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Abstract
1. Higher temperatures, declining precipitation, changing cloud cover and in-

creased wildfires threaten tropical montane pine forests by overriding the envi-
ronmental heterogeneity that typically buffers these systems from catastrophic 
fires. Severe fires threaten to overwhelm forest resilience and tip this biome into 
alternate vegetation states.

2. This study focused on long- term dynamics of montane Pinus occidentalis forests 
in the Cordillera Central, Dominican Republic after a ~1000 km2 fire in 2005, the 
largest since 1965. We used long- term records to investigate climate before and 
after the fire, and 19- year dataset of pre-  and post- fire vegetation change from a 
network of 55 permanent plots (20 small 0.05 ha plots and 35 large 0.1 ha plots) 
established in 1999 to model overstorey and understorey vegetation dynamics.

3. The 2005 fire was synchronized with the most extreme drought in the region in 
over 60 years. The fire burned from <1600 to >3000 m a.s.l. in elevation across 
windward and leeward slopes, creating a mosaic of low- , moderate-  and high- 
severity patches. Lower elevations, leeward slopes and stands with a higher pro-
portion of smaller pine trees all burned at higher severities.

4. Growth rates of trees that survived the fire remained lower than pre- fire rates 
13 years after the fire. The highest post- fire mortality rates were soon after the 
fire and in the census immediately following subsequent post- fire droughts. Post- 
fire pine seedling abundance was significantly greater in stands with higher basal 
area of live canopy trees and significantly reduced by increased shrub abundance 
in the understorey. Understorey composition recovered rapidly to pre- fire states 
in sites affected by low-  and moderate- severity fires, but sites affected by high- 
severity fires remained dissimilar to pre- fire composition 13 years after the fire. 
Even though high- severity patches had persistently low pine regeneration, 100% 
of small plots and 96% of large plots had at least one pine sapling or canopy tree 
recruit by 2018. Shrub taxa survived the fire in higher numbers and recovered to 
pre- fire densities much faster than the pine, especially in high- severity burns.

5. Synthesis. Climate change has increased the likelihood of wildfires in tropical mon-
tane pine forests, with long- lasting effects on vegetation dynamics. However, 
this biome may prove resilient to increasingly severe fires in the near future, 
given the ongoing recovery of Pinus occidentalis forests in Hispaniola despite 
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1  |  INTRODUC TION

Tropical montane ecosystems are highly vulnerable to rapidly altering 
temperature and moisture regimes caused by global climate change 
(Hannah, 2021; Krishnaswamy et al., 2014; Muñoz et al., 2022; 
Williams et al., 2007) and extreme weather events, especially se-
vere droughts (Foster, 2001; Scholl et al., 2021). Climate change is 
also causing large shifts in the elevation of orographic clouds and 
the trade wind inversion (TWI; a synoptic subsidence inversion 
that traps clouds below a roughly constant elevation, Giambelluca 
& Nullet, 1991) on tropical mountains, both of which strongly 
shape climate (Cao et al., 2007; Martin & Fahey, 2014; Marzol- Jaén 
et al., 2011) and disturbance regimes (Crausbay & Martin, 2016; 
Martin et al., 2007, 2011) in these ecosystems.

Fire disturbance regimes in tropical ecosystems are chang-
ing in response to global climatic change, as well as from fire 
suppression, changing land use patterns and invasive species 
(Archibald et al., 2009; Bellingham et al., 2018; Bowman et al., 2011; 
Ganteaume et al., 2013; Shlisky et al., 2007; Westerling et al., 2006). 
Highly altered fire regimes in fire- sensitive areas of the tropics 
have received widespread attention (Cochrane & Schulze, 1999; 
Laurance, 2003). However, less attention has been paid to altered 
fire regimes in historically fire- maintained tropical forests (Myers & 
Rodríguez- Trejo, 2009). Tropical montane pine forests, in particular, 
have historic disturbance regimes of fire and drought (Goldammer & 
Peñafiel, 1990; Martin et al., 2007; Myers & Rodríguez- Trejo, 2009; 
Ohsawa, 1995; Santisuk, 1997), but these may be changing as tem-
peratures rise and moisture regimes shift (Bradley et al., 2006; Pepin 
et al., 2015; Seddon et al., 2016). While plants in these ecosystems 
have co- evolved with fire (He et al., 2012; Keeley et al., 2011), the 
consequences of altered fire regimes interacting with intensifying 
droughts call into question their long- term resilience (Delettre, 2021; 
Seidl et al., 2016).

Resilience is most often evaluated by the rate a variable returns 
to its reference condition after a perturbation (Pimm, 1984; Van 
Meerbeek et al., 2021), that is, in a tropical montane pine ecosystem, 
the rate at which forest reforms after a fire or drought kills adult trees. 
Yet, altered disturbance regimes under climate change, particularly 
in fire- adapted coniferous ecosystems, may result in tipping points 
towards other ecosystems (Seidl et al., 2017). Therefore, it is also 
appropriate to evaluate resilience sensu Holling (per Van Meerbeek 
et al., 2021), that is, since ecological systems can have multiple stable 

states, resilience should be evaluated whether altered states form 
under changing disturbance regimes (Delettre, 2021; Holling, 1973). 
Holling (1981, 1986) recommended evaluating resilience in fire- 
prone ecosystems as functions of fire intensity, fire frequency 
and plant biomass that define two basins of attraction: forest and 
grassland. In tropical mountains, warming temperatures and altered 
moisture patterns may produce novel fire regimes (Hemp, 2009), 
shifting fire- tolerant pine forests to non- forested ecosystems such 
as grass- , shrub-  or fern- dominated communities, with many species 
that sprout vigorously even after severe fires and create persistent 
thickets that inhibit tree regeneration (Barton & Poulos, 2018; Falk 
et al., 2022; Martin et al., 2011; Slocum et al., 2006). Thus, tropi-
cal montane pine forest is only one possible state and resilience in 
this system should be evaluated in terms of the formation and per-
sistence of altered states under fire and drought (Delettre, 2021), 
potentially reaching a tipping point that leads to a new equilibrium 
state (Paniw et al., 2021).

Ecological resilience is appropriately evaluated using plant de-
mography (Capdevila et al., 2020; Paniw et al., 2021), ideally before, 
during and after the perturbation or change in state conditions. Long 
post- disturbance observation periods capture not only population 
dynamics and new tree recruitment, but also future perturbations 
that impede recovery mechanisms (Coop et al., 2020). Indeed, the 
long- term vigour of surviving trees and post- fire environmental con-
ditions are often as important for forest recovery as the immediate 
effects of the disturbance. For non- serotinous species, large surviv-
ing trees are critical to post- fire resilience, providing seed source and 
maintaining patches of forest cover (Franklin et al., 2007). However, 
surviving trees are not all equivalent, as varying fire damage impairs 
vigour and admits pathogens in more injured stems, resulting in 
delayed mortality for years after a fire (Busse et al., 2000; Fajardo 
et al., 2007; Van Mantgem et al., 2011), with cascading effects on 
regeneration (Franklin et al., 2007). Likewise, climate change may 
cause greater post- fire stress and delayed mortality, as post- fire 
survivorship and fecundity is highly sensitive to environmental and 
climate conditions (Allen et al., 2015; Harvey et al., 2016a; Kolb 
et al., 2019; Littlefield, 2019). Poor post- fire regeneration in mon-
tane conifers in temperate forests most likely occurs at lower eleva-
tions and ecotone boundaries (Coop et al., 2020; Davis et al., 2019), 
but the importance of delayed mortality, climate and environmental 
heterogeneity on post- fire dynamics in tropical montane pine for-
ests is largely unknown.

repeated severe droughts. Nevertheless, highly drought-  and fire- resistant taxa 
(e.g. shrubs) may form alternate stable states in drier portions of tropical mon-
tane landscapes in the future as droughts and high- severity fires become more 
common.

K E Y W O R D S
alternate stable states, disturbance ecology, El Niño Southern Oscillation (ENSO), fire ecology, 
forest dynamics, monodominance, Pinus occidentalis, tropical montane forest
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A large, high- severity fire burned through a tropical montane 
pine forest dominated by the endemic Hispaniolan pine, Pinus occi-
dentalis Sw., in the Cordillera Central, Dominican Republic in 2005 
during an ENSO event (Martin et al., 2011; Sherman et al., 2008). 
This provided an exceptional opportunity to quantify the resil-
ience of tropical montane ecosystems to disturbance and climate 
change. Along with tropical cyclones (Gannon & Martin, 2014; Van 
Bloem & Martin, 2021), regular fires have disturbed these montane 
pine forests for millennia (Crausbay et al., 2015; Horn et al., 2000; 
Kennedy et al., 2006), and natural and anthropogenic fires are the 
most important cause of tree mortality and turnover in the sys-
tem (Martin et al., 2007; Martin & Fahey, 2006; Myers et al., 2004; 
Sherman et al., 2005). Hispaniola has warmed slowly in recent de-
cades (+0.25°C in mean annual temperature since 1960), but climate 
change is likely to accelerate (Stephenson et al., 2014). Models pre-
dict mean annual temperatures to rise 1.1– 1.5°C by 2050 and mean 
annual precipitation to decrease 4.7%– 8.5% (United States Agency 
for International Development (USAID), 2017), and mountains are 
likely to warm and dry more rapidly than the island as a whole 
(Longman et al., 2015; Pepin et al., 2015), with strong implications 
for the Cordillera Central fire regime (Martin & Fahey, 2006).

