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Abstract

Studying the interaction between macroevolutionary and 
ecological factors is critical for understanding the princi-
ples of diversity regulation and predicting the effects of 
human activities. Here, we use the geological chronolo-
gy of the Hawaiian archipelago as a testbed to examine 
the interaction between island age and climatic factors 
(i.e., precipitation) on contemporary patterns of tree 
taxonomic diversity. To this end, we estimated patterns 
of tree species diversity from 375 forest plots spread 
across steep precipitation gradients and different sub-
strate ages on a younger island (Hawai‘i; ~ 0.5 million 
years old), an intermediate-aged island (Maui Nui com-
plex; ~ 2 million years old), and an older island (O‘ahu; ~ 
3 million years old). We found a clear positive relation-
ship between precipitation and diversity on the oldest is-
land (O‘ahu), but no such relationship on the two younger 
islands (islands in the Maui Nui complex and Hawai‘i). 
We also found high species turnover between drier and 
wetter environments on the oldest island, which sug-
gests ecological specialization on these habitat types, 
but not on the younger islands. However, when we in-
cluded plots that were highly invaded by alien species, 
the effect varied and precipitation had a larger effect on 
diversity and turnover on the younger islands. This could 
be because the younger islands may be more vulnerable 
to invasions. Our results suggest that the response of 
diversity to climate variation differs substantially across 
the Hawaiian Islands, possibly because of differences in 
the age of the islands; however, biological invasions are 
degrading this signature.

Highlights

•	 Local diversity responses to a steep precipitation gra-
dient are stronger on older Hawaiian Islands, likely due 
to longer timescales for macroevolutionary processes.

•	 Species turnover to distinct precipitation conditions 
varies across islands of the Hawaiian archipela-
go, with older islands exhibiting greater precipita-
tion-driven ecological specialization.

•	 Alien species alter local diversity responses to pre-
cipitation, particularly on the youngest island of the 
archipelago.

•	 The presence of alien species is modifying the pat-
tern of species turnover across distinct precipitation 
conditions, with dry and mesic habitats on interme-
diate-age islands showing higher species turnover.

•	 Biological invasions are currently reshaping plant di-
versity patterns in the Hawaiian archipelago.

Resumen

Estudiar la interacción entre factores macroevolutivos y 
ecológicos es fundamental para comprender los princi-
pios de regulación de la diversidad y predecir los efectos 
de las actividades humanas. En este estudio, utilizamos 
la cronología geológica del archipiélago hawaiano como 
laboratorio natural para examinar la interacción entre la 
edad de las islas y factores climáticos (específicamente, 
precipitación) en los patrones contemporáneos de diver-
sidad taxonómica de árboles. Con este fin, estimamos 
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los patrones de diversidad de especies arbóreas a partir 
de 375 parcelas forestales distribuidas a lo largo de gra-
dientes marcados de precipitación y diferentes edades de 
sustrato en una isla más joven (Hawai’i; ~0.5 millones de 
años), una isla de edad intermedia (complejo Maui Nui; ~2 
millones de años) y una isla más antigua (Oahu; ~3 millo-
nes de años). Encontramos una relación positiva entre la 
precipitación y la diversidad en la isla más antigua (O‘ahu), 
pero no tal relación en las dos islas más jóvenes (islas del 
complejo Maui Nui y Hawai‘i). También encontramos una 
alta rotación de especies entre ambientes más secos y 
más húmedos en la isla más antigua, lo que sugiere es-
pecialización ecológica en estos tipos de hábitat, pero no 
en las islas más jóvenes. Sin embargo, cuando incluimos 
parcelas que estaban altamente invadidas por especies 
exóticas, el efecto varió y la precipitación tuvo un mayor 
impacto en la diversidad y rotación en las islas más jó-
venes. Esto podría deberse a que las islas más jóvenes 
pueden ser más vulnerables a las invasiones. Nuestros 
resultados sugieren que la respuesta de la diversidad a la 
variación climática difiere sustancialmente entre las Islas 
Hawaianas, posiblemente debido a diferencias en la edad 
de las islas; sin embargo, las invasiones biológicas están 
degradando estos patrones naturales de diversidad.
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Introduction

