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Abstract
Tropical dry forests experience pronounced seasonal changes in precipitation mani-
fested in varied plant phenologies. At landscape scales, geologic substrate— one of the 
least understood abiotic factors interacting with precipitation— may modulate phe-
nological responses in these forests through a combination of mechanisms regulat-
ing water and nutrient use. We leveraged a phenological dataset from the semiarid 
island of Curaçao to examine the extent to which plant phenology at multiple levels 
of biological organization diverge under different geologies. Monthly observations 
over a 30- month period of leaves, flowers, and fruits of 69 plant species of different 
life forms at three nearby sites differing in their underlaying geology were used to 
examine intra-  and inter- annual plant responses at species, community, and system 
levels. The integration of leaf, flower, and fruit observations at intra- annual scales 
revealed diverse phenological strategies among species, broad associations with geo-
logic substrate, and the extent of intra- specific variation as a function of geology. The 
community-  and system- level analyses at inter- annual scales showed a reduction in 
mean leaf scores during the 30- month period, a weak and strong leafless period in 
1993 and 1994, respectively, and differences among geologic substrates. Finally, we 
observed significant and positive relationships between precipitation and the pheno-
phase scores; the strength of the relationships varied with phenophase and geologic 
substrate. Results of this work emphasize the importance of geologic substrate, and 
more broadly speaking landscape heterogeneity, in modulating plant phenological re-
sponses in tropical dry forests. Ultimately, this information will become important to 
understand and mitigate global climate change impacts.

Abstract in Spanish is available with online material.
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1  |  INTRODUC TION

Tropical dry forests (TDF) comprise diverse forests found in areas 
that experience pronounced seasonal changes in precipitation 
(Allen et al., 2017; Miles et al., 2006; Murphy & Lugo, 1986). Across 
broad regions, variation in the amount and distribution of precipi-
tation determines the availability of water, and thus differences in 
species composition and the seasonal timing of life history events, 
that is, phenology (Frankie et al., 1974; Franklin et al., 2018; Seghieri 
et al., 2009; Seghieri et al., 2012). In contrast, within- region variation 
in hydrology and topographic position (Borchert, 1994; Bullock & 
Solis- Magallanes, 1990; De Almeida et al., 2015; Lemus- Jiménez & 
Ramírez, 2002; Seghieri et al., 1995), and geologic substrate (Apgua 
et al., 2015; Powers et al., 2009; Powers & Tiffin, 2010; Werger 
et al., 1991) may explain additional differences in forest attributes, 
including plant phenology. Of these three abiotic factors, geologic 
substrate is the least understood but it has been suggested that its 
influence on tropical dry forests, and more broadly speaking tropi-
cal forests, results from a combination of mechanisms regulating the 
use of nutrients and water.

A first set of studies shows that differences in soil chemistry 
inherited from geology underlies variation in the composition and 
structure of plant communities at regional to local scales (Aiba 
et al., 2015; Andersen et al., 2010; Apgua et al., 2015; Fayolle 
et al., 2012; Moro et al., 2015; Powers et al., 2009; Tuomisto & 
Ruokolainen, 1994). In addition, geology underlies differences in the 
distribution of plant functional traits (Fayolle et al., 2012; Powers & 
Tiffin, 2010), biomass in primary and secondary forests (Becknell & 
Powers, 2014; Hofhansl et al., 2020; Powers & Peréz- Aviles, 2013), 
and plant growth (Raich et al., 1996; Vitousek et al., 1993). A second 
set of studies document that geologic substrate explains variation 
in leaf phenology (Werger et al., 1991) and the regional distribution 
of evergreen and deciduous species (Powers et al., 2009; Waring 
et al., 2021) in tropical very dry and dry forests, and the degree 
of deciduousness in moist forests (Bohlman, 2010; Ouédraogo 
et al., 2016). Altogether these studies indicate that geologic sub-
strate contributes to the variability of tropical forests at landscape 
scales, and that this variability could be greatest in dry forests given 
the extreme conditions under which they develop. Recent work has 
further indicated that three biotic factors, namely plant composition, 
type of mycorrhizal associations, and abundance of legumes, may in-
teract with abiotic conditions to influence feedbacks between phe-
nological and biogeochemical processes (Waring et al., 2021). Yet, 
the extent to which geology interacts with phenological patterns 
observable at different levels of biological organization (Bullock & 
Solis- Magallanes, 1990) and times scales (Bush et al., 2017) remains 
largely unknown.

Early work in the tropics distinguished phenological patterns 
at population, community, and system levels in an effort to ac-
knowledge their significance for different ecological processes 
(Bullock & Solis- Magallanes, 1990). Phenological studies at pop-
ulation and community— guilds or whole communities— levels use 
the mean status of species (Bullock & Solis- Magallanes, 1990) to 

characterize the resource base of organisms (Anderson et al., 2005; 
Debrot et al., 1999; Ekholm et al., 2020; Petit & Pors, 1996), plant 
mechanisms underlying phenological responses to environmental 
factors (van Schaik et al., 1993; Borchert, 1994), and extent of phe-
notypic variability of phenological traits (Rathcke & Lacey, 1985; 
Sakai, 2001). Likewise, phenological studies at the system level use 
the mean status of all individuals regardless of species (Bullock & 
Solis- Magallanes, 1990) to examine forest productivity and nutrient 
cycling (e.g., Miki & Doi, 2016; Powers & Tiffin, 2010), animal move-
ment and timing of reproduction (Abrahms et al., 2021; De Araujo 
et al., 2017), and inform global changes (Browning et al., 2019). Thus, 
the extent to which phenological patterns vary with geologic sub-
strate and levels of biological organization is important to assess the 
diversity of responses and ultimately vulnerability of tropical dry 
forests to climate change.

