 
Table 1: Comparison, using Welch t-test, between samples of environmental 
variables for GPS fixes before and after the hurricane (negative values in the 
confidence intervals indicate higher values after the hurricane). 

 Individual 95% Conf. Intervals Statistical Significance 

Slope 

Almuk 0.499 to  0.772 t = 9.14, p-value < 2.2e-16 

Wes 0.713 to 1.187 t = 7.87, p-value = 6.524e-15 
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Distance to 
waterways 

Almuk 124 to 153 t = 18.31, p-value < 2.2e-16 

Wes -154 to -134 t = -28.6, p-value < 2.2e-16 

 
Given that our data for Wes only included approximately three months pre-
hurricane and 14 months post-hurricane, we do not believe that his pre-hurricane 
data were enough to capture his entire home range. Due to this, we restricted our 
comparisons pre- and post-hurricane to the area of overlap between his pre-
hurricane and post-hurricane home ranges.  
 
Due to this, results for Wes do not represent his entire home range, but rather his 
home-range use within this area of overlap. In all analyses, Wes’ use of this area 
of home-range decreased significantly after the hurricane (Table 2).  However we 
also provide estimates for Wes’ full post-hurricane dataset as this likely does 
represent his full home range after the storm (Table 2).  
 
In contrast to Wes, Almuk’s dataset included a relatively equal number of points 
both pre- and post-hurricane, and thus his entire dataset was used in analyses.  
Similar to Wes, all estimate of Almuk’s homerange decreased significantly post-
hurricane (Table 3, Figure 4) 
 
Finally, Almuk’s velocity pre-hurricane was 1.17 m/s.  This decreased by 67% to 
0.39 m/s post-hurricane.  Wes’ velocity pre-hurricane was 0.42 m/s.  This 
decreased slightly to 0.40 m/s post-hurricane. 
 
 
 
 
 
 
 
 



9 

 
Figure 3: Boxplots for the comparison between slope and distance to waterways 
for GPS fixes before and after the hurricane (with background values for 
reference). Outliers have been removed. 
   
Table 2: Comparison of Home range (95% isopleth) and core areas (50% 
isopleth) of  Wes before after Hurricane Otto using both KDE and T-LoCoH.  
 

Tapir 2 (Wes) Pre-Hurricane 
Area 

Post-Hurricane 
Area of Overlap 

T-LoCoH Full  
Post-Hurricane 
Dataset 

T-LoCoH (Home 
range) 

4.21 km2 0.87 km2 1.24  km2 

T-LoCoH (Core 
area) 

0.35 km2 0.09 km2 0.11 km2 

KDE (Home range) 14.99 km2 2.85 km2 4.50 km2  
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KDE (Core area) 1.96 km2 0.51 km2 0.82 km2  

 
Table 3: Comparison of Home range and core areas of Almuk before after 
Hurricane Otto using both KDE and T-LoCoH.  
 

Tapir 1 (Almuk) Before Hurricane Area After Hurricane Area 

T-LoCoH (Home range) 11.25 km2 3.35 km2 

T-LoCoH (Core area) 0.78 km2 0.13 km2 

KDE (Home range) 13.57 km2 8.73 km2 

KDE (Core area) 1.99 km2 1.22 km2 
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        Figure 4: KDE home range results pre- and post-hurricane for Almuk 
 
Discussion The home range estimates on these two tapirs are significant given that 
the estimates from the most commonly cited paper on Baird’s tapir home ranges 
collected from animals in Corcovado National Park are only .968-1.25 km2 using 
95% minimum convex polygon (MCP) (Foerster and Vaughan 2002). According 
to our estimates at 95% isopleth, in the primary forest of Indio Maíz before the 
hurricane, the two tapirs reported on in this chapter had home ranges that 
measured an order of magnitude more than this. For example, using KDE (95% 
isopleth) which is a traditional, non-time bound method that can be used for 
historical comparisons, Almuk had a home-range of 13.57 km2 and Wes 14.99 
km2. Using MCP, pre-hurricane estimates for their home ranges are 18.72 km2  and 
18.32 km2 respectively. Even in the hurricane damaged forest, which we assumed 
would more closely approximate secondary forest, home ranges are still larger 
than those reported in Corcovado: using KDE (95% isopleth), Almuk had a home 
range of 8.73 km2 and Wes 4.50 km2 when including all of his post-hurricane data. 
Using MCP with post-hurricane data, our estimates for their home ranges were 
16.12 km2  and 11.90 km2 respectively. In the case of Wes, these estimates are 
particularly interesting because we don’t believe that his pre-hurricane home-
range represents his entire home range given that we only collected data on him 
for three months before the storm. Importantly, the pre-hurricane home ranges are 
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consistent with other adult tapirs that we have captured and collared in Indio Maíz. 
Thus, these new estimates for Baird’s tapir home range are significant in that they 
show that the most frequently referenced estimates for the species are not 
consistent across the species’ entire distribution. This, along with the fact that 
home ranges for the same individuals in the same locations changed along with 
significant changes in the condition of the forest, demonstrate that a home range 
estimate from one location cannot be extrapolated and used to estimate population 
size or density for Baird’s tapirs in other sites throughout the species’ range.   
 