Using pre-  and post- fire vegetation measurements in the 
Cordillera Central over 19 years, we evaluated ecosystem resilience 
in the context of climate variability. We asked: (1) How has climate 
in this system changed in recent decades and were unusual climate 
conditions associated with the 2005 fire? Given the link between 
droughts and ENSOs in the area (Martin & Fahey, 2006), we ex-
pected the 2005 ENSO triggered a drought in the region, creating 
the conditions for an unusually large and severe fire that helped 
supersede stand- scale biophysical controls (e.g. topography, stand 
structure and necromass fuel) on fire patterning; (2) How did tem-
poral variation in climate and spatial variation in stand- scale fire se-
verity and environment shape post- fire patterns of resilience (sensu 
Pimm, 1984)? Due to stress from fire damage and climate change, 
we hypothesize that post- fire pine growth rates were low and mor-
tality rates high; (3) What were the long- term dynamics and drivers 
of resilience sensu Holling? We expected stand- scale variation in fire 
severity, environment and demographic vigour of surviving canopy 
trees to determine patterns in regeneration and canopy recruitment 
and that hotter and drier stands (on lower elevation, leeward slopes) 
with higher- severity burns were more likely to tip into alternate 
transient or stable states dominated by shrubs. Collectively, these 
questions address the resilience of tropical montane pine forests to 
high- severity fires in the face of accelerating climate change.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

This study was conducted in two adjoining national parks, Armando 
Bermúdez (766 km2) and José del Carmen Ramírez (764 km2), in the 
Cordillera Central mountains of the Dominican Republic (Figures 1 

and Figure S1). The parks, ranging in elevation from 459 to 3087 m 
above sea level (m a.s.l.) including Pico Duarte (the highest peak in 
the Caribbean), were established in the mid- 1950s before any log-
ging or clearing had occurred in the parks' interiors, forming a con-
tinuous protected area of rain, cloud and pine forests (Hoppe, 1989). 
Land use around the national parks is a mosaic of predominantly 
low- intensity agriculture in wetter areas north and east of the parks, 
livestock grazing on all sides of the parks (but concentrated in the 
drier areas to the south and west), and regrowth of secondary for-
ests, mainly from reforestation projects. The use of fire in agricul-
ture to clear fields has declined substantially in recent decades (F. 
Peralta, pers. comm.). Deforestation and illegal logging are non- 
existent in the areas around our study area, though sporadic logging 
may occur in the western extremes of the parks (F. Peralta, pers. 
comm.). Overall, direct and indirect land use pressures on the parks 
has remained very low over the last 30 years or longer, at least in the 
areas around the study site (PHM, pers. obs.).

The region's climate is tropical to subtropical, with a dry season 
in January– March, a rain shadow on slopes leeward of the main 
ridge (mean annual precipitation 1200– 1400 mm year−1) and wetter 
conditions (1900– 2200 mm year−1) on slopes windward (Martin & 
Fahey, 2014). This wet windward– dry leeward contrast in moisture 
patterns has a fundamental influence on the region's forests. In the 
dry portions of the landscape— which occur in all high elevations 
above the TWI and at lower elevations in the leeward rain shadow— P. 
occidentalis forms a monodominant forest overstorey (Figure 1; 
Cano et al., 2011; Darrow & Zanoni, 1990; Martin et al., 2007; 
Sherman et al., 2005). Shaped by the TWI, the shift from mesic to 
xeric conditions is abrupt on windward slopes and at ~2100 m a.s.l. a 
discrete ecotone occurs between pine forests and the cloud forests 
that dominate windward elevations below the TWI. Cloud forests 
(10– 12 m tall) are comprised of tree ferns (Cyatheaceae), angiosperm 
and Podocarpaceae tree species.

2.2  |  Disturbance history

Fires and tropical cyclones are the major disturbances in this 
ecosystem (e.g. Kennedy et al., 2006), and the return intervals 
of these disturbances vary widely along elevation, topographic 
and orographic gradients (Gannon & Martin, 2014; Martin & 
Fahey, 2006). The fire regime in the monodominant pine forests 
for the past 200 years was characterized by regular, low- intensity 
surface fires punctuated by infrequent and patchy crown fires 
(Martin & Fahey, 2006). Over this 200- year period, the mean 
fire return interval— a point estimate of fire frequency (Baker & 
Ehle, 2001)— was 31.5 ± 24.9 (SD) year for the entire study area, 
42.1 ± 27.6 year on wet windward slopes and 16.7 ± 7.8 year on 
dry leeward slopes (Martin & Fahey, 2006). In 1965, severe fires 
burned across the region and the parks were put under a fire sup-
pression policy thereafter (Kustudia, 1998), a policy that remains 
in effect to this day; thereafter, only a few small, low- severity fires 
occurred in our study area (Dirección Nacional De Parques, 1997; 
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Martin & Fahey, 2006). In 2005, an agricultural fire escaped 
into the parks and burned >1000 km2 as surface and crown fires 
through most of the parks' monodominant pine forest (Figure 2; 
Sherman et al., 2008). Tropical montane forests have slow rates 
of decomposition (Looby & Martin, 2020; Ostertag et al., 2022), 
which can allow fuels and organic matter to accumulate in the ab-
sence of fire, and the long interval with few fires after 1965 likely 
contributed to the severity of the fire as fuels accumulated.

2.3  |  Vegetation sampling

In 1999, 55 circular, permanent plots were established in monodomi-
nant pine forest over an elevation range of 1695– 3050 m a.s.l. on 
both windward and leeward slopes (Martin et al., 2007; Sherman 

et al., 2005); twenty 0.05 ha small plots were placed in higher den-
sity stands (mean 692 ± 57.9 [SEM] stems ha−1 in 1999) and 35 0.1 ha 
large plots were placed in lower density stands (mean 282 ± 30.9 
stems ha−1; Sherman et al., 2005). Pre- fire mean basal area was 
20.5 ± 1.5 m2 ha−1 in small plots and 15.6 ± 1.0 m2 ha−1 in large plots. 
After the 2005 fire, plots were re- measured in 2007, 2010, 2015 and 
2018– 2019. Access to the site was granted via a series of research 
permits issued by the Dominican Park Service, Dirección Nacional 
De Parques. Excluding the high- severity fire plots (16 of the 55 plots; 
these plots had 98%– 100% mortality), live post- fire tree density in 
2007 was 327 ± 95.3 stems ha−1 in small plots and 160 ± 23.1 stems 
ha−1 in large plots, and live post- fire tree basal area in 2007 was 
14.1 ± 2.6 m2 ha−1 in small plots and 12.6 ± 1.2 m2 ha−1 in large plots 
(Sherman et al., 2012). One large (0.1) and 5 small (0.05 ha) mono-
dominant pine plots sampled in 1999 did not burn in the fire; these six 

F I G U R E  1  Locations of permanent plots (n = 55) and associated fire severity classes in a tropical montane pine forest. Fire severity 
classes were assigned based on the percentage of stems in a plot killed by the fire: Low- severity ≤25%; moderate- severity between 25%– 
67%; high- severity: >67%. All high- severity plots experienced stand- replacing fires. Fire severity map modified from Sherman et al. (2008).
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plots were remeasured in 2019 (but not in 2007– 2015) for compari-
son with burned plots. The unburned plots had a mean stem density 
of 468 ± 106 stems ha−1 and a mean basal area of 19.1 ± 2.7 m2 ha−1 in 
1999, and 435 ± 86.9 stems ha−1 and 24.9 ± 4.7 m2 ha−1 in 2019. The 
number of live trees on average per plot before the fire were such 
that estimates of mortality had a precision of 3.5% in large plots and 
2.8% in small plots. See Table S1 for full sampling details.

In 1999, all live and dead trees in a plot were identified, tagged 
and measured at the tag for DBH to 0.1 cm. Trees are defined in 
all analyses as stems ≥10.0 cm diameter at breast height (DBH). All 
woody understorey plants (<10 cm DBH) were identified and tal-
lied as established tree seedlings (5– 130 cm height), tree saplings 
(>130 cm), or shrubs in a 1- m wide strip on the plot's diameter. Shrubs 
were defined as non- tree woody understorey species; these species 
are predominately multi- stemmed and reach >25 cm in height but 
generally do not grow taller >1.5 m (Horn et al., 2001; Sherman 
et al., 2005). In ensuing censuses, existing and new trees (≥10.0 cm 
DBH) were measured as above, existing tree mortality status was 
noted, and the understorey was remeasured. Herbaceous cover is 
patchy and small- statured in the monodominant pine forest, mostly 
the bunchgrasses Danthonia domingensis and Agrostis hiemalis above 
2000 m a.s.l. elevation (Sherman et al., 2005), so pine seedlings in-
teract primarily with other established pines and shrubs; woody taxa 
are hence the focus of the analyses.

Nine months after the fire in December 2005, we assessed the 
site. In the first post- fire census (in January– February 2007), fire 
damage (e.g. scorch) and time since mortality (e.g. level of decay) 
were used to classify trees (≥10.0 cm DBH) as dead before or killed 
by fire (Sherman et al., 2008). For the understorey, charred stems 
dead in 2007 were assumed killed by fire and tallied as pines or 
shrubs. We are confident this method successfully distinguished 
trees killed by fire for three reasons: (1) There was no evidence of 
any notable dieback, disturbance, or tree mortality in and around 
the plots in the pre- fire period, 1999– 2004 (PHM, pers. obs.); (2) 
We remeasured a subset of plots immediately after the 2005 fire 
(Sherman et al., 2008). Fire- killed trees were readily distinguished 
from trees dead before the fire. Fire- killed trees remained standing 
with dead foliage retained and bark intact in 2005 and 2007 inspec-
tions, whereas stems that were dead before the fire had often fallen, 
had little or no retained foliage and had usually lost their bark; (3) 
Background mortality rates between 1999 and 2007 in unburned 
monodominant pine plots (i.e. the forest type impacted by the 2005 
fire) were very low: on average, 0.4 ± 0.1 (SEM) % of pine trees died 
per year (Sherman et al., 2012). Cumulatively, over the 8 years be-
tween censuses (1999 to 2007), background, non- fire mortality rates 
showed 1.1 tree stems died on average in small plots and 0.8 stems 
in large plots, and a portion of background mortality would have oc-
curred long enough before the fire to be separated morphologically 

F I G U R E  2  Patterns of post- fire 
vegetation regeneration in the Cordillera 
Central, Dominican Republic. (a) 
MODIS image (3/2005), note the smoke 
from several separate fires burning 
simultaneously across the wider region; 
(b) high- severity burns (2/2006) on 
the Tetero slopes; (c) Pinus occidentalis 
and Danthonia domingensis bunchgrass 
regeneration (3/2008) after a high- 
severity burn at ~2800 m; (d) regrowth 
(3/2015) on the Tetero slopes; (e) pine 
regeneration (7/2018) at ~2600 m a.s.l. in a 
moderate- severity burn with high levels of 
delayed mortality of canopy pines; (f) pine 
regeneration (7/2018) at ~2700 m a.s.l. in a 
low- severity burn. Additional photographs 
of pre- fire structure are shown in 
Figure S1. (photographs from P.H. Martin).