Here, we leverage a phenological dataset from the very dry trop-
ical forests of the island of Curaçao— an island with rainfall condi-
tions well below those of intensively studied sites in the Americas 
(Vargas et al., 2021) to investigate the extent to which plant phenol-
ogy diverges in regions underlain by different geologies. This dataset 
includes monthly observations obtained during a 30- month period 
on leaves, flowers, and fruits of 69 plant species belonging to differ-
ent life forms at three nearby sites underlain by basalt, chert, and 
limestone. This dataset allowed us to ask three questions. First, to 
what extent does the integration of leaf, flower, and fruit phenology 
allow the characterization of plant phenological strategies? Second, 
how do leaf, flower, and fruit phenological patterns at intra-  and 
inter- annual scales vary across geologies at species, community, and 
system levels? Lastly, how does precipitation and geologic substrate 
influence the observed phenological patterns? Examining phenolog-
ical patterns at multiple levels of biological organization as a function 
of geologic substrate has important conservation and management 
implications particularly in a region like the Caribbean that is sub-
jected to multiple environmental stressors. On the one hand, it 
may reveal “hidden” patterns of phenological diversity at landscape 
scales. On the other hand, this diversity at landscape scales may be 
important to sustain plant and animal populations assuming that 
communities underlain by these geologies are connected.

2  |  METHODS

2.1  |  Study site

This study was conducted within Christoffel National Park and 
neighboring Wacawa area— from now referred to as Christoffel 
Park— CP— located in northwestern Curaçao (Figure 1a), the larg-
est of the Leeward Antilles in the Caribbean. Christoffel Park is 
the largest protected area in Curaçao covering 2300 ha of the hilli-
est terrain of this semiarid island, encompasses diverse climatic, 
geologic, and topographic conditions, and includes the highest 
peak of the island (Christoffelberg; 375 m a.s.l.; Figure 1a,b). The 
park has a mean annual temperature and mean total precipitation 
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of 27.1 ± 2.5°C and 597 ± 14.1 mm, respectively (estimated from 
BIOCLIM data; Hijmans et al., 2005). Precipitation in Curaçao ex-
hibits a large intra-  and inter- annual variability (Martis et al., 2002) 
as shown by long-  (1951– 2019; Hato Airport Station -  78,988; 
Figure 1c; Climex KNMI, 2020) and short-  (1992– 1995; Figure 1d; 
this study) term data. Precipitation in Curaçao follows the gen-
eral bimodal pattern observed in the Caribbean and Central 
America with an early (ERS; May– June) and late (LRS; September– 
November) rainfall season interrupted by a mid- summer (MSD; 
locally known as veranillo or canicula; July– August) and a winter 
(WD; December– April) dry season (Angeles et al., 2007; Magaña 
et al., 1999). The timing and magnitude of ERS and MSD are impor-
tant events in the dynamics of these systems.

Christoffel Park includes four of the five geologic formations 
reported for Curaçao: Curaçao Lava (basalt; CLF; 48% of CP), Knip 
(chert, silica- rich sediments; KF; 46%), Limestone (limestone; LF; 
6%), and Marl (MF; < 1%) formations (Beers et al., 1997; Beets, 1977; 
Wright & Wyld, 2011). We focused on the first three because their 
relative importance both in CP and the island of Curaçao as a whole 
(91%). Since we emphasize the little- understood role of geologic 
substrate on plant phenology, it is important to acknowledge the 
possible confounding effects of geology and climate. Specifically, 
sampling sites at KF (chert) were located ~203 m a.s.l. whereas at 
CLF (basalt) and LF (limestone) at ~62 m a.s.l. (Table 1). Although 
this is a large elevation difference for Curaçao (max elevation 
375 m), it does not manifest in large mean annual temperature (for 

F I G U R E  1  (a) Island of Curaçao 
showing the Christoffel National Park 
and Wacawa area in the north- west 
portion of the island, including location of 
transects (squares), rain gauges (triangles), 
park boundaries (black line), and 
geologic formations. (b) Christoffelberg 
showing low clouds. (c) Historical 
monthly precipitation for Hato Airport 
meteorological station (station 78,988; 
1951– 2019); red line is the mean, the gray 
area is 1SD for the 1951– 2019 time series, 
and the colored points correspond to the 
Hato Airport values corresponding to the 
period covered by this study. (d) Monthly 
precipitation for study sites (September 
1992– February 1995); the top horizontal 
lines correspond to the main rainy (solid) 
and dry (dashed) seasons. Hillshade map 
depicting topographic conditions within 
the study region was prepared using an 
ASTER- 30 m Digital Elevation Model
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KF is 26.5°C whereas for CLF/LF 27.3°C) nor total precipitation (for 
KF is 504 mm whereas for CLF/LF 484 mm) differences (Table 1; 
Figure 1d). Shading by the surrounding hills, the presence of rare 
low clouds (Figure 1b), and early morning dew formation during 
October– December at KF, could be an important factor distin-
guishing it from the CLF/LF sites. In contrast, soil physicochemical 
attributes seem to differentiate more clearly the three geologic 
formations (Table S1– S6; Grontmij & Société Grenobloise d'Etudes 
et d'Applications Hydraulique, 1968, De Vries, 2000). The Knip 
Formation soils had the highest concentration of total carbon and 
nitrogen, lowest cation exchange capacity (CEC), highest concen-
tration of four minor elements inherited from rock (barium, chro-
mium, nickel, and silicon), highest percentage of sand, and lowest 
pH; in the Discussion, we will return to these minor elements. The 
Curaçao Lava Formation soils exhibited the lowest concentration 
of total carbon and nitrogen, the highest CEC, highest concentra-
tion of several major elements (Al, Ca, Fe, Mg, Ti) as well as of cop-
per and zinc, and highest percentage of silt. Finally, the Limestone 
Formation soils exhibited the second highest values of carbon and 
nitrogen, intermediate values of CEC, highest concentrations of 

two major elements (K and Na) and three minor elements (Ce, Li, 
and P), highest pH and percentage of clay.