One of life’s most distinctive features is its varied types 
and forms–collectively known as biodiversity (Wilson 
1988; Magurran 2021; Díaz and Malhi 2022). For centuries, 
ecologists and evolutionary biologists have strived to un-
derstand the patterns of biodiversity, and the mechanisms 
that cause it, for example, across latitudinal gradients (Hil-
lebrand 2004) or across islands of different sizes, ages 
and levels of isolation (Gillespie and Baldwin 2010; Warren 
et al. 2015). Most patterns of biodiversity variation can be 
attributed to a combination of historical biogeography (in-
cluding macroevolution) and contemporary environmental 
conditions (e.g., precipitation and temperature) (Brown et 
al. 2013; Keil and Chase 2019). Today, however, the human 
footprint can have as great, or greater, influence on bio-
diversity and can obscure natural patterns of biodiversity 
variation (Russell and Kueffer 2019; Nogué et al. 2021).

Volcanic islands have long served as a laboratory 
to study patterns of biodiversity (Whittaker et al. 2017). 
The Hawaiian archipelago is an example of this (Gillespie 
2001; Shaw and Gillespie 2016), as it has been recently 
formed as part of a hotspot volcanic system that has 
led to a linear arrangement of islands that successively 

increases in age (Fig. 1) (Clague 1996). As the archipela-
go is young, that is, in the early to intermediate stages of 
island ontogeny (Whittaker et al. 2008; Borregaard et al. 
2016), older main Hawaiian Islands maintain high levels of 
environmental heterogeneity (Barajas-Barbosa et al. 2020) 
and diversity (Craven et al. 2019). Thus, the environment 
and geological chronology of the Hawaiian Islands are 
invaluable to study the evolutionary history of organisms 
and communities (Baldwin 1997; Gillespie 2004; Givnish 
et al. 2009) and provide ecologists with a model system 
in which to study the effect of macroevolutionary time on 
contemporary ecological processes that shape biodiversi-
ty patterns (Craven et al. 2019; Barton et al. 2021).

The older major islands of the Hawaiian archipelago 
(Kaua‘i, O‘ahu) have more plant species than the young-
er islands (Maui, Hawai‘i) (Price 2004; Shaw and Gilles-
pie 2016; Lim and Marshall 2017). However, how these 
diversity patterns are reflected at local scales allowing 
the possibility to disentangle ecological processes, has 
only been recently examined. Craven et al. (2019) showed 
that the older major Hawaiian Islands harbor higher local 
species diversity than younger islands. Specifically, they 
found that plots on the older islands of Kaua‘i and O’ahu 
had higher native species diversity locally (and a greater 
number of rare species) for a given sampling effort, com-
pared to younger islands, particularly the youngest island 
of Hawai‘i. These patterns were obscured, however, when 
both native and alien species were included in the anal-
yses, suggesting that the introduction of alien species 
may erode the signature of island age on species diver-
sity. While the analyses of Craven et al. (2019) suggest a 
macroevolutionary signature on local ecological patterns, 
they did not examine the interaction between macroevo-
lutionary time and the responses of tree diversity to other 
environmental factors known to influence diversity, such 
as rainfall gradients.