(a) (b)

(c) (d)

(e) (f)
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from stems killed by fire. Stems that died shortly before the fire may 
have been erroneously classified as killed by fire, but the evidence 
indicates this percentage was small.

Using 386 sample points and <3- m resolution imagery, Sherman 
et al. (2008) distinguished three fire severity classes based on inten-
sive, fine- scale sampling. Hence, we calculated fire severity (as a % of 
tree basal area killed by fire) binned into three classes, as done in nu-
merous fire severity studies (e.g. Cocke et al., 2005; Odion et al., 2010; 
Romme et al., 2003). These bins had similar sample sizes in each sever-
ity class (low— 17 plots; moderate— 16 plots; high— 16 plots).

2.4  |  Pre-  and post- fire climate

We used TerraClimate— a monthly, gridded 4- km resolution global 
climate dataset (Abatzoglou et al., 2018)— to compare pre-  and post- 
fire climate in the Cordillera Central to the 1961– 1990 reference 
period (World Meteorological Organization (WMO), 2017). We com-
pared the deviation in monthly climate for 15 months before the fire 
(1/2004– 3/2005) and in drought periods after the fire (2006– 2019) 
to average monthly reference values. To distinguish between shorter 
dry periods versus droughts in the post- fire years, we defined peri-
ods of 6 or more consecutive months with a monthly Palmer Drought 
Severity Index (PDSI) of < −2.0 as a drought, the same threshold 
used by the National Integrated Drought Information System of the 
US government.

Drier and hotter conditions prevailed for 15 months before the 
fire, creating an extreme drought by February 2005 (PDSI = −5.59; 
Table S2), the site's lowest PDSI in the TerraClimate dataset (1958– 
2018, Figure 3). Compared with the reference period, mean monthly 
precipitation was 27.7% lower in the 15 months before the fire, and 
mean monthly maximum and minimum temperatures were 0.8% 
and 14.3% higher. After the fire, there were severe droughts from 
September 2011 to March 2012 (7 months) and October 2013 to 

February 2015 (17 months), hereafter referred to as the post- fire 
droughts (Table S3).

2.5  |  Patterns of fire severity

Using ordinary least squares linear regression, we modelled predic-
tors of stand- scale fire severity patterns in burned plots only across 
the site using plot- scale basal area mortality from fire (%) as a con-
tinuous index of severity. We accounted for the inherent spatial au-
tocorrelation of fire spread and severity using Moran's Eigenvector 
Mapping (MEM; Borcard et al., 2018; Dray et al., 2006) and we used 
variation partitioning to compare the importance of spatial (e.g. 
eigenvectors) and plot- scale environment (e.g. elevation) and veg-
etation (e.g. average tree DBH) variables against fire severity pat-
terns. MEM creates a spatially explicit, distance- based connectivity 
matrix from plot locations, which is decomposed via ordination into 
eigenvectors based on Moran's I statistic. We used a distance- based 
connectivity matrix with a maximum distance of 875 meters and a 
concave- down geographic distance weighting function to determine 
spatial patterns in the plot data; their irregular spacing meant that 
we could not identify finer spatial structures without an extra point 
added directly between the two furthest plots (Borcard et al., 2018). 
We used double- stopping forward selection for biophysical and 
spatial predictors to reduce overfitting and type 1 errors that can 
result from traditional forward selection or multi- model selection 
with AIC (Bauman et al., 2018; Blanchet et al., 2008). We selected 
biophysical predictors without detrending the response (i.e. fire se-
verity) but constrained the spatial eigenvector to within- site scales 
by detrending the response variable of any linear spatial structures 
larger than the study site. The final model selected six parameters: 
three plot- scale biophysical predictors (elevation, orography and 
quadratic mean diameter of tree DBH), two spatial predictors and 
one intercept term.

F I G U R E  3  Palmer Drought Severity 
Index reproduced from a gridded 4- 
km resolution global climate dataset, 
TerraClimate (Abatzoglou et al., 2018). 
Positive values indicate wet periods, and 
negative values indicate dry periods. The 
red line shows the 2005 fire, and the grey 
bars indicate defined periods of drought 
from 2005– 2018 (see Section 2.4 for 
drought criteria).
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2.6  |  Post- fire patterns in growth and mortality

We analysed spatiotemporal variation in pine demography in sev-
eral ways (Table S1). First, we explored controls on cumulative 
post- fire demography at the individual tree level (i.e. from the first 
post- fire census in 2007 to the final census in 2018, ignoring varia-
tion in between). Cumulative post- fire tree growth (annual diameter 
growth rate [cm year−1]) was modelled with a mixed- effects linear 
regression and cumulative post- fire mortality was modelled with a 
mixed- effects logistic regression, both as functions of tree DBH, fire 
severity, elevation, orography (windward vs. leeward), aspect, slope 
and terrain (an index of plot convexity or concavity; McNab, 1989). 
For both models of growth and mortality, Moran's I tests of distance- 
based spatial autocorrelation between plots were not significant and 
so not incorporated. Independence between trees nested by plot 
was modelled with a random effect term, assessed for significance 
with a likelihood ratio test.

Next, we used generalized estimating equations (GEEs, see 
below) with the geeglm function in geepack in R (Halekoh et al., 2006) 
to model population averages of tree demographic rates at the in-
dividual tree level (diameter growth [cm year−1] and probability of 
mortality [% year−1]) in three comparisons: (1) pre-  versus post- fire: 
average growth and mortality rates of surviving trees in low and 
moderate severity plots in the post- fire censuses were compared 
with pre- fire rates; (2) post- fire rates: average growth and mortal-
ity rates of surviving trees were compared among the three post- 
fire censuses and (3) burned versus unburned: average cumulative 
demographic rates from 1999 to 2018 were compared between 
burned versus unburned plots. Post- fire tree demography in burned 
plots was only measured in low and moderate fire severities, as there 
were no surviving trees in high severities.

First, we used GEEs to compare pre-  versus post- fire population 
average growth and mortality, with 1999– 2007 as the “pre- fire” in-
terval. Pre- fire growth was measured in 2007 on trees that survived 
the fire and pre- fire mortality was calculated from stems identified 
in 2007 as dead before fire. After a fire, bark loss on stems of liv-
ing trees can compromise the accuracy of diameter growth mea-
surements. In the 2007 census, we noted possible bark loss and 
the height of scorch on all living stems, and there was no evidence 
of bark loss, and fire scorch was usually below the DBH datum, as 
surviving trees occurred exclusively in low and moderate severity 
burns. Nevertheless, growth measurements in the first post- fire 
census may have been underestimated on some stems due to bark 
loss. The effect of fire severity (as categorical variables) in each time 
interval was tested using an interaction term in both the growth 
and mortality GEEs. Tree DBH and elevation (both significant in 
the mixed effects regression above) were additional covariates in-
cluded in the growth GEE models to provide sized- weighted growth 
rates (i.e. to account for the proportional effects of tree circumfer-
ence on diameter growth) and to isolate the effect of fire severity. 
Annualized growth rates innately account for unequal census in-
tervals in the GEE models of growth, but mortality GEEs— a binary 
response— required an offset term.

Second, we used GEE models (modelled as above) to contrast 
post- fire pine demography through time, comparing rates in each 
census with the preceding and succeeding census with contrasts be-
tween low-  and moderate- severity burns. Combined with the GEE 
analysis of recruitment rates through time (below), these models test 
the effects of the post- fire droughts on the recovery of pine demog-
raphy in each fire severity class.

Third, we used GEEs (as above) to contrast post- fire pine demog-
raphy in burned vs. unburned plots. Since unburned plots were on 
average lower and elevation was a significant predictor of growth 
rates, we partitioned growth rates in burned plots into low-  and 
high- elevation groups based on the elevation of the TWI (2500 m; 
Martin & Fahey, 2014). For contrasts of post- fire mortality rates, 
burned plots were separated into low or moderate fire severity 
groups as fire severity had a significant effect on rates of post- fire 
survivorship.

GEEs, by specifying a correlation matrix to account for the form 
of within- subject responses, are robust to unbalanced, non- normal, 
nested and repeated measures data (Ballinger, 2004) common in 
long- term population census datasets. Growth and mortality rates 
were modelled in each GEE analysis using a Gaussian and binomial 
distribution, respectively, with repeated tree measurements nested 
by tree ID and by plot and an exchangeable correlation structure in 
all models. Post- hoc comparisons in burned versus unburned plots 
were made with Tukey's HSD and pre-  versus post- fire comparisons 
were adjusted with a multivariate- t adjustment.