Many areas within CP were heavily affected by human activi-
ties until ~1950; thus, stand age ranges between 40 and 50 years. 
Activities in these areas like in other parts of Curaçao and TDF 
(Vargas et al., 2021) included intensive grazing, wood cutting for 
charcoal and even tilling for planting with seasonal crops such as pea-
nuts, beans, and sorghum. Currently, the vegetation in CP is broadly 
classified as a very dry tropical forest sensu Holdridge (Debrot 
et al., 1999) or as a xeric scrubland (Beers et al., 1997). This general 
classification, however, hides an enormous diversity of plant asso-
ciations and landscape units identified and mapped in the island of 
Curaçao and that are amply used to guide conservation and manage-
ment efforts (Beers et al., 1997). Variation in the plant associations 
at the three geologic substrates translates into overall physiognomic 
and species composition differences but not in the proportion of 
plant- mycorrhizal association types nor legume species (Table 1). 
For instance, tree cover and species diversity are lowest on the CLF, 
intermediate on LF, and highest on the KF. The highest number of 
rare species, including the two endemic tree species of the island 

TA B L E  1  Characteristics of climate, vegetation, and plant- mycorrhizal associatoins at each one of the three geologic formations included 
in this study. Arbuscular (AM), ecto (EM), and non (NM) mycorrhizal asociations

Geologic Substrate

Curaçao Lava (CLF) Knip (KF) Limestone (LF)

Mean elevation (m)1 56.8 203.1 73.9

Mean annual temperature -  
MAT -  bioclim (°C)2

27.3 26.5 27.3

Mean annual total precipitation 
-  MAP -  bioclim (mm)2

595.7 617.1 575.5

Mean annual total precipitation 
-  MAP -  this study (mm)3

473.8 504.5 494.2

Landscape4 Bourreria- Haematoxylon undulating 
landscape / Croton -  Acacia 
glauca sub- landscape

Bromelia –  Schomburgkia hilly landscape Haemotoxylon 
-  Bourreria 
sub- landscape

Plant association4 Croton flavens -  Opuntia wentiana 
(Type 12) and Acacia tortuosa -  
A. glauca (Type 13) associations

Coccoloba swartzii -  Isocarpha oppositifolia 
(Type 19) and Bromelia -  Schomburgkia 
associations (Type 20)

Haemotoxylon -  Randia 
association (Type 18)

Tree cover4 Sparse Dense -  In Type 19 understory dominated 
by shrubs and herbs; trees with 
abundance of epiphytes and climbers. 
In Type 20 understory dominated by 
terrestrial bromeliads.

Dense

Species richness4 Lowest tree but highest shrub and 
climber richness

Highest richness More evergreen species 
as compared to the 
CLF

Proportion of AM plus NM- AM 
(facultative) mycorrhizal 
associations; proportion 
of EM plus (EM- AM) 
mycorrhizal associations5,6

0.9; <0.2 0.9; <0.2 0.9; <0.2

Proportion/number Fabaceae6 0.11/12 0.07/7 0.09/11

Sources: 1ASTER- 30 m resolution Digital Elevation Model, 2BIOCLIM (Hijmans et al. (2005), 3this study based on the years 1993– 1995, 
4Beers et al. (1997), and 5C. Restrepo, unpublished database plant- mycorrhizal associations, 6CARMABI, unpublished list of species inventoried at 
the three geologic formations.
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(Myrcia curassavica and Maytenus versluysii), occurs on the KF (Beers 
et al., 1997).

2.2  |  Sampling design

Plant phenology was monitored along transects of variable length at 
each of the three geologic formations (Figure 1a). The transects were 
laid in areas with a dense canopy cover, that is avoiding open areas. 
Initially, we walked along the transects and at each site selected at 
random individuals large enough and/or individuals with evidence of 
flowering/fruiting for each species included in the study: ≥10 indi-
vidual for the most common species and between 1– 8 for the least 
common and rare ones (Table S2). These individuals were identified 
with a unique number and tagged. The species represented a mix-
ture of life forms, namely trees, shrubs, vines, epiphytes, and suc-
culents. The number of individuals (ni) and species (ns) varied among 
the three formations [CLF (ni = 229 and ns = 28), KF (ni = 369 and 
ns = 44), and LF (ni = 283 and ns = 35)] with some species occurring 
in two or more formations (Table S2). The original scientific names 
follow van Proosdij (2012) but subsequently we revised them against 
the Tropicos database (https://www.tropi cos.org/home); both sets 
of scientific names were included in Table S2. At each of the three 
study sites, we placed and operated three standard rain gauges dur-
ing the duration of the study (Figure 1a,d).

The phenological status of leaves, flowers, and fruits of 881 
individuals belonging to 69 plant species (Table S2) was recorded 
on a monthly basis and within five, consecutive working days from 
September of 1992 to February of 1995 (n = 30 months). Using the 
crown density method, individuals were assigned to a linear scale 
score between 0 and 4 to quantify leaf (expanded), flower, and fruit 
(ripe) abundance for all species except succulents (Bullock & Solis- 
Magallanes, 1990; Koelmeyer, 1959; Mclaren & Mcdonald, 2005). 
Values of 1, 2, and 3 represent one quarter, half, three quarters of 
the crown density, respectively, while a value of 4 indicates com-
plete cover and a value of 0 no cover. For succulents (cacti and epi-
phytes sensu lato), we only focused on flowers and fruits, counting 
the absolute number of these organs.