Here, we examine patterns of biodiversity in both eco-
logical space along steep precipitation gradients, and 
across islands with varying geological ages. We take ad-
vantage of the particular geography of the Hawaiian ar-
chipelago, where each major island experiences dramatic 
climate variation from very dry to very wet because they 
abruptly rise from the sea as a mountainous volcano. Spe-
cifically, each island has a very wet windward (east) side 
where the air rises and loses water heading over the vol-
cano in the form of precipitation, and a very dry leeward 
(west) side of the island (Fig. 1). As a result, each island 
has a precipitation gradient that can range from about 
300 mm/year on the dry side to over 10000 mm/year on 
the wet side (Fig. 1). In addition, within islands, repeated 
volcanic eruptions create heterogeneous substrate ages 
on each island, which can influence local responses of di-
versity to the environment. Therefore, since precipitation 
and substrate age are key drivers of plant diversity pat-
terns (Kreft and Jetz 2007), especially for trees (Keil and 
Chase 2019; Sandel et al. 2020), the Hawaiian islands pro-
vide an important testing grounds for examining patterns 
of species diversity within and across islands.
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In this study, we expect there to be more species on the 
older islands (Price 2004; Craven et al. 2019), and more 
species in wetter than drier regions (Adler and Levine 
2007; Esquivel-Muelbert et al. 2017). Although, plant di-
versity responses to precipitation can be complex and of-
ten non-linear, particularly at extreme precipitation levels 
(> 5000 mm/year) (Whittaker and Heegaard 2003; Korell 
et al. 2021). We further expect higher species turnover 
between habitats with different amounts of precipitation 
than those with similar precipitation (Givnish 1999; Idár-
raga‐Piedrahíta et al. 2022). What is unknown, however, is 
how island age and precipitation interact and how these 
potential interactions affect tree diversity. Because there 
has been more time for the evolution, colonization, and 
adaptation of precipitation specialists on older islands 
(Segovia et al. 2020), we ask whether there are stronger 
responses of local diversity and species turnover along 
gradients of precipitation on older compared to younger 
islands. However, because alien species have evolved 
elsewhere, their presence and distribution would be less 
constrained by macroevolutionary time on islands that dif-
fer in age. As a result, we ask whether including alien spe-
cies in the analysis of tree diversity patterns and composi-
tion along precipitation gradients differs from the patterns 
observed for the native species and potentially weakens 
the signal of island and substrate age (Craven et al. 2019). 

To investigate these patterns, we used sample-controlled 
analyses of tree diversity data from a database of forest 
plots (Craven et al. 2018) distributed across the youngest 
island of Hawai‘i (~ 0.5 Ma), the intermediate-aged Maui 
Nui island complex (~ 2 Ma) and the older island of O‘ahu 
(~ 3 Ma) (Fig. 1), focusing on the relationship between lo-
cal diversity (i.e., alpha diversity) and turnover across local 
diversity (beta diversity) with the environment.

Methods
Forest plot data

We used data on tree abundance and composition from 
forest plots sampled across the major islands of the Ha-
waiian archipelago using largely similar methods and 
compiled in the updated version of the Open Nahele da-
tabase (Craven et al. 2018). We specifically used data 
from plots that ranged from 100 m2–10000 m2 in area 
and had a minimum of 15 individuals (so that we could 
use rarefaction-based tools to control for sampling ef-
fort), and defined a tree as an individual with a minimum 
diameter of 5 cm measured at 1.3 m height (sensu Craven 
et al. (2018)). We included plots from each of the three 
main Hawaiian Islands that spanned a large precipitation 

Figure 1. Distribution of rainfall and Open Nahele plots (black dots) across three main islands of the Hawaiian archipelago studied 
here. The analysis including relatively uninvaded plots (i.e., < 40% individuals of alien species) is composed of 282 plots (Hawai‘i Island 
n = 190, Maui Nui n = 74 and O‘ahu Island n = 18). The analysis, including both uninvaded plots and highly invaded plots (> 40% individ-
uals of alien species), is composed of 375 plots (Hawai‘i Island n = 254, Maui Nui n = 86 and O‘ahu Island n = 35). Rainfall units (mm) 
are based on mean annual precipitation i.e., mm/year. Island age approximation (Ma) corresponds to million years.
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gradient (Fig. 1), Hawai‘i (ca. 0.5 Ma–200,000 years), the 
Maui Nui complex (ca. 2.2–1.2 Ma), which includes Maui, 
Moloka‘i and Lāna‘i as they formed a single landmass 
about 600,000 years ago, i.e., most of their geological his-
tory, and O‘ahu (ca. 3–2.6 Ma) (Price and Elliott-Fisk 2004; 
Clague and Sherrod 2014). Unfortunately, we were unable 
to include Kaua‘i, the oldest main island (ca. 5 Ma), as 
there were too few plots in the database available for anal-
yses. We also excluded species of tree ferns (Cyatheales) 
from the analysis as they were not consistently sampled 
in all of the datasets (Craven et al. 2018).