2.7  |  Post- fire community dynamics

In each fire severity class, we used GEEs to compare change over 
time in plot- level tree basal area and canopy recruitment, and under-
storey densities of pine seedlings, pine saplings and shrubs. Tukey's 
HSD post- hoc tests were used for pairwise comparisons among fire- 
severity classes in a given census, and multivariate- t adjustments 
were used to compare densities across successive years. For tree 
basal area, we used a Gaussian distribution; for understory and re-
cruitment densities, we used a Poisson distribution to model count 
data with an offset term to account for variable plot size. We also 
modelled variation in cumulative post- fire recruitment in 2018 of 
pine (seedlings, saplings and canopy recruits) and shrub species with 
generalized linear regression models using a negative binomial dis-
tribution (to account for non- linear and over- dispersed count data) 
and offset terms to account for variable plot sizes. Recruitment was 
modelled as functions of elevation, orography, understorey den-
sity (pine or shrub density depending on the response variable, as 
an index of biotic competition) and live tree basal area in 2018 (a 
combined index of initial and delayed mortality). Given sample size 
constraints, we used no more than five predictor variables in these 
models; all predictors were checked for cross correlation using a VIF 
threshold of <3.

Finally, to model changes through time in post- fire understorey 
woody composition, we calculated mean changes in understorey 
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community composition using the multivariate_change function 
in the codyn package in R (Avolio et al., 2019), and we used non- 
metric multidimensional scaling (NMDS) with relativized Bray– 
Curtis dissimilarities (in R package vegan; Oksanen et al., 2013) for 
the years 1999, 2007 and 2018. To test for differences between 
each census relative to its pre- fire composition, we used relativ-
ized Bray– Curtis dissimilarity matrices in pairwise PERMANOVA 
tests (in pairwiseAdonis; Martinez Arbizu, 2020) along with a 
“Benjamin– Holm” multiple comparisons p- value adjustment to 
control for a false discovery rate of 0.05. To test the effect of el-
evation and orography on post- fire compositional recovery, we 
used a linear regression to model mean dissimilarity values of each 
plot in 2018 vs 1999 (using a relativized Bray– Curtis dissimilarity 
matrix similar to NMDS and PERMANOVA tests) against elevation, 
orography and an interaction term. Lastly, rank abundance clocks 
(Hallett et al., 2016) were calculated for the six most abundant 
species for each fire severity class to visualize change in under-
story dominance over time.

All statistical analyses were done in R version 4.0.2 (R Core 
Team, 2018). Logistic (glmer in package lme4; Bates et al., 2015) 
and negative binomial regression models (glm.nb in package MASS; 
Venables & Ripley, 2002) were checked for over and under dis-
persion and spatial autocorrelation using DHARMa (Hartig, 2020). 
Residuals in all linear models were checked for normality and het-
eroscedasticity; growth in mixed effects regression required log 
transformation. To assess goodness- of- fit in GEEs, demographic 
rates in each census interval (i.e. the observed population aver-
ages) were checked to ensure they were within 95% confidence 
intervals of the predicted marginal means (estimated with em-
means; Lenth, 2020). Predictor variables were checked for mul-
ticollinearity and post- hoc marginal means were estimated with 
emmeans. Data used in this study are archived in the Dryad Digital 
Repository (Swann et al., 2022; https://doi.org/10.5061/dryad.
qnk98 sfm3).

3  |  RESULTS

3.1  |  Patterns of fire severity

Fire severity calculated as a percentage of tree basal area killed by 
fire binned into low (≤25%), moderate (25%– 67%) or high severity 
(>67%) classes. Patterns of fire severity were spatially structured 
with significant biophysical and spatial eigenvectors (Figure S2). 
The total model (summing all sections) had an R2

adj = 52.8% 
(F5,43 = 11.74, p < 0.001). Three plot- level biophysical variables 
were related to patterns of fire severity: orography (leeward slopes 
burned most severely, R2

part = 23.8%, p < 0.001), elevation (a nega-
tive relationship, R2

part = 18.5%, p = 0.003) and stand structure (a 
negative relationship with quadratic mean diameter of tree DBH, 
R2

part = 12.7%, p = 0.016). Moran's eigenvectors explained the 
remainder of the variance in the model (R2

adj = 7.5%, p = 0.049); 
the discrepancy in the sum of the partial R2 values in the spatial 

model and the R2
adj of the total model is a common result using 

variation partitioning with partial regression (see Figure S2). The 
other biophysical predictors evaluated (see Tables S4 and S5 for 
full list) were not selected during double- stopping forward selec-
tion, including large woody fuels (i.e. necromass from recently 
dead, snapped and tipped trees).

3.2  |  Resilience of pine forests to fire: Rate of 
return to pre- fire demographic rates

3.2.1  |  Growth

After accounting for declining average annual pine diameter growth 
rates with increasing tree size (marginal R2 = 7.1%, p < 0.001, 2007– 
2018), we found cumulative growth rates declined with eleva-
tion (marginal R2 = 9.0%, p = 0.004) and were marginally lower on 
windward (marginal R2 = 2.7%, p = 0.046; Table 1) than leeward 
slopes. Fire severity had no significant effect on overall cumulative 
post- fire growth rates (Table 1). However, 13 years after the fire, 
population- averaged growth rates were still significantly lower than 
pre- fire rates in both low-  (p < 0.001) and moderate-  (p = 0.005) fire 
severity classes. In the GEE analysis of burned vs unburned rates 
from 1999 to 2018, pines in low- elevation burned plots (2175– 
2500 m a.s.l.) and high- elevation burned plots (2533– 3094 m a.s.l.) 
grew 46% (0.17 ± 0.02 cm year−1; p = 0.008) and 73% more slowly 
(0.08 ± 0.02 cm year−1; p < 0.001), respectively, than those in un-
burned plots (0.30 ± 0.04 cm year−1).

3.2.2  |  Mortality

Pine mortality rates over the full post- fire period (2007– 2018) of 
trees that initially survived the fire (i.e. delayed mortality) were 
higher as fire severity increased (p = 0.002; Table 1; Figure S3), 
but were not significantly related to tree size (DBH) or geographic 
variables. There was a large pulse of delayed mortality in stands 
affected by both low-  (257% mean increase, p = 0.006) and mod-
erate-  (200% mean increase, p = 0.021) severity fires between 
the initial post- fire census in 2007 and the second post- fire cen-
sus in 2010 (Figure 4). After this pulse, mortality rates declined 
but remained significantly higher than pre- fire rates in both low-  
(p = 0.012) and moderate-  (p = 0.045) severity fires. Average 
mortality rates in 1999– 2018 in unburned plots (1.0 ± 0.5% year−1) 
did not differ significantly from low- severity fire plots (2.0 ± 0.3% 
year−1; p = 0.187), but were lower than in moderate- severity fire 
plots (3.1 ± 0.6% year−1; p = 0.023).

3.2.3  |  Recruitment

Post- fire patterns of pine recruitment began at effectively zero across 
all burn severities, as 100% of pine seedlings and 96%– 100% of pine 
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saplings were killed in the fire, irrespective of severity (Figure 5). By 
2018, all burned plots had at least one pine seedling or sapling, but 
post- fire pine sapling densities were low across all fire severities for 
at least the first 5 years (Figure 5). Pine sapling densities increased 
markedly after 2010 in low-  and moderate- severity burns, match-
ing pre- fire levels by 2015 and exceeding them by 2018, but sapling 
densities in high- severity burns did not begin to approach pre- fire 

levels until 2018 (Figure 5). Likewise, pine seedlings rapidly regen-
erated after the fire in low-  and moderate- severity burns, attaining 
densities markedly higher than pre- fire levels by 2010. Thereafter, 
seedling densities remained high and relatively constant from year to 
year (Figure 5). In contrast, seedlings densities in high- severity burn 
plots were persistently low irrespective of elevation. Shrub taxa in 
the understorey survived the fire in higher numbers than the pine, 

Predictor Standardized β SE Z- value p

Growth rates 
(n = 352)

Intercept 0.077 0.010 7.53 <0.001

DBH (2007) −0.044 0.008 −5.84 <0.001

Elevation −0.043 0.013 −3.20 0.004

Orography (1) −0.028 0.013 −2.10 0.046

Aspect 0.016 0.014 1.16 0.258

Slope −0.008 0.011 −0.71 0.486

TSI −0.006 0.012 −0.49 0.625

Fire severity 0.010 0.010 1.11 0.276

Mortality rates 
(n = 509)

Intercept −0.888 0.154 −5.76 <0.001

DBH (2007) 0.058 0.119 0.48 0.628

Elevation −0.098 0.189 −0.52 0.604

Orography (1) 0.120 0.197 0.61 0.542

Aspect −0.039 0.196 −0.20 0.841

Slope 0.088 0.166 0.53 0.595

TSI 0.016 0.170 0.10 0.923

Fire severity 0.436 0.139 3.14 0.002

TA B L E  1  Factors driving variation 
in cumulative post- fire (2007– 2018) 
tree growth and mortality of trees that 
survived the fire (i.e. in low- severity and 
moderate- severity fires, n = 33 plots). 
Linear and logistic mixed regression 
models were used for growth and 
mortality, respectively. Bolded values 
indicate significant predictors at the 
0.05 level, and n = total number of stems 
included in each model. For mortality, 
positive coefficients indicate higher 
probability of death. Unlike for growth, 
mortality models had a higher sample 
sizes as stems which died before a census 
could still be measured. Orography refers 
to leeward (0) versus windward (1), and 
TSI is a terrain shape index adapted from 
McNab (1989)

F I G U R E  4  Twenty years of post- fire 
tree demography in monodominant Pinus 
occidentalis forests in the Cordillera 
Central, Dominican Republic. Points 
show marginal means (±1 SEM) from 
generalized estimating equations in each 
census interval for (a) annual growth 
and (b) annual probability of mortality, 
on trees that survived the fire in plots 
affected by low-  and moderate- severity 
fires. Different coloured points (black 
vs white) indicate significant differences 
between fire severity classes within a 
census interval; lines indicate significant 
(solid) or non- significant (dashed) 
differences between census intervals for 
a given fire severity. Asterisks denote 
significant differences (<0.05) compared 
with 1999– 2007 rates. The dashed red 
line shows the 2005 fire, and the shaded 
grey zones indicate periods of post- fire 
drought.
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either with above- ground tissues surviving or by resprouting: 34.4% 
(±4.5% SEM) living shrub stems in 2007 were resprouts. In 2007, 
live shrub stem density was on average 45.1% of pre- fire densities in 
low severity, 101.7% in moderate severity and 7.2% in high- severity 
burns. By 2010, densities of shrub species recovered to pre- fire lev-
els in high- severity burns (Figure 5).