2.3  |  Data analysis

A combination of missing tags and/or problems with digitization of 
field data contributed to loss of some data. Only individuals with 
≥27 months (maximum 30 months) of observations were included 
in the analyses. For individuals with 27– 29 months of data, we im-
puted the missing phenophase scores by averaging the previous 
and following months. We explored phenological patterns at intra-  
(monthly means) and inter-  (monthly observations) annual scales. In 
addition, we explored phenological patterns at the species, commu-
nity, and system levels (Bullock & Solis- Magallanes, 1990, Mclaren & 
Mcdonald, 2005). The species- level analysis included species with ≥3 
individuals per geology. The community- level analysis was based on 

species' averages (≥3 individuals per geology) whereas the system- 
level analyses on all individuals excluding succulents.

To examine species- level phenological trajectories at intra- annual 
scales, we ran a first set of analyses based on the species' mean 
monthly leaf, flower, and fruit scores. We ran a principal component 
analysis— PCA (input was a species/geology/month x phenophase ma-
trix) with FactoMineR (Lê et al., 2008) to initially explore the existing 
variation of phenological trajectories within and between species 
(results are not presented). Subsequently, we performed a hierarchi-
cal cluster analysis (Euclidian distance and Ward's linkage method; 
input was a species/geology x phenophase/month matrix) to identify 
phenological functional types or phenophase strategies. To visualize 
these results, we used the heatmap2 base function in R. To identify 
the clusters, we used the NbClust package (Charrad et al., 2014) in 
combination with visual inspection of the heatmap. Subsequently, 
we focused on those species found in ≥2 formations and ran per-
mutational analysis of variance— PERMANOVA (input were loadings 
from the PCAs) to test for differences in the phenological trajec-
tories as a function of geologic substrate; the PERMANOVAs were 
run with the adonis2 (Anderson, 2017) function in the vegan library 
(Oksanen et al., 2018).

To examine phenological trajectories at inter- annual scales, we 
ran a second set of analyses. First, we examined species- , communi-
ty- , and system- level phenological trajectories; for the latter, we also 
distinguished among life forms. We averaged the phenophase values 
and calculated 95% confidence intervals to examine differences in 
the phenological trajectories among the three geologic substrates. 
At the species' level, we averaged the individual phenophase scores 
per species, at the community- level analysis, we averaged the mean 
species phenophase scores, and at the system- level analysis, we av-
eraged all individuals regardless of species. We ran a similar anal-
ysis, this time including life form, namely trees, shrubs, vines, and 
epiphytes. Next, we focused on the eight species that were com-
mon to the three geologic formations to examine variation of their 
supra- annual phenological trajectories among geologic substrates. 
For each species at each of the three geologic formations, we aver-
aged the individual monthly phenophase scores and run a PCA (input 
was a geologic substrate/year/month × species matrix). We used the 
phenophase scores in three PERMANOVAs— leaves, flowers, and 
fruits— to test for differences in the phenological trajectories as a 
function of geologic substrate.

Our third, and last set of analyses, was aimed at examining 
relationships between geologic substrate, plant phenology, and 
precipitation. Using monthly precipitation and mean phenophase 
values at each of the geologic substrates, we first plotted the 
observations to examine the form of the relationships. Then, we 
fitted linear and non- linear— second order polynomial— regression 
models to examine relationships between the phenophase scores 
and precipitation at all levels of organization (Iler et al., 2013; 
Menzel et al., 2006; Peñuelas et al., 2004). Because the adjusted 
R2 of the non- linear models were lower than those of the linear 
models, we did not consider them further. All analyses were run in 
R 3.2.3 (R Core Team, 2018).
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3  |  RESULTS

3.1  |  Species- level variation of phenological 
trajectories

Of 48 species included in the cluster analysis, eight were shared 
among all three geologic substrates, 11 among two, and 29 were 
restricted to a single one totaling 75 populations, that is, spe-
cies studied at each geologic formation (Figure S1; Table S2). 
Populations were grouped into 11 clusters that illustrate a diverse 
array of phenological strategies. To some extent, the clusters 
reflect differences in the magnitude and variability of the mean 
monthly phenophase scores but also the timing of greening and 
dormancy (Figure 2). For example, clusters 1 and 2 (Figure 2) in-
cluded populations with mean leaf scores ≥3.0 and coefficients 
of variation <11.2% that we associate with an evergreen leafing 
or leaf- exchanging strategy. Although the populations in cluster 1 
and 2 exhibited distinctive flowering and fruiting seasons, these 
occurred at different times: in cluster 1 flowering and fruiting oc-
curred in May– August and July– October, respectively, whereas 
in cluster 2 in November– February and March– July, respectively. 
Cluster 5 illustrates a very different strategy whereby the three 
populations of the same species (Bursera karsteniana) exhibited 
the lowest mean leaf scores (1.92) but one of the highest coeffi-
cients of variation (34.2%) that we associate with a highly decidu-
ous and synchronous leafing strategy. In addition, populations in 
cluster 5 exhibited distinctive flowering (March– April) and fruiting 
(April– June) seasons. Finally, clusters 8– 11 (cluster 8 had a mean 
leaf score of 2.25 and coefficient of variation of 28.1) may repre-
sent a semi- deciduous and asynchronous leafing strategy yet they 
varied in their flowering and fruiting patterns. Populations in clus-
ter 8 exhibited distinctive flowering (October– January) and fruit-
ing (December– April) seasons, very different from B. karsteniana 
(cluster 5). In clusters 9– 11, flowering was more extended and/or 
irregular than in cluster 8. Chi- square test revealed that clusters 
and geologic formation were not independent (Chi- square = 20, 
df = 4, p < 0.05). Populations in cluster 1– 4 were found more often 
than expected by chance on LF, and less often on CLF; similarly, 
populations in cluster 8– 11 were found more often than expected 
on CLF.The data also revealed contrasting responses within spe-
cies and genera. Among the eight species found in the three 
geologic formations, the populations of four fell within the same 
cluster (Bursera karsteniana, Croton flavens, Malpighia emarginata, 
and Phyllanthus botryanthus; Figure 2); the PERMANOVAs for 
these species based on the trajectories described by PCA (not 
shown) were not significant, supporting the clustering results 
(Table S3). In contrast, the populations of the other four species 
fell in ≥2 clusters (Figure 2): In two instances (Caesalpinia coriaria 
and Haematoxylum brasiletto), the PERMANOVAs supported these 
results whereas in the other two (Randia aculeata and Trichilia 
trifolia) did not (Table S3). Among 11 species with populations in 
two geologic substrates, the populations of three out of four spe-
cies common to CLF and LF (Acacia tortuosa, Bourreria succulenta, 