We selected two versions of the forest plot dataset for 
our analyses. First, to evaluate the interaction between 
island age and the precipitation gradient, we used plots 
that were relatively uninvaded by alien tree species (i.e., a 
maximum of 40% of alien individuals), and only analyzed 
native tree species and species introduced by Polyne-
sians around 800 years ago (e.g., Cordyline fruticosa (L.) 
A.Chev). We found that keeping vs. excluding the Polyne-
sian species had no qualitative influence on the results. 
For these analyses, we had a total of 282 plots with 79 
native species across the islands. Second, to evaluate 
whether including alien species in the analysis eroded the 
signatures of island age and/or environmental gradients, 
we included all available forest plots (i.e., including those 
with > 40% alien individuals), and considered both native 
and alien tree species in our analyses. For these analyses, 
we had a total of 375 plots with 142 species, of which 63 
are alien. Species names are standardized based on The 
Plant List v 1.1 (Cayuela et al. 2017) in OpenNahele, and 
status as native or alien was obtained from the flora of the 
Hawaiian Islands (Wagner and Khan 2023).

Taxonomic diversity estimation at alpha 
scale

We computed alpha-diversity metrics for each plot using 
the framework of Chao and colleagues (Chao et al. 2014), 
which uses Hill numbers that differentially weigh common 
and rare species for taxonomic diversity. We used the Hill 
number q = 0, where species are weighted equally (i.e., spe-
cies richness). We additionally computed the Hill number 
q = 1, which weights species equally by their abundance 
and q = 2, where abundant species are strongly influential 
and rare species are largely ignored. By comparing Hill 
numbers, which express diversity in comparable units, 
where taxonomic diversity quantifies the effective number 
of equally abundant species, we can detect if diversity pat-
terns are driven by rare or common species (Suppl. material 
1: fig. S1). This allows a meaningful and direct comparison 
across diversity estimates (Chao et al. 2021). The frame-
work also controls for plots with different sample sizes; 
here we used sample-coverage-based rarefaction (sensu 
Chao et al. (2021)), which standardises to a level of sample 
completeness. We compared taxonomic estimates of plots 
using a sample completeness of 80% (i.e., sample cover-
age), for both analyses that included only native species 

and for both native and alien species. For estimating di-
versity, we used the taxonomic names (and abundances) 
of each species to calculate diversity metrics, while con-
trolling for differences in sample effort using coverage. We 
calculated taxonomic diversity using the ‘estimate3D’ func-
tion from the iNEXT.3D package (Chao et al. 2021).

Computing species compositional turnover 
across the environmental gradient

To estimate the magnitude of species turnover across the 
precipitation gradient and evaluate whether there was an in-
fluence of island age on the magnitude of this turnover from 
drier to wetter sites, we used a metric of beta diversity that 
captures the degree to which species are non-randomly dis-
tributed across space using individual- and coverage-based 
rarefaction and extrapolation, called betaC (sensu Engel et 
al. (2021)). We used pairwise comparisons among plots 
for each island, comparing the betaC for a pair of plots 
with the absolute difference in mean annual precipitation 
(hereafter ‘precipitation difference’) among that pair. If the 
precipitation difference is large, plots are quite distinct in 
their precipitation, whereas when the difference is small, 
plots are in similar precipitation habitats. Because plot siz-
es varied considerably in this compiled dataset, we used a 
rarefaction approach to control for the plot size differences 
by randomly sampling 13 individuals (the lowest number of 
individuals observed in a plot) from each plot of a pair to 
compute betaC. We used sample completeness of 60% to 
compute betaC, which was the maximum possible cover-
age given the number of individuals (13) used in the ran-
domization. Each randomization was repeated 100 times 
and we estimated the mean value of betaC for each pair of 
plots. Finally, tested for the effect of a different level of cov-
erage on the betaC estimates using a lower level of sample 
completeness, i.e., 30%. We calculated beta diversity using 
the function ‘betaC’ from package betaC (Engel et al. 2021).