3.2.4  |  Stand structure

In 2018, pine seedling densities were positively correlated with 
live tree basal area (β = 0.90, p < 0.001) and elevation (β = 0.31, 
p = 0.062), and negatively correlated with live shrub density in 2007 
(β = −0.52, p = 0.023; Table 2). Pine sapling densities were positively 
correlated with elevation (β = 0.43, p = 0.012). Shrub stem densities 
were higher on windward slopes (β = 0.23, p = 0.023) and positively 
correlated with live tree basal area (β = 0.33, p = 0.001), and nega-
tively correlated with elevation (β = −0.64, p < 0.001). Cumulative 

post- fire pine canopy recruitment (i.e. the density of new stems that 
reached ≥10 cm DBH by 2018) was highly localized and variable: by 
2018, mean canopy recruitment in all burned plots was 21.8 ± 11.2 
stems ha−1, but 27 of 42 burned plots still had zero pine canopy 
recruits. A single high- severity fire plot had the highest canopy re-
cruitment (464 new stems ha−1 by 2018). Cumulative post- fire pine 
canopy recruitment by 2018 was not significantly related to any pre-
dictor (Table 2). Over the study, understorey densities in unburned 
plots were stable and low, with pines slightly decreasing and shrubs 
slightly increasing, but tree basal area in unburned plots grew by 
25% from 19.9 (±2.78) m2 ha−1 in 1999 to 24.9 (±4.25) m2 ha−1 in 
2018 (Figure 5).

3.2.5  |  Droughts

The post- fire droughts reduced pine growth rates in plots af-
fected by low- severity fires by 162% compared with the period 

F I G U R E  5  Results of a post- hoc 
analysis of 20 years of change in 
overstorey and understorey structure 
in monodominant pine forests of the 
Cordillera Central, Dominican Republic. 
The fire severity classes used in the panels 
are the percentage of tree basal area 
killed by the fire: low- severity (≤25%), 
moderate- severity (25%– 67%) or high- 
severity (>67%). In all panels, points show 
average plot- level densities (±SEM) and 
different coloured points (black, grey and/
or white) indicate significant differences 
between fire severity classes within a 
census interval; semi- circles indicate 
statistical similarity with other points 
that are significantly different from one 
another; lines indicate significant (solid) 
or non- significant (dashed) differences 
between census intervals for a given 
fire severity; transparent lines, used 
only in panel (b), indicate no statistical 
comparisons between censuses (due 
excessive zero counts). In panels (c) and 
(d), ≥96% of pine saplings and 100% of 
pine seedlings were killed in the 2005 
fire across all severities; hence, nearly 
all understorey pine stems tallied in 
2007 and later germinated post- fire. In 
all panels, the dashed red line shows the 
2005 fire, and the shaded grey zones 
indicate periods of post- fire drought.
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beforehand (p < 0.001) but there was no significant reduction in 
plots affected by moderate- severity fires (Figure 4a). The droughts 
had no significant effects on pine mortality rates (Figure 4b). Pine 
sapling densities continued to increase significantly across all fire 
severities during and after the droughts (Figure 5c). Pine seedling 
densities did not change significantly in plots affected by low-  or 
moderate- severity fires during or after the post- fire droughts com-
pared with the 2007– 2010 census (p = 0.99 and 0.24, respectively), 
but decreased significantly (mean 862 seedlings ha−1 in 2010 vs. 
mean 118 seedlings ha−1 in 2015) during the post- fire droughts in 
plots affected by high- severity fires (p < 0.001; Figure 5d). Overall, 
after the post- fire droughts, seedling densities remained greatest 
in plots affected by low- severity fires and lowest in those affected 
by high- severity fires (p < 0.001; Figure 5d). Shrub densities de-
clined significantly during the droughts (2010– 2015, p < 0.001) in 
plots affected by moderate- severity fires and increased signifi-
cantly after the droughts in plots affected by low-  and moderate- 
severity fires (p < 0.002 and p < 0.007, respectively; Figure 5e). 
There were no significant changes in shrub densities in plots af-
fected by high- severity fires during the post- fire droughts or the 
census afterwards, but by 2018 mean shrub densities in plots af-
fected by high- severity fires were lower than those in moderate- 
severity fires (p < 0.039).

3.3  |  Resilience and alternate states

A total of 22 shrub species occurred in the plots (Table S6). Pre- 
fire understorey composition was similar between plots except at 
the highest elevations (>2900 m) and in lower elevation windward 
plots below the ecotone, which contained some taxa absent above 
the ecotone. Understorey composition in unburned plots had only 
modest variation across the site (Figure 6a). In the first 2 years after 
the fire, understorey community composition was altered across all 
fire severities (low- , p = 0.027; moderate- , p = 0.007; high- severity, 
p = 0.009; Figure 6b). Ten years after the fire, dissimilarity in un-
derstorey composition in low-  and moderate- severity fires was 
not significantly dissimilar from pre- fire composition (p = 0.079 
and 0.124, respectively), indicating recovery to pre- fire composi-
tion. In high- severity fires, however, compositional dissimilarity to 
pre- fire levels remained significantly different 13 years after the 
fire (p = 0.037; Figure 6b). Understorey composition in unburned 
plots showed no significant change over 19 years (1999 vs. 2018, 
p = 0.645). Elevation was negatively correlated with compositional 
dissimilarity between 2018 and 1999 on leeward (p = 0.010) and 
windward slopes (p < 0.001); windward slopes were also more dis-
similar on average to their pre- fire compositions than leeward slopes 
(p = 0.006; Table S7).

TA B L E  2  Predictors of post- fire regeneration patterns (stem densities, n = 40 in all classes) in 2018 as a function of plot- scale 
environmental variables and stand structure. Orography refers to leeward (0) versus windward (1). Pine and shrub predictors are their 
respective plot- level density for the year used in the model (noted in parentheses). Live shrub taxa had resprouted by 2007, and hence, 
was used to model pine densities. Live tree basal area in 2018 combines both initial fire- caused and delayed tree mortality. Bolded values 
indicate significant predictors <0.05

Response Predictor Standardized β SE Z- score p

Pine canopy recruits Intercept −2.61 0.36 −7.20 <0.001

Shrubs (2007) 0.11 0.52 0.22 0.826

Elevation −0.58 0.44 −1.31 0.190

Orography (1) −0.45 0.48 −0.95 0.345

Live tree basal area (2018) −0.34 0.38 −0.88 0.380

Pine saplings Intercept −0.40 0.14 −2.81 0.005

Shrubs (2007) −0.19 0.21 −0.90 0.370

Elevation 0.43 0.17 2.51 0.012

Orography (1) 0.09 0.18 0.49 0.621

Live tree basal area (2018) 0.09 0.15 0.60 0.549

Pine seedlings Intercept −1.56 0.14 −11.3 <0.001

Shrubs (2007) −0.52 0.23 −2.27 0.023

Elevation 0.31 0.17 1.86 0.062

Orography (1) 0.09 0.16 0.60 0.551

Live tree basal area (2018) 0.90 0.14 6.49 <0.001

Shrub stems Intercept −0.02 0.10 −0.24 0.809

Pine saplings (2018) −0.01 0.11 −0.06 0.954

Elevation −0.64 0.12 −5.54 <0.001

Orography (1) 0.23 0.10 2.27 0.023

Live tree basal area (2018) 0.33 0.10 3.19 0.001
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4  |  DISCUSSION

Recent fires in the tropics have raised concerns on the resilience and 
the formation of alternate stable states in the tropical forest biome 
in general (Hirota et al., 2011) and the tropical montane pine forest 
biome in particular (Sherman et al., 2008). The tropical montane pine 
forests of the Cordillera Central, Dominican Republic, were affected 
by the most extensive and severe fire in over 40 years coincident 
with unusually severe droughts and this biome has so far proven 

resilient, with an ongoing recovery of P. occidentalis forest communi-
ties. Fire- maintained tropical ecosystems such as the pine forests 
in our study are well adapted to a fire regime spanning millennia 
(Crausbay et al., 2015; Horn et al., 2000; Kennedy & Horn, 2008); 
however, warming temperatures and altered moisture patterns 
may produce novel fire regimes with severities or frequencies out-
side the adaptations of P. occidentalis and associated flora (Martin 
et al., 2011). As precipitation patterns change across the tropics (e.g. 
Corlett, 2016), the same pressures of increasing droughts and fire 

F I G U R E  6  (a) Non- metric multidimensional scaling (NMDS) of understorey woody species community composition by fire severity and 
time (model stress: 0.195). NMDS scores for each ordination axis and each fire severity class were averaged (±1 SEM) into centroids and 
plotted pre- fire (1999), immediately post- fire (2007) and 13 years post- fire (2018). Displayed species were the 10 most abundant; their 
distances indicate affinities with other species, and their relative direction with regards to the general upward shift after the fire indicates 
association with census year and fire severity class (e.g. Pinus occidentalis was more associated with pre- fire community compositions, 
Baccharis myrsinites was more associated with post- fire years). Fire severity classes were assigned per the percentage of tree basal killed by 
the fire: Low- severity (≤25%), moderate- severity (25%– 67%) or high- severity (>67%). (b) Change in time and fire severity in understorey 
woody community composition compared with pre- fire composition. Compositional change (from 0 to 1; 0 = identical composition overlap, 
1 = no composition overlap) was calculated for each fire severity class based on Euclidean distances between NMDS centroids using a 
Bray– Curtis dissimilarity matrix and principal coordinates analysis. Asterisks denote significant differences (<0.05) compared with pre- fire 
composition and are colour- coded according to fire severity class. (c) Rank clocks of change over time in relative stem density for the six 
most abundant understorey woody species by fire severity class. The dashed red line demarks the 2005 fire, and the shaded grey zones 
indicate periods of post- fire drought.
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severity are likely to apply to fire- maintained forests across the mon-
tane tropics and subtropics, especially those dominated by Pinus; in 
particular, montane forests dominated by the closely related Pinus 
cubensis in south- eastern Cuba, which have a natural disturbance 
regime similar to P. occidentalis forests (Pérez- Pereda et al., 2012; 
Reyes & Acosta Cantillo, 2012), the monodominant montane Pinus 
canariensis forests of the Canary Islands (Fernández- Palacios & de 
Nicolás, 1995), the fire- maintained montane Pinus kesiya forests 
of the Philippines (Kowal, 1966) and the fire- maintained montane 
pine forests of Mexico and the Central American highlands (e.g. 
Rodríguez- Trejo et al., 2011).