Guaiacum officinale) and of two out of six species common to KF 
and LF (Coccoloba swartzii and Sideroxylon obovatum) fell in differ-
ent clusters. For the CLF- LF species, PERMANOVAs showed sig-
nificant differences in phenology among geologic formations and 
for the KF- LF species this was true for two (C. swartzii and S. obo-
vatum), as well as for a third (Jacquinia arborea) species whose pop-
ulations did not separate among clusters (Table S3). Four genera 
had ≥1 species: in Capparis (C. flexuosa, C. indica, C. linearis, and C. 
odoratissima) and Cordia (C. dentata and C. globosa) all populations 
fell in the same cluster but in Acacia (A. glauca and A. tortuosa) and 
Lantana (L. camara and L. involucrata) this was not the case.

The inter- annual phenological trajectories (Figure S2) mirrored 
to some extent the intra- annual ones (Figure S1). Yet, the former re-
vealed unusual changes in the phenophase scores, as well as stronger 
differences as a function of geology. Changes during the 30- month 
period included a reduction in the phenophase scores of leaves over 
time, a marked reduction of the mean scores in July of 1994, changes 
in the variability around the mean particularly in the months of June– 
August 1994, and significant differences in the phenological trajecto-
ries of plants on different geologic substrates starting roughly around 
February 1993. These differences are particularly large between LF 
and the KF/CLF formations. Specifically, the leaf phenophase scores 
dropped more rapidly in the latter two formations. Differences in the 
trends for flowers and fruits were more difficult to discern. In part, 
this is due to the fact that flower and fruit production was highly 
seasonal (Figure S2). Using a slightly different approach, we focused 
separately on the supra- annual trajectories of the three phenophases 
(Figure 3) of the eight species common to the three geologic forma-
tions. We found significant differences in the trajectories of leaves 
and fruits but not of flowers among formations (Table S4).

3.2  |  Community-  and system- level variation of 
phenological trajectories

At system and community levels, we observed leafless, flowerless, and 
fruitless months, that is, months with the lowest mean phenophase 
scores (Figure 4). The magnitude of this leafless period was greater 
in 1994 than in 1993 and occurred roughly a month later in 1994 
(June and July) than in 1993 (April –  June). Geologic substrate had 
a strong effect on the phenological trajectories of leaves: The mean 
phenophase scores were significantly larger in LF followed by KF, and 
CLF formations (Figure 4). In addition, in LF the mean leaf phenophase 
scores were particularly high right after the main rainy season when 
compared to KF and CLF; this was true in 1993 and 1994. Patterns 
of flower and fruit phenology were less clear, perhaps reflecting the 
variety of strategies already described (Figure 2). The mean pheno-
phase scores of flowers were less variable than those of leaves. In ad-
dition, mean flower phenophase scores were higher on LF than CLF 
or KF, particularly after December of 1993. One of the most striking 
observations, however, is related to the phenological trajectories of 
fruits: Phenophase scores were notably larger in the LF than the other 
two formations for most of the study period. The community-  and 
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system- level patterns were found to be largely driven by the trajecto-
ries of trees followed by shrubs and vines (Figure S3).

3.3  |  Phenology– precipitation relationships

There were significant and positive relationships between precipita-
tion and the phenophase scores at the community and system levels 
(Figure S4), yet the strength of the relationships (adjusted R2) varied 
with phenophase and geologic substrate (Table 2). Independently 
from life form, the adjusted R2 ranged between 0.12– 0.49 for leaves, 
0.12– 0.51 for flowers, and 0.18– 0.24 for fruits. More interestingly, 
the adjusted R2 varied with geologic substrate and phenophase (for 

leaves LF > CLF > KF, and flowers/fruits CLF > LF > KF; Table 2). The 
aforementioned patterns were similar for trees, shrubs, and vines, 
yet the adjusted R2 values were larger for shrubs than for trees 
(Table 2). At the species level, 80% of the plant populations exhibited 
a significant and positive relationship between the leaf phenophase 
scores and precipitation, whereas for flowers and fruits, this figure 
was 52% and 48%, respectively (Table S5). Once geologic substrate 
is factored in, the CLF (71%), followed by the LF (63%), and KF (47%) 
formations had the largest number of populations/phenophases 
that responded significantly to precipitation. Finally, the mean R2 
and probability values for each of the 11 clusters and phenophases 
differed suggesting a variable role of precipitation in driving the ob-
served phenological strategies (Table S6; Figure 2).