In prior publications on home range and habitat preferences of Baird’s tapirs, 
researchers have commonly found that tapirs prefer secondary forest to primary 
forest under the assumption that food availability on the forest floor in secondary 
forests is much higher than in primary forests (Fragoso 1983; Foerster and 
Vaughan 2002). In this scenario, in theory tapirs move less to meet their daily 
food requirements in secondary forests than they would in primary forests and 
thus have smaller home ranges in the former. We predicted that we would see a 
similar phenomenon post-hurricane in that the tree fall caused by Otto triggered a 
massive release of nutrients on the forest floor that has resulted in extremely rapid 
regeneration and therefore a spike in tapir food availability on the forest floor 
(Figure 5). 
 
We assumed that the spike in food availability on the forest floor for tapirs would 
result in a subsequent decrease in home ranges. Furthermore, we optimistically 
predicted that in the short-term, this might even increase the carrying capacity for 
Indio Maíz’s tapirs and thus result in a larger population. Indeed, our results show 
that there was, in fact, a significant decrease in both of our collared tapirs’ home 
ranges post-hurricane.  It is likely feasible for these tapirs to still thrive in Indio 
Maíz despite the restrictions to their home ranges due to the high food availability 
on the forest floor. 
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Figure 5: Cucaracha Hill (the same hill pictured in Figure 2) approximately one 
year after Hurricane Otto. Photo courtesy of Camilo de Castro. 
 
However, a look at our other movement analyses puts our prediction of a 
subsequent increase in population into question. For instance, in the case of 
Almuk, after the hurricane passed, he tended to move more closely to significant 
rivers and streams and in areas with lower slopes than he did before the hurricane. 
Presumably he does this to increase the efficiency of his movements around his 
home range. Our field team can attest that walking through the forest post-
hurricane is a significantly less efficient process than it was pre-hurricane, and that 
walking the same distance can take five to six times longer post-hurricane simply 
because one has to constantly climb over and under a mess of fallen trees and 
limbs. This has been exacerbated even further as the forest regenerates because 
new growth has filled the gaps in the fallen trees and reduced visibility to almost 
nothing (this also increased the difficulty of recapturing Almuk and Wes). When 
we wish to move far distances through the forest, we now follow rivers and 
streams as much as possible because they tend to provide clearer paths and allow 
for more efficient and faster movement. While tapirs are certainly more adept at 
moving through the forest than our field team, that tapirs would do the same and 
look for the most efficient way to travel around their home ranges seems plausible 
and is consistent with research on other species (Wall et al. 2006; Shepard et al. 
2013). We hypothesized that optimizing efficiency would include concentrating 
movements: a) along rivers and streams, and/or b) in lowland areas that do not 
cross hills of significant size covered in hurricane damaged hardwood forest, but 
rather stick to lowland areas (i.e. areas of lower slope) that likely have more palms 
and potentially less woody debris covering the forest floor. So while tapirs do 
appear to have reduced home ranges in Indio Maíz, this may not necessarily lead 
to an increase in carrying capacity in the reserve. Almuk’s and Wes’ home ranges 
do not appear to have reduced solely due to an increase in food availability, but 
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also because tapirs appear to be selecting habitat that allows them to move more 
efficiently.  It is unclear if a tapir could survive in Indio Maíz’s forested hills away 
from rivers and streams post-hurricane.  It is also unclear if the restrictions on 
movement post-hurricane limits the dispersal capabilities of juveniles and/or the 
genetic connectivity of tapirs within Indio Maíz, but given our findings both are 
possible. 
 
In addition to these findings, velocity post-hurricane was lower than pre-hurricane 
for both tapirs, with a more substantial decrease in the case of Almuk. This is 
likely due to the combination of higher food availability on the forest floor 
resulting in less movement for foraging overall and the increased difficulty of 
moving around the forest due to fallen trees. We assume that there was a smaller 
decrease is Wes’ velocity because his home range, while drastically altered by the 
hurricane, was visibly less damaged than Almuk’s.  
 
Although two is a very small sample size for movement analyses, the unique 
nature of our dataset have allowed us a novel look into the immediate impact of 
hurricanes on the movement of Baird’s tapirs.  In the coming years as climate 
change produces stronger hurricanes capable of causing more extensive damage to 
the lowland forests of the Western Caribbean, it will be important to continue to 
monitor these and other tapirs in Indio Maíz to observe how Baird’s tapirs home 
ranges change along with the regeneration of Indio Maíz’s forests in order to 
better understand the long-term impacts of these storms.   
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