4.1  |  Shifting fire regimes

In many tropical forests, droughts and large fires are closely linked 
to ENSO events (e.g. Cerano- Paredes et al., 2021; Crausbay & 
Martin, 2016). Despite the weak and short- lived ENSO anomaly 
of 2004– 2005 (Null, 2020), the study site's drought index (PDSI) 
was its lowest in 60 years (Abatzoglou et al., 2018). Since severe 
droughts diminish the influence of local vegetation structure and 
terrain on fire patterns (i.e. biophysical factors; Collins et al., 2019), 
we expected fire severity patterns would be shaped primarily by 
stochastic factors, which should increase spatial autocorrelation 
among plots (Bessie & Johnson, 1995). Instead, we found fire pat-
terns were primarily associated with biophysical factors, including 
a strong signal of higher- severity burns at lower elevations. The 
combination of high- density stands in the hotter, drier conditions 
on lower elevation, leeward slopes of the Cordillera Central made 
P. occidentalis forests in this setting prone to high- severity fires, 
especially after the long, mostly fire- free interval from 1965 to 
2005. The large patch of high- severity fire on low- elevation, lee-
ward slopes (c. 525 ha; Figure 2), however, could have been created 
in part by stochastic influences (such as wind direction and speed; 
Sullivan, 2009) which reinforced the biophysical patterns in our 
model, as this area is reported to have burned rapidly while fanned 
by a strong south- easterly wind (F. Peralta, Dominican Park Service, 
pers. comm.).

We cannot compare spatial variation in fire severity with other 
tropical montane forests, as this is the first analysis in such systems, 
but studies in temperate coniferous forests with steep climate gra-
dients (e.g. montane ecosystems) report a similar range of stochas-
tic and biophysical influences on fire patterns (Harvey et al., 2016b; 
Perry et al., 2011). Many montane coniferous forests in western 
North America typically display a positive relationship between fire 
severity and elevation, with frequent, low- severity fires in drier, low 
elevations and infrequent, high- severity, stand- replacing fires in 
wetter, high elevations (e.g. Schoennagel et al., 2004; Veblen, 2000); 
in our study, these patterns were inverted, with fire severity neg-
atively correlated with elevation. In recent years, a series of high- 
severity fires have occurred in North American forests that typically 
experience low- severity fires (e.g. Pinus ponderosa forests), spark-
ing a debate whether such fires are novel (e.g. Fulé et al., 2014) and 

suggesting the ‘inverted’ severity patterns in our study may become 
more widespread across systems with ongoing climate change.

Tropical cyclones also influence forest dynamics in our study 
system (Crausbay & Martin, 2016; Sherman et al., 2012), differ-
entiating them from many temperate forests affected by fire (e.g. 
Rocky Mountains). The most recent cyclone to hit the study site was 
Hurricane Georges in 1998 and pre- fire storm damage likely contrib-
uted to the patterns of fire severity in 2005 (Sherman et al., 2008). 
However, Georges damaged trees at detectable levels in only 10 of 
the 49 burned plots in this study (Gannon & Martin, 2014), so we 
did not include plot- level cyclone damage as a covariate. The small 
influence of cyclone damage in the data also likely contributed to the 
low variation in standing dead, snapped, or tipped trees (necromass) 
among plots (Table S4), leaving no detectable effect of necromass on 
the patterns of fire severity. Instead, the ~40- year interval with few 
and small fires (Martin & Fahey, 2006) likely contributed far more to 
the severity of the 2005 fires than cyclones. Prior cyclone damage 
can even increase forest resilience to severe fire by creating discon-
tinuity in fuel loads (Cannon et al., 2019) and promoting landscape 
heterogeneity (Schoennagel et al., 2008). Nevertheless, quantifying 
cyclone effects on fuel loads and addressing cyclone– fire interac-
tions should be a priority for future research in our study site as 
well across tropical montane pine forests –  including those in Cuba 
(Reyes & Acosta Cantillo, 2012) where cyclone frequency is similar 
to the Dominican Republic, and the Philippines (Doyog et al., 2021) 
where cyclones are very frequent— since their interactions can be 
complex and nonlinear (Ibanez et al., 2022).

4.2  |  Tropical montane pine forest resilience to 
fire and drought disturbance

Our 19- year study has found the P. occidentalis forests of the 
Cordillera Central were resilient (sensu Pimm, 1984) to an unu-
sually large and severe fire, despite a severe multi- year drought 
after the fire and ongoing climate change. Trees that initially sur-
vived the fire had a large pulse of delayed mortality in both low-  
and moderate- severity burns, a common pattern caused by severe 
stem char, crown scorch and fine root damage that weaken the tree 
and increase pathogen susceptibility (Busse et al., 2000; Fajardo 
et al., 2007; Hood et al., 2018; Slack et al., 2016; Varner et al., 2009, 
2021; Woolley et al., 2012). Yet, 13 years post fire, pine regenera-
tion was evident across all fire severities, and recruitment of new 
pine trees (i.e. ≥10 cm DBH) had occurred even in areas with high- 
severity burns. By 2018, 98% of plots had at least one pine sap-
ling, despite the wide range in conditions (fire severity, tree stand 
structure and shrub density) and landscape context (patch size, en-
vironment) across the study. A wet period immediately after the fire 
(Figure 3)— when new regeneration from the Pinaceae is generally 
most sensitive to climate conditions (Andrus et al., 2018; Carroll 
et al., 2017, 2021; Copenhaver- Parry et al., 2020; Foster et al., 2020; 
Goke & Martin, 2022; Harvey et al., 2016a; Kemp et al., 2019; Urza 
& Sibold, 2017)— may have enhanced pine regeneration across 
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the study and contributed to the ecosystem's ensuing resilience. 
Increasing temperatures, however, may reduce soil moisture and 
thus limit pine regeneration (e.g., of Pinus hartwegii on sites exposed 
to high solar radiation near treelines in tropical Mexico; Astudillo- 
Sánchez et al., 2019), potentially reducing the resilience of these 
ecosystems across much of the tropics.

Robust resilience in these forests (sensu Pimm, 1984) was most 
evident in the post- fire recovery of surviving trees in low- severity 
burns, which were on track to return to pre- fire mortality and 
growth rates approximately a decade after the fire. The two peri-
ods of intense post- fire drought, however, slowed this rapid recov-
ery of pines in low- severity patches through reduced growth rates, 
as in found other ecosystems (Allen et al., 2010; Anderson- Teixeira 
et al., 2013) and demonstrate why multiple disturbance interac-
tions need to be considered in evaluations of ecosystem resilience 
(Buma & Wessman, 2011). In stands affected by low- severity fires, 
it is likely that the rapid return to pre- fire growth rates in the census 
before effects of the post- fire droughts were manifest (Figure 4) was 
caused in part by reduced interspecific competition for resources 
above-  and below- ground as a result of direct and delayed mortal-
ity caused by the fire, as shown in other studies of tree growth re-
sponses in monodominant stands affected by disturbance (Coomes 
& Allen, 2007). In contrast, the droughts had no significant effect 
on pine demography in stands affected by moderate- severity fires: 
a decade later the severity of the fire remained the predominant in-
fluence on recovery in these patches, slowing their recovery such 
that any additional impacts of drought therein were below detection. 
By 2018, the combined effects of fire and drought left growth and 
mortality rates on average across fire severities c. 50% lower and 
c. 230% higher, respectively, than before the 2005 fire (Figure 4). 
Future measurements will reveal whether demography in these 
forests remain altered; if so, a reappraisal of their resilience may be 
necessary. Overall, saplings were the life- history stage of P. occiden-
talis most resilient to drought, with more or less linear increases in 
recruitment across all fire- severities during and after the post- fire 
droughts (Figure 5c), a pattern consistent with effects of drought on 
some pine species (Madrigal- González et al., 2017), but not others 
(Herrero & Zamora, 2014).

A study shorter than ours may have reached a different conclu-
sion about the resilience of these forests. Consistent with a 2- year 
post- fire study in the eastern Cordillera Central (Horn et al., 2001), 
there was little indication that the pine populations across our study 
were resilient in the first 5 years after the fire: 14.3% of large (DBH 
≥25.0 cm) pine trees that survived the fire died over the 2– 5 years 
after the fire, recruitment of pine seedlings was low, especially in 
high- severity burns due to the loss of nearly all seed trees, and the 
post- fire recovery of shrubs (across elevations) and the native bunch-
grass Danthonia domingensis (at high elevations) was vigorous. As in 
subtropical pine forests (Barton & Poulos, 2018; Fulé et al., 2000), 
this initially suggested an alternate stable state dominated by shrubs 
might develop, but 13 years later it is evident the shrub community 
formed an alternative transient state (Falk et al., 2022; Fukami & 
Nakajima, 2011), despite high shrub abundance initially inhibiting 

pine regeneration and the impact of the droughts on the demogra-
phy of the pine.