F I G U R E  2  Dendrogram and heatmap describing the diversity of phenological strategies observed in Curaçao TDFs. A hierarchical 
clustering analysis based on the leaf, flower, and fruit phenophase scores of all species' populations but succulents, identified 11 groups 
(colors and numbers in the dendrogram). The heatmap is a composite representing from left to right mean monthly leaf, flower, and fruit 
phenophase scores. The label of each row corresponds to a species (abbreviation as in Table S2) studied at each of one of three geologic 
(abbreviations as in Table 1) substrates
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4  |  DISCUSSION

We investigated the extent to which plant phenology in tropical dry 
forests on the Caribbean island of Curaçao diverged under different 
geologies. At the species level, the integration of leaf, flower, and 
fruit observations at intra- annual scales revealed diverse phenologi-
cal strategies among the species, broad associations with geologic 

substrate, as well as the extent of intra- specific variation as a func-
tion of geologic substrate. At the community and system levels, our 
study at inter- annual scales showed a reduction in the mean leaf 
scores during the 30- month period, a weak and strong leafless pe-
riod in 1993 and 1994, respectively, and differences in phenological 
trends among geologic substrates. Finally, we observed positive and 
significant relationships between precipitation and the phenophase 

F I G U R E  3  Bivariate plots of a principal 
component analysis— PCA— for each 
phenophase based on the eight species 
common to the three geologic substrates. 
The lines represent the supra- annual 
phenological trajectories, and for 
visualization purposes, we separated them 
by geologic substrate. The lines join the 
30 months of observations (small points). 
First month of study: large, filled circles, 
and last month: arrows. The input for each 
PCA was a geologic substrate/year/month × 
species matrix

F I G U R E  4  Leaf, flower, and fruit production at the system and community levels at sites underlain by each of the three geologic 
substrates. Solid line represents the mean whereas the shaded band the 95% confidence interval. The horizontal lines in the top of the 
figures correspond to the main rainy (solid) and dry (dashed) seasons
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scores, yet the strength of the relationships varied with phenophase 
and geologic substrate. Altogether, our results strengthen the im-
portance of geologic substrate in modulating plant phenological re-
sponses in tropical dry forests.

4.1  |  Species- level phenological strategies

The integration of leafing, flowering, and fruiting data into a single 
quantitative analysis allowed an unbiased identification of phenologi-
cal functional types or strategies. For the most part, previous studies 
have emphasized single phenophases to identify plant phenological 
strategies, and further investigate causes and consequences of the 
observed patterns. For example, the degree of leaf canopy fullness 
has led to the identification of at least four strategies (evergreen or 
leaf- exchanging, brevideciduous, semi- deciduous, and fully decidu-
ous species; Williams et al., 1997, Singh & Kushwaha, 2005). Likewise, 
flowering strategies have been defined based on flower canopy 
fullness (everflowering, nonseasonal, gregarious, and seasonal 

flowering; Alvim, 1964), timing of flowering relative to leafing (flow-
ering before, during, soon after, and later than leaf flushing; Murali & 
Sukumar, 1994), or relative to seasons (summer, rainy, autumn, winter, 
and deciduous flowering; Singh & Kushwaha, 2005). Finally, fruiting 
strategies have been defined based on time of fruiting relative to sea-
sons (extended, dry, and wet season fruiting; Frankie et al., 1974). In 
contrast, the use of complex phenograms that use shading and sym-
bols to indicate presence/absence of a phenophase at any time during 
the year has revealed that species with similar leaf phenological pat-
terns in the savanna and semi- deciduous forests of central Venezuela 
could exhibit different flowering and fruiting patterns (Monasterio 
& Sarmiento, 1976). Thus, integrating two or more phenophases 
reveals a greater diversity of strategies and possible trade- offs 
among phenological mechanisms (Bullock & Solis- Magallanes, 1990; 
Mclaren & Mcdonald, 2005; Monasterio & Sarmiento, 1976; Singh & 
Kushwaha, 2006) that may explain perhaps the difficulties to corre-
late leaf habit with important plant traits. At the same time, recogniz-
ing diverse phenological strategies may help better understand the 
susceptibility of these strategies to global climate change.

TA B L E  2  Adjusted R- square and probability values of linear models describing the relationship between mean phenophase scores and 
rainfall