Relationship between island diversity and 
the environment

We compiled mean annual precipitation (MAP) and mean 
annual air temperature (MAT) data at the plot level using 
locally interpolated climate data (Giambelluca et al. 2013). 
To relate diversity to precipitation and temperature, we 
used generalized linear models with gamma family and 
log link, as diversity metrics are skewed and always posi-
tive. As we focus on the effect of precipitation and its vari-
ation across island age, we added an interaction term be-
tween mean annual precipitation and island. Furthermore, 
to account for the effect of substrate age on diversity 
responses (Sherrod et al. 2007), we added substrate age 
as a continuous variable in our models explaining alpha 
diversity (using the geologic map of Hawai’i, sensu Sher-
rod et al. (2007)). We then tested models in the form: Di-
versity ~ log(MAP) * island + substrate age + MAT, family 



Frontiers of Biogeography 18, 2025, e131129

Diversity responses to rainfall on Hawai‘i

5

= Gamma(link = “log”), where diversity is taxonomic alpha 
diversity of the different q orders (0, 1, 2), precipitation 
is mean annual precipitation (mm/year), temperature is 
mean annual air temperature (°C) and substrate age rang-
es from 0 to 3 million years. We examined the contribu-
tion of temperature and substrate age explaining diversity 
variation using Akaike’s Information Criterion (AIC), by first 
excluding substrate age, and then both substrate age and 
temperature. We further disentangled the role of substrate 
age within and across islands, by mapping substrate age 
range values and then related substrate age to both pre-
cipitation variation and diversity variation. We tested the 
relationship between betaC diversity and the absolute 
difference in mean annual precipitation using generalized 
linear models with gamma family and log link, with an ad-
ditional interaction term between island and precipitation 
difference, in the form: Beta diversity ~ log(MAP differ-
ence) * island, family = Gamma(link = “log”).

We determined whether the interaction between island 
and precipitation was significant for all models in two 
ways. First by plotting the model estimates and their un-
certainty (85% and 95% confidence intervals), using the 
function ‘plot_summs’ in the jtools package (Long 2022), 
which reports the results of regression models, and thus it 
also tests the effect of the additional variables, i.e., mean 
annual air temperature and substrate age. Second, we 
tested the statistical significance of the interaction using 
the Likelihood ratio test, which compares the goodness 
of fit of a simpler (no interaction) versus a more complex 
(interaction) model. We favor the complex model with in-
teraction if the Likelihood ratio test shows a p-value small-
er than 0.05. We used the ‘lrtest’ function from the lmtest 
package (Zeileis and Hothorn 2002) to compute the Likeli-
hood ratio test. Additionally, as the range of mean annual 
precipitation across islands differs, we subset precipita-
tion to a common range for all islands (MAP > 800 & MAP 
< 4000) to test the consistency of the model’s results for 
all diversity metrics. All analyses were performed in R ver-
sion 4.1.0 (R Core team 2022).

Results

When we analysed patterns of alpha diversity including only 
relatively uninvaded plots and native species, we found a 
positive relationship between precipitation and taxonomic 
diversity on O‘ahu, the oldest island in our study, but no 
relationship and slightly positive with precipitation on the 
two younger islands, Maui Nui and Hawai‘i (Fig. 2A and 
Fig. 3A, C). This pattern was true regardless of the weight-
ing of common versus rare species (q = 0, 1, 2) (Suppl. ma-
terial 1: fig. S1). When we included plots that were highly 
invaded and measured alpha diversity with both native and 
alien species, the pattern differed (Fig. 2B). Specifically, we 
found a slightly stronger positive relationship between pre-
cipitation and alpha diversity for both O‘ahu and Hawai‘i 
(Fig. 2B and Fig. 3B, D). In all cases, the interaction term 
between island age and mean annual precipitation was 

significant (Suppl. material 1: table S1). Furthermore, after 
truncating mean annual precipitation to a common range 
among the three islands, we found qualitatively similar 
results (Suppl. material 1: fig. S2A, B), and the significant 
interaction between precipitation and island age on alpha 
diversity remained (Suppl. material 1: fig. S2C–F).