The rapid recovery of the shrub community across all fire se-
verities is consistent with a view of the Hispaniolan montane eco-
systems as resilient sensu Holling, that is, that they may alternate 
between pine forests and shrublands, with the latter a probable 
alternate stable state (Kennedy & Horn, 2008). Pine forests af-
fected by high- severity fires on leeward slopes at low elevations, 
which are hotter and drier, showed significantly slower composi-
tional and structural recovery to their pre- fire state and a longer 
period of shrubland species dominance than those at other sites. 
Low- elevation sites on windward slopes were also slow to recover 
community composition to their pre- fire states. These results are 
consistent with an emerging view that forests at lower elevations 
are especially vulnerable to state shifts (Davis et al., 2019). Further 
enhancement of a state shift on leeward slopes could result from 
increased frequency of ignition caused by agricultural activities on 
adjacent land, as might invasions by flammable non- native plant spe-
cies. For example, in 2018, we noted for the first time low levels of 
invasion of low- elevation leeward slopes by a non- native C4 grass 
(Melinis minutiflora) that is spread by livestock and is known to in-
crease fire frequency and spread in other tropical montane ecosys-
tems (D'Antonio et al., 2001); its role in the 2005 fire is unknown. 
Future measurements will determine whether the shrubs that cur-
rently dominate the sites where pine regeneration is sparse repre-
sent a new equilibrium state (Falk et al., 2022; Paniw et al., 2021).

4.3  |  Future directions

As temperatures rise and droughts increase across large regions (e.g. 
Salley et al., 2016), fire regimes are changing in both fire- maintained 
and fire- sensitive biomes. Tropical montane forests are no exception, 
raising questions about their long- term resilience that a large fire in 
the montane pine forests of the Cordillera Central put to the test. 
The fire initiated widespread loss of canopy and understorey pines, 
but under the current conditions, the pine forest is resilient. Based 
on the low rates of canopy recruitment 13 years after the fire, the 
return to pre- fire pine forest structure across the Cordillera Central 
will take at least two more decades, probably longer in sites affected 
by high- severity fires, and resilience of the ecosystems thus affected 
involve transient state shifts from forest to shrubland. Shrubland 
states may be more persistent in future if additional perturbations 
occur, especially short- cycle perturbations frequent enough to im-
pede recovery processes (Coop et al., 2020; Falk et al., 2022).

Under current conditions, P. occidentalis is likely to remain 
the dominant species even in the hottest and driest areas of the 
Cordillera Central. To allow an equilibrium to develop in future 
climate- necromass cycles (i.e. preventing a large accumulation of 
fuels under fire suppression policies), forest management could 
consider a ‘let burn’ or a prescribed burn policy for fires in the 
monodominant pine forest, as suggested for tropical montane pine 
forests in Mexico (Rodríguez Trejo, 2008). However, as climate 
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change continues to affect tropical montane forests, portions of this 
landscape may eventually tip into an alternate stable shrubland or 
grassland state if subjected to repeated fires, droughts and higher 
temperatures, all of which are predicted to increase in tropical 
mountains (Martin & Bellingham, 2016), and management will have 
to balance these potentially conflicting dynamics. Furthermore, ca-
nonically weak ENSOs, like the one in 2004– 2005, are increasingly 
generating strong teleconnections (Ashok et al., 2007; Capotondi 
et al., 2015), with potentially profound consequences for fire sus-
ceptibility across the globe (Schoennagel et al., 2007). More climate 
monitoring is needed, as little long- term, high- resolution climate data 
exist in tropical montane forests (Martin & Bellingham, 2016), so it is 
unknown how climate change affects these ecosystems, and most 
warming and drying anticipated in these systems has yet to occur.
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Supporting Information 

Table S1. Sample size (N) and description of each subset of vegetation plots used in major 
analyses. In 1999, fifty-five circular, permanent plots were established in the monodominant pine 
forest from 1695–3050 m a.s.l. elevation. Given the wide range in tree densities, small (0.05 ha) 
plots were used in higher density stands (e.g. > 400 stems ha-1) and large (0.1 ha) plots in lower 
density stands based on a visual assessment of density; in total, 20 small and 35 large plots were 
placed in 1999. Forty-nine of the 55 plots burned in the 2005 fire. After the 2005 fire, burned plots 
were re-measured in 4 censuses: 44 plots in 2007 (9 small, 35 large), 38 in 2010 (12 small, 26 
large), 38 in 2015 (6 small, 32 large), and 48 in 2018–2019 (22 small, 26 large). For the analysis of 
post-fire demography, 33 burned plots had trees that survived the fire. The 6 unburned plots were 
only remeasured in 2019, and hence have one pre-fire (1999) and post-fire measurement (2019); 
due to the fires’ extent, unburned pine plots were few and thus 2 unburned plots were located 
below the pine–cloud forest ecotone. We refer to the 2018–2019 census as ‘2018’ as most plots 
were measured that year; however, all analyses were per the year a plot was measured. 
Analysis No. of plots (N) Description of plots 
Patterns of fire severity            
 -Moran’s eigenvector mapping1 

 
49 All burned plots measured in 1999 and 2007 

  

 

Post-fire patterns in canopy tree growth and mortality  
-General controls 
  Linear and logistic mixed models 

 
332 

 
All burned plots with trees surviving the fire 

   

 -Pre- vs. post-fire  
  Generalized estimating equations 

  
All burned plots with trees surviving the fire 

     Growth & Mortality: 1999 to 2007 33  

     Growth & Mortality: 2007 to 2010 26  
     Growth & Mortality: 2010 to 2015 26  
     Growth & Mortality: 2015 to 2018  332  
 

 
 

 -Unburned vs. burned 
  Generalized estimating equations 

 
392 

 

 
All burned plots with trees surviving the fire 
and all unburned plots    

Stand structure and understorey community dynamics 
 -Change in stand structure over time    
  Generalized estimating equations3 

  
All burned and unburned plots 

     1999 54  

     2007 43  
     2010 37  
     2015 37  
     2018 47  
   

 -Post-fire controls of regeneration    
  Negative binomial regression models3 

 
 404 

 
All burned plots with trees surviving the fire 

   

 -Community change                 
  NMDS 

3 
  

All burned and unburned plots  
     1999 54  
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     2007  425  
     2018 47     

  PERMANOVA3  
 

All burned and unburned plots 
     1999 54  
     2007  425  
     2010 37  
     2015 37  
     2018 47  
  Linear regression model 
 

41 
 

All burned plots with understorey stems 
 

 

1 Five plots with stand replacing fires had 100% of their trees killed by fire but their understories were not 
measured in 2007. 
2 All live trees in one plot died between 2015–2018, therefore there was one fewer plot for growth analyses 
that used 2018 DBH data. 
3 Due to an extreme outlier with hyperabundant pine regeneration, one burned plot was removed from these 
analyses. 
4 One plot was excluded from analysis because its understory was not measured in 2007. 
5 One plot was excluded in 2007 because it had no understory stems, precluding it from multivariate 
analysis. 
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Table S2. Pre-fire monthly climate deviations and Palmer Drought Severity Indices (PDSI) in 
the Cordillera Central, Dominican Republic. Monthly percentage deviations were calculated 
against long-term mean monthly averages from 1961–1990. These data were compiled from a 
gridded 4-km resolution global climate dataset, TerraClimate (Abatzoglou et al., 2018). 
 

Year Month Deviation of 
mean PPT 

Deviation of 
mean Tmax 

Deviation of 
mean Tmin PDSI 

2004 Jan   64% 107% 112% 3.09 
2004 Feb   25% 106% 127% 2.24 
2004 Mar   59% 101% 119% 1.50 
2004 Apr 116% 100% 110% 1.45 
2004 May 232%   96% 110% 2.54 
2004 Jun    2%   99% 118% 1.48 
2004 Jul 117% 101% 108% 1.46 
2004 Aug    9% 101% 114% -2.02 
2004 Sep   44% 101% 107% -2.93 
2004 Oct   45%   99% 114% -3.42 
2004 Nov   57%   98% 111% -4.52 
2004 Dec 112% 101% 126% -4.51 
2005 Jan   72%   96% 117% -4.91 
2005 Feb   14%   96%   98% -5.59 
2005 Mar 117% 108% 123% -5.23 

  Mean  72% 101% 114% - 
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Table S3. Post-fire monthly climate deviations and Palmer Drought Severity Indices (PDSI) 
during droughts (i.e. PDSI of < -2.00 for six consecutive months) in the Cordillera Central, 
Dominican Republic. Monthly percentage deviations were calculated against long-term mean 
monthly averages from 1961–1990. These data were compiled from a gridded 4-km resolution 
global climate dataset, TerraClimate (Abatzoglou et al., 2018). 
 

Year Month Deviation of 
mean PPT 

Deviation of 
mean Tmax 

Deviation of 
mean Tmin PDSI 

2011 Sep    4%  99% 102% -2.02 
2011 Oct  63% 100% 112% -2.57 
2011 Nov  59%  99% 107% -3.25 
2011 Dec  91%  96% 115% -3.27 
2012 Jan  42%  94% 120% -3.70 
2012 Feb  53%  98% 138% -4.06 
2012 Mar  46%  97% 119% -4.38 
2013 Oct  40% 106% 112% -2.50 
2013 Nov  32%  99% 111% -3.13 
2013 Dec  28% 102% 120% -3.78 
2014 Jan  48% 108% 131% -4.35 
2014 Feb  80% 106% 144% -4.56 
2014 Mar 138% 105% 109% -4.05 
2014 Apr  45% 105% 131% -4.45 
2014 May 184%  96% 110% -3.39 
2014 Jun  49% 104% 111% -3.53 
2014 Jul  36% 103% 115% -4.16 
2014 Aug 190% 104% 108% -2.40 
2014 Sep  18% 103% 113% -3.10 
2014 Oct  47% 104% 109% -3.61 
2014 Nov 111% 105% 121% -3.72 
2014 Dec  43% 105% 128% -3.94 
2015 Jan  32% 107% 134% -4.24 
2015 Feb 133% 108% 112% -3.85 
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Table S4. Correlation matrix of predictor variables used to model patterns of fire severity. Vegetation data is from pre-fire stand structure 
measured in 1999. 