Level
Life 
Form Phenophase

CLF KF LF

R2 -  adj. p- value p R2 -  adj. p- value p R2 -  adj. p- value

Community Leaves 0.439 **** .00004 0.119 * .03496 0.465 ****

Flowers 0.510 **** .00001 0.123 * .03254 0.333 ***

Fruits 0.229 ** .00438 0.041 .14689 0.186 *

System Leaves 0.462 **** .00004 0.156 * .03086 0.491 ****

Flowers 0.482 **** .00001 0.135 * .02617 0.315 ***

Fruits 0.242 ** .00340 0.034 .16654 0.204 **

Community Tree Leaves 0.348 *** .00036 0.111 * .04070 0.359 ***

Flowers 0.304 *** .00094 0.108 * .04277 0.154 *

Fruits 0.036 .16146 −0.026 .61347 −0.002

Shrub Leaves 0.465 **** .00002 0.171 * .01330 0.617 ****

Flowers 0.496 **** .00001 0.043 .13997 0.477 ****

Fruits 0.251 ** .00280 0.174 * .01267 0.414 ****

Vine Leaves 0.635 **** .00000 0.049 .12468

Flowers 0.348 *** .00035 0.042 .14176

Fruits 0.385 *** .00015 0.066 .09095

System Tree Leaves 0.361 *** .00027 0.117 * .03598 0.372 ***

Flowers 0.280 ** .00156 0.111 * .04034 0.126 *

Fruits 0.054 .11481 −0.022 .55169 0.013

Shrub Leaves 0.465 **** .00002 0.161 * .01615 0.617 ****

Flowers 0.496 **** .00001 0.031 .17564 0.475 ****

Fruits 0.251 ** .00280 0.160 * .01631 0.413 ****

Vine Leaves 0.635 **** .00000 0.098 .05160

Flowers 0.348 *** .00035 0.129 * .02911

Fruits 0.385 *** .00015 0.039 .15086

Note: . <.1, * <.05, ** <.01, *** <.001, **** <.0001.
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In addition to finding broad associations between these pheno-
logical strategies and geologic substrate, we also observed variation 
in the extent to which populations diverged at the three geologies. 
Populations within some species could behave in a similar fashion 
whereas in others they did not; also, there were instances in which 
species within a genus behaved similarly. These results provide ev-
idence of both phenotypic plasticity and canalization among the 
studied species as has been shown elsewhere. Phenological studies 
commonly document different degrees of variability in phenological 
traits, that is, timing, duration, and maxima of phenological events, 
within and between populations (Rathcke & Lacey, 1985; Sakai, 2001). 
The degree of synchrony among individuals within and between 
different populations may reflect the contribution of various mech-
anisms that vary in the degree to which they constrain phenotypic 
variability (Kalisz & Kramer, 2008). On the one hand, highly plastic 
phenological traits may explain the emergence of asynchronous pat-
terns due to differences among individuals in response to variable 
abiotic and biotic conditions (Reich, 1995; Seghieri et al., 1995). On 
the other hand, highly canalized phenological traits may explain the 
emergence of synchronous patterns among individuals experiencing 
different environmental conditions within or between populations 
(Edwards et al., 2017; Schmid et al., 2017; Taylor et al., 2019). In 
tropical dry forests, the extent of this phenological variability may 
translate into a continuum of behaviors with highly synchronous 
and asynchronous populations at the extremes (Lasky et al., 2016; 
Reich, 1995). The importance of diverse phenological patterns and 
potential for phenological responses cannot be underestimated. 
First, this variability may contribute to the stability of community-  
and system- level phenological patterns. Second, in more practical 
terms, it may preclude generalizations as has been suggested (Vargas 
et al., 2021). These authors indicate that “Interestingly, many of the 
traits of both evergreen and deciduous species differed among sites, 
suggesting that trait- leaf habit relationships developed in one region 
should not be extrapolated to other regions.”

4.2  |  Community-  and system- level 
phenological patterns

Smoothing small- scale variation associated with intrinsic characteris-
tics of the individuals (e.g., size, neighbors, location) as well as unique 
phenological strategies aided in the assessment of broader community 
and ecosystem patterns (Bullock & Solis- Magallanes, 1990; Mclaren 
& Mcdonald, 2005; Van Schaik et al., 1993). We identified a “leafless” 
period in 1993 (December– April) coincident with the winter dry sea-
son (WD); this “leafless” period was more pronounced in 1994 and ex-
tended into July– August coinciding with the mid- summer dry season 
(MSD); flowering and fruiting also showed a diminishing trend during 
1994. The three phenophases showed signs of recovery after July of 
the same year. Two non- mutually exclusive explanations may account 
for these observations. First, changes in precipitation patterns during 
the study period underlie observed phenological changes. Precipitation 
in the Caribbean region is characterized by a bimodal pattern with an 

early (ERS; May– June) and late (LRS; September– November) rainfall 
season interrupted by a mid- summer (MSD; locally known as veranillo 
or canicula; July– August) and a winter (WD; December– April) dry sea-
son; the onset and duration of these seasons vary regionally (Allen 
et al., 2017; Magaña et al., 1999; Taylor et al., 2011). In 1994, the ERS 
is absent and the MSD was very strong at our study sites (Figure 1d). 
This was coincident with a very severe drought that affected the 
nearby island of Puerto Rico (Hernández Ayala & Heslar, 2019; Mote 
et al., 2017) and the Dutch Caribbean island of St. Maarten (Van Der 
Burg et al., 2012). Second, the presence of a Saharan Air Layer- SAL in 
1994 (Petit et al., 2005) could have strengthened the ongoing drought 
or caused an unusual MSD as it was reported in Puerto Rico in 2015 
(Mote et al., 2017; Schwartz et al., 2020).

Our analyses also revealed community-  and system- level differ-
ences in phenology among geologic substrates whether we focus on 
the community or system as a whole or life forms therein. Organisms 
and/or “processes” dependent upon leaves, flowers, or fruits most 
likely recognize these broad signals. Differences increased during 
the 1994 drought and were largest between the CLF and LF; the 
KF fell in between. Soil texture due to their role in mediating soil 
moisture may partially explain our results: Soils at CLF, KF, and LF 
are dominated by silt (50%), sand (44%), and clay (71%), respectively 
(Tables S1– S6). One caveat of our study is that we did not measure 
soil moisture; we relied on previous work conducted in the south- 
central portion of the island at two adjacent sites underlain by basalt 
and limestone to gain some insights into the role of geologic sub-
strate on soil moisture. This work reported that leaf withering and 
fall was more severe on the lava (CLF) than limestone (LF) site, and 
that recovery was fastest in the latter (Werger et al., 1991). This is 
consistent with the work by Stoffers and Mansour Ellassaiss (1967) 
who found that differences in soil texture inherited from the LF and 
CLF accounts for differences in water relations. Specifically, a lime-
stone substrate could retain more water compared to basalt due to 
high content of clay. Unfortunately, these authors did not examine 
differences in soil nutrients which we think may play an important 
role in these systems as we discuss below.

4.3  |  Phenology– precipitation relationships

We observed significant and positive relationships between precipi-
tation and the phenophase scores, yet the strength of the relation-
ships varied with phenophase, level of biological organization, and 
geologic substrate. Our results, particularly for leaves and flowers, 
were consistent with work conducted elsewhere but also differed in 
that the phenophase scores were correlated with current precipita-
tion (Anderson et al., 2005; Lieberman, 1982; Neves et al., 2017). 
In contrast, our work differed from a short- term study in Curaçao 
in that it did not find a relationship between phenology and pre-
cipitation (Werger et al., 1991). One possibility is that our 30- month 
study captured an ongoing inter- annual precipitation trend that led 
to the 1994 MSD drought. At the level of species and phenologi-
cal functional types, the responses were diverse. This may reflect 
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the role that other environmental factors have on the phenologi-
cal responses of plants, as well as trade- offs among plant functions 
(Anderson et al., 2005; Lasky et al., 2016; Rathcke & Lacey, 1985; 
Van Schaik et al., 1993).