When we only considered native species in relatively less 
invaded plots, we found that species compositional turn-
over increases with precipitation differences among plots 
on O‘ahu and Maui Nui (Fig. 2C and Fig. 3E, G). However, on 
Hawai‘i, the compositional turnover of native species was 
negatively related to precipitation differences among plots 
(Fig. 2C and Fig. 3E, G). When we included plots that were 
highly invaded, we found that the relationship between 
species compositional turnover and precipitation differ-
ences among plots was positive for Hawai‘i and O‘ahu, but 
negative for Maui Nui (Fig. 2D and Fig. 3F, H). In all cases, 
the interaction term between island age and mean annu-
al precipitation was significant (Suppl. material 1: table 
S1). Finally, when we redid analyses using a lower level of 
sample completeness (30%), we found the relationship of 
species compositional turnover with precipitation across 
islands was different, but qualitatively showed a similar 
pattern that turnover among different precipitation levels 
was higher on O‘ahu (Suppl. material 1: fig. S3).

We found that the additional variables included here, 
temperature and substrate age, improved the explanato-
ry power of the models (see AIC values; Suppl. material 
1: table S2), where, mean annual temperature showed al-
most no effect on diversity and substrate age a negative 
effect on diversity (Fig. 3A–D). Our assessment of sub-
strate age (Suppl. material 1: fig. S4A, B) showed that the 
mean geological age of an island (Fig. 1) is consistent with 
the local substrate age variation, that is, older islands have 
older substrates. Our assessment of the relation between 
substrate age and precipitation across islands further evi-
denced the lack of a clear association between the age of 
a substrate and precipitation amount (Suppl. material 1: 
fig. S4C, D). Furthermore, we found that as substrate age 
increased local diversity at the island level tended to de-
crease (Suppl. material 1: fig. S4E, F), which is consistent 
with the general negative effect of substrate age on diver-
sity (Fig. 3A–D). However, our results showed that both 
diversity and substrate age values are always higher for 
the oldest island, O‘ahu, than for the two younger islands.

Discussion

Older islands of the Hawaiian archipelago have more spe-
cies for a given sampling effort than younger islands (Cra-
ven et al. 2019). Here, we extend these results to examine 
patterns across the gradient within each island–precipita-
tion and find that the response of local diversity and species 
turnover to precipitation differed across islands. Specifi-
cally, the strong positive precipitation-diversity relationship 
on the oldest island, O‘ahu (but no such strong correlation 
on the younger islands of Maui Nui and Hawai‘i) and the 
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increasing species turnover of native species across con-
trasting habitats (e.g., dry vs. wet) on O‘ahu, suggest that 
older islands generally provide more opportunity (time) for 
processes such as colonization, speciation and adapta-
tion (Price 2004; Gillespie 2004) along with more time for 
ecological and successional processes (van der Sande et 
al. 2024) than younger islands. However, the presence of 
non-native species eroded these distinctions in patterns of 
diversity among the islands and even reversed them in the 
case of Maui Nui, where there was a slight negative rela-
tionship between beta diversity and precipitation distance. 
This suggests that local communities in different condi-
tions became more similar to one another.

Our observed patterns of low local diversity in plots 
across the entire precipitation range of the island of Ha-
wai‘i as well as the low species turnover across plots may 
have an alternative explanation beyond island age per se. 
The youngest island (Hawai‘i) has young nutrient-rich sub-
strates, but these substrates are characterized by less de-
veloped soils. Since Hawai‘i island is in an very early stage 
of island ontogeny, this also results in low local soil diver-
sity (Deenik and McClellan 2007). Undeveloped soils and 
low soil diversity limit opportunities for species to coexist 
(via niche partitioning) or create frequency-dependent feed-
backs through the soil (Eppinga et al. 2018). On the island of 
Hawai‘i, several plots that are located in the wettest areas of 