 

Predictor variables  Orography Elev. Aspect Slope TSI Basal 
area Density Understorey 

pines Shrubs SD 
DBH QMD Necro-

mass 
Orography1 1                       
Elevation (m) 0.02 1           

Aspect2 (°)  0.42 0.31 1          

Slope (°) 0.08 -0.22 -0.05 1         

TSI3 -0.29 -0.13 -0.27 0.08 1        

Tree basal area4  0.01 0.01 -0.17 0.02 -0.04 1       

Tree density5 0.12 -0.46 -0.23 0.05 -0.16 0.44 1      

Understorey pines6 -0.31 0.28 -0.24 -0.23 -0.06 0 -0.28 1     

Shrubs7 -0.19 -0.4 -0.35 0.03 0.12 0.03 0.42 0.11 1    

SD DBH8 -0.13 0.47 0.14 -0.16 -0.06 0.05 -0.55 0.41 -0.15 1   

QMD9 -0.15 0.55 0.22 0.03 0.1 0.07 -0.74 0.34 -0.44 0.56 1  
Necromass10 0.45 0.16 0.52 0.02 -0.11 -0.27 -0.18 -0.16 -0.25 -0.1 0.26 1 

 

1 Orography is a binary variable (0 for leeward, 1 for windward). 
2 Aspect was transformed as cos(45˚- aspect) + 1, such that its maximum is a northeast-facing aspect. 
3 Terrain shape index, from McNab (1989). 
4 Basal area of living trees (m2 ha-1). 
5 Density of living pine trees (stems ha-1). 
6 Density of living pine saplings and seedlings (stems ha-1). 
7 Density of living woody understorey species (stems ha-1). 
8 Standard deviation of tree DBH (cm). DBH measured at 1.3 m height. 
9 Quadratic mean diameter (QMD) of tree DBH (cm), which gives greater weight to large trees than the arithmetic mean. In stands with large tree 

diameters and a wide range of diameters present or strongly skewed diameter distributions, the difference between arithmetic mean and QMD 
can be large.  

10 Density (stems ha-1) of recently dead (e.g. standing dead, tipped, and snapped) trees before the fire. 
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Table S5. Measurements of the central tendency and dispersion of plot-scale environmental 
and vegetation variables used to model patterns of fire severity. All vegetation variables were 
calculated in each plot from pre-fire stand structure measured in 1999. 
 

Predictor variables Min Max Median Mean SE 
Orography1 0.00 1.00 0.00 0.27 0.06 
Elevation (m) 1695 3094 2450 2436.8 46.06 
Aspect2 (°) 0.00 2.00 1.26 1.05 0.10 
Slope (°) 0.33 35.13 20.54 20.74 1.06 
TSI3 -3.56 0.59 -0.18 -0.29 0.10 
Tree basal area4 1.83 35.10 16.46 16.19 0.97 
Tree density5 10.1 1202.9 360.9 419.0 41.4 
Understorey pines6 0.00 28235 4167 6732 947 
Shrubs7 0.00 36176 7941 10478 1329 
SD DBH8 0.00 24.08 9.89 10.42 0.69 
QMD9 14.31 48.47 23.10 26.47 1.38 
Necromass10 0.00 180.84 20.09 29.3 5.26 

 

1 Orography is a binary variable (0 for leeward, 1 for windward). 
2 Aspect was transformed with cos(45˚- aspect) + 1, such that its maximum is a northeast-facing aspect. 
3 Terrain shape index, from McNab (1989). 
4 Basal area of living trees (m2 ha-1). 
5 Density of living pine trees (stems ha-1). 
6 Density of living pine saplings and seedlings (stems ha-1). 
7 Density of living woody understorey species (stems ha-1). 
8 Standard deviation of tree DBH (cm). DBH measured at 1.3 m height. 
9 Quadratic mean diameter (QMD) of tree DBH (cm), which gives greater weight to large trees than the 

arithmetic mean. In stands with large tree diameters and a wide range of diameters present or strongly 
skewed diameter distributions, the difference between arithmetic mean and QMD can be large.  

10 Density (stems ha-1) of recently dead (e.g. standing dead, tipped, and snapped) trees before the fire. 
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Table S6. Woody plant species and growth habits of tallied stems in 55 permanent vegetation 
plots, including 6 unburned plots which contained tree species additional to P. occidentalis. Trees 
were defined as species with a single main stem and that attain sizes ≥10 cm DBH, and shrubs as 
multi-stemmed species that do not attain sizes <10 cm DBH. Species denoted with “sp.” could not 
be further identified; genera denoted with “spp.” had 2 or more morphospecies that could not be 
further identified: Cyathea spp. had 2 morphospecies, Rubus spp. had 3 morphospecies, and 
Cestrum spp. had 4 morphospecies. 
Species List  

Aquifoliaceae 
Ilex impressus Loes. & Ekm. – shrub 

Ilex repanda Griseb. – tree 
 

Araliaceae 
Oreopanax capitatus (Jacq.) Decne. & Planch. – tree 

 

Asteraceae 
Baccharis myrsinites (Lam.) Pers. – shrub 

Eupatorium illitium (Urb.) – shrub 
 

Brunelliaceae 
Brunellia comocladifolia H. & B. – tree 

 

Celastraceae 
Torralbasia cuneifolia (C. Wr.) Kr. & Urb. – tree 

 

Clusiaceae 
Clusia clusiodes (Griseb.) D'Arcy – tree 

 

Cunoniaceae 
Weinmannia pinnata L. – shrub or tree 

 

Cyatheaceae 
Cyathea spp. – tree fern 
Alsophila sp. – tree fern 

 

Ericaceae 
Lyonia alainii Judd. – shrub  

Lyonia buchii Urb. – tree or shrub 
Lyonia heptamera Urb. – shrub 

 

Euphorbiaceae 
Ditta maestrensis Borhidi. – tree or shrub 

 

Fabaceae 
Chamaecrista glandulosa (L.) – shrub 

 

Garryaceae 
Garrya fadyenii (Hooker) – shrub  

 

Gesneriaceae 
Rhytidophyllum berteroanum Mart. – shrub  

 

Hypericaceae 
Hypericum pycnophyllum Urb. – shrub 

 

Lauraceae 
Ocotea cicatricosa C.K. Allen. – tree 
Ocotea wrightii (Meissn.) Mez. – tree 

Persea krugii (Urb.) – tree 
 

Melastomataceae 
Clidemia sp. – shrub 

Miconia selleana Urb. & Ekm. – shrub  
 

Myricaceae 
Myrica picardae Krug. & Urb. – shrub  

 

Myrsinaceae 
Myrsine coriacea (Sw.) R. Br. – tree  

Wallenia apiculata Urb. – tree 
 

Onagraceae 
Fuchsia pringsheimii (Urb.) – shrub 

 

Papaveraceae 
Bocconia frutescens L. – shrub 

 

Phytolaccaceae 
Phytolacca icosandra L. – shrub 

 

Pinaceae 
Pinus occidentalis Sw. – tree 

 

Podocarpaceae 
Podocarpus buchii Urb. – tree 

 

Rosaceae 
Rubus spp. – shrub 

 

Rubiaceae 
Antirhea oligantha Urb. – tree or shrub 

Palicourea eriantha DC. – shrub 
Psychotria berteriana DC. – shrub  

 

Solanaceae 
Cestrum spp. – shrub 

 

Ulmaceae 
Trema micrantha (L.) Blume. – tree 
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Table S7. Linear regression coefficients of mean Bray-Curtis dissimilarity in species 
composition in 2018 vs. 1999. The model used all burned plots from all fire severity classes 
(n = 41). Total model R2adj = 46.7% (F3,37 = 12.66, p < 0.001).  
 

Response Predictors  Coefficient SE  T value   p 
Mean 

dissimilarity 
1999 vs. 2018 

Intercept 0.9235 0.1308 7.09 < 0.001 
Elevation -0.0001 0.0001 -2.71 0.010 
Orography1 (1) 0.9529 0.3310 2.88 0.007 
Elevation * Orography1 (1) -0.0004 0.0001 -2.69 0.011 

 

1 Orography is a binary variable (0 for leeward, 1 for windward). 
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Figure S1. Patterns of pre-fire forest structure in monodominant Pinus occidentalis forest stands 
in the Cordillera Central, Dominican Republic. All photographs were taken in February or March 
1999. (A) multi-cohort forests on leeward slopes toward Valle de Tetero (~2200 m a.s.l.); (B) 
closed-canopy, multi-cohort forests on windward slopes (~2600 m a.s.l.); note the pine stem 
snapped during Hurricane Georges in left foreground; (C) closed-canopy forests on windward 
slopes (~2400 m a.s.l.); (D) closed-canopy pine forest in background on the slopes leeward of the 
main ridge (~2600 m a.s.l.). (Photographs by P.H. Martin). 
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Figure S2. Variation partitioning using partial regression of fire severity patterns. Percentages in 
each section show the R2adj of each significant predictor alone or in combination with other 
predictors. Total model R2adj (summing all sections) = 52.8% (F5,43 = 11.74, p < 0.001). Sections 
with small or negative R2adj values explained less variation than by random chance and are 
therefore interpreted as zeros, but were still used to calculate R2adj.  
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Figure S3. Predicted probabilities of post-fire pine tree mortality along a gradient of low and 
moderate fire severities for the entire post-fire time interval. Predictions were averaged over the 
random effect term that accounted for trees nested within plots (i.e. average marginal 
predictions). Shaded area represents 95% confidence interval, and points represent observed 
survivorship status (where 0 is alive and 1 is dead) along the observed gradient of fire-severities. 
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