The aforementioned patterns varied with geology in important 
ways. At community and system levels, we observed significant re-
lationships between the phenophase scores and precipitation in CLF 
and LF but not KF. In addition, the magnitude of the response was 
larger in CLF than LF. Although differences might be attributed to 
variation in soil water content (Borchert, 1994; Seghieri et al., 1995; 
Stoffers & Mansour Ellassaiss, 1967), we cannot disregard a possible 
role for soil nutrients (Cardoso et al., 2012; Powers et al., 2009). This 
is particularly true in areas like Curaçao where soils may strongly 
reflect characteristics of the underlying parental rock due to limited 
soil development (Gloaguen & Passe, 2017; Hahm et al., 2014). The 
CLF soils have a higher concentration of essential and/or available 
elements than those underlain by the LF and KF (Tables S1– S6). One 
possibility is that plants in the CLF are limited by water (high content 
of sand) prior to the rains but as soon as these begin they can take 
advantage of the pool of nutrients to rapidly fulfill their functions. 
In contrast, plants in the LF are less limited by water (high content 
of clay) prior to the onset of the rainy season but once rains begin, 
they become limited by nutrients, and therefore it takes them lon-
ger to recover. The KF poses some challenges due to the possible 
confounding effects of climate and soil characteristics. Alternatively, 
the interaction between them may explain “intermediate” phenolog-
ical behaviors at KF. First, the sampled sites at KF experience slightly 
different climatic conditions (see Methods). Second, the soils under-
lain by the KF have a low fertility (e.g., low phosphorus and CEC) 
compared to those underlain by CLF/LF and also exhibit concen-
trations of barium and nickel that may be toxic to plants (Monteiro 
et al., 2011; Van Der Pas & Ingle, 2019). Both field and experimental 
work can further disentangle the contribution of climate and soil 
to the observed patterns. Finally, in other tropical dry forests, it 
has been shown that biotic factors including composition of forest 
stands, mycorrhizae, and plant functional groups (e.g., legumes) may 
interact with edaphic conditions to modulate biogeochemical pro-
cesses and leafing. Although we roughly estimated the proportion 
of mycorrhizal associations types and legumes, they seemed indis-
tinguishable among geologic formations (Table 1). Further work is 
needed in this direction.

4.4  |  Implications of this study

The implications of our study are threefold. First, the diversity of 
functional strategies together with differences in the phenologi-
cal trajectories observed at species', community, and system lev-
els highlights the need for and value of ensuring and expanding 
the protection of sufficient natural vegetation of the various geo-
logical units within the Dutch Caribbean, and more broadly speak-
ing tropical dry forests. By diversifying phenology among and 
within species, it is possible to spread ecological risks in the face 

of climate change. This would be critical to the proper design and 
management of protected areas and conservation of rare plants as 
it informs when fruits and seeds are most likely to be available for 
nursery propagation (Van Der Burg et al., 2014). Knowing when 
certain plants carry flowers and fruits is also of significance for in-
terventions aimed at protecting endangered animals and ensuring 
the provision of a number of ecosystem services mediated through 
plant– animal interactions.

A second implication of our work may help with monitoring 
purposes. Ecosystems may sense events not documented other-
wise; thus, continuous monitoring may help in forecasting. If phe-
nological trajectories are more sensitive to precipitation changes in 
some geologic formations, then this could be used to direct future 
efforts. Here, the integration of remotely sensed data (Rankine 
et al., 2017), citizen science projects, and in situ digital cameras can 
greatly contribute to in- field studies (Gray & Ewers, 2021), reduce 
both expenses and labor- intensiveness, while effectively advancing 
our understanding of highly threatened seasonally dry ecosystems 
(Prieto- Torres et al., 2021). For example, in a proof- of- concept analy-
sis based on MODIS phenological data (MOD13Q1 and MCD12Q2; 
Figures S5 and S6 and Figure S6; Didan, 2015, Friedl et al., 2019), 
several variables differed among the three studied formations. It 
should be noted that these data reflect the integrated responses of 
individuals, populations, and species, including species composition 
and abundance at small resolutions (250 m). Although not contem-
porary with our study, these data support the findings captured by 
our 30- month long study. First, the MOD13Q1 data reveal long- 
term fluctuations in the Enhanced Vegetation Index- EVI (Figure S5 
and S6). Second, the EVI patterns differ among the three geologic 
substrates: the timing of green- up, peak, and dormancy varies 
among the substrates during the second cycle of the year, whereas 
the “size” of the cycles (area and amplitude) differs among geologic 
substrates during both cycles (Figure S6).

Finally, although the historical data on precipitation for Curaçao 
do not reflect long- term changes in total annual precipitation (linear 
regression was not significant), down- scaled climate models indi-
cate large, albeit uncertain changes in precipitation in the Caribbean 
(Almazroui et al., 2021; Angeles et al., 2007; Campbell et al., 2011). 
Moreover, projections from these models show a decrease in pre-
cipitation in the southern Caribbean, that includes a stronger MDS 
and a weaker LRS; the largest observable changes are for the Dutch 
Caribbean (Campbell et al., 2011). These projections together with 
results from our work suggest that plant phenological patterns are 
likely to change in the coming years, that phenological patterns in 
some geologies may be more susceptible to change (e.g., CLF) and 
that these changes will impact the communities that depend upon 
leaves, flowers, and fruits as well as ecosystem processes.
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