Figure 2. Response of tree diversity to mean annual precipitation for native species in relatively uninvaded plots (A) and both native 
and alien species in all plots, including those highly invaded plots (B), across three main Hawaiian Islands. Native species diversity 
includes 79 native species and is estimated from 282 plots. Native and alien species diversity estimation includes 142 species, 63 of 
which are alien, collected from 375 plots. Diversity metrics (a and b) are calculated based on Hill number q = 0 (i.e., species richness). 
Tree species turnover across the precipitation gradient in three Hawaiian Islands (c and d). Relationship between (C) beta diversity 
of native tree species in relatively uninvaded plots and mean annual precipitation difference between plot pairs and beta diversity of 
both native and alien tree species (D) (i.e., including highly invaded plots) and mean annual precipitation difference between plot pairs. 
Species turnover (using BetaC sensu Engel et al. (2021)) represents levels of species specialisation across dry to wet ecosystems.
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the island (> 5000 mm/year) are also located on very young 
substrates (0–3000 years; Suppl. material 1: fig. S4C, D) re-
sulting from recent disruptive volcanic activity (Sherrod et 
al. 2007). Such conditions influence the low diversity pat-
terns observed in highly wet areas on Hawai‘i Island. In con-

trast, intermediate-aged substrates, such as those found 
on O‘ahu, tend to have well-developed and more diverse 
soils (Vitousek et al. 1997; Chadwick et al. 1999) that pos-
itively affect diversity and community composition (Crews 
et al. 1995). Our results also show that both very high and 

Figure 3. Assessment of the relationship of alpha and beta diversity of tree species with the environment across three main Hawaiian 
Islands. Models estimates showing the effect of mean annual precipitation (MAP), mean annual air temperature (MAT), and substrate 
age on alpha diversity of tree native species (A) and alpha diversity of both native and alien species (B). Models estimates showing the 
effect of precipitation difference (MAP_difference) on beta diversity of native species (C) and beta diversity of both native and alien 
species (D). The interaction between island age and MAP in the model assessment is shown as, for example, log(MAP):IslandO’ahu and 
log(abs(MAP_diff)):IslandO’ahu. Circles correspond to the value of model estimates and their uncertainties, i.e., 85% and 95% confidence 
intervals. Confidence intervals that do not overlap with the vertical dotted line, are considered statistically significant. Estimates compar-
ison using Hawai’i island (i.e., ‘(log(MAP)’ in A, B, E, and F) and Maui Nui complex island (i.e., ‘(log(MAP)’ in C, D, G and H), as reference.
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low rainfall values occur on substrates of similar age (par-
ticularly on Hawai‘i Island; Suppl. material 1: fig. S4C, D), 
therefore rainfall values vary greatly along substrate age. 
However, the range of substrate age across islands (Suppl. 
material 1: fig. S4A, B) indicates that substrate age is highly 
dependent on the island’s overall average age. This is due 
to the geological characteristics of the Hawaiian hotspot, 
which forms a linear chain of islands with more active erup-
tions on the younger islands (Sherrod et al. 2007), thus, old-
er Hawaiian Islands tend to have older substrates.

Although temperature is a main driver of plant diversi-
ty, the lack of a significant effect of annual temperature 
on species diversity at the island level suggests that both 
warm and relatively cold areas can exhibit similar diversi-
ty values. However, the rather limited temperature range 
(8–23 °C) covered in our study, may influence these re-
sults. Additionally, further environmental conditions and 
dynamics, which we did not directly test here, can influ-
ence the patterns of tree diversity observed. Water-en-
ergy dynamics shape tree diversity, e.g., influencing tree 
growth. In wet environments, such dynamics play a role 
by providing trees with high water, energy, and nutrient 
availability (Field et al. 2005; O’Brien 2006), which can 
positively affect diversity in the wet environments studies 
here. Differences in island topographic complexity also 
modulate the diversity. Topographically complex islands 
such as O‘ahu, tend to have high levels of environmental 
heterogeneity and habitat diversity, which also positively 
influence diversity (Barajas-Barbosa et al. 2020).

Our result of a positive relationship between native spe-
cies turnover and the precipitation difference among plots 
on O‘ahu and Maui Nui, but not Hawai‘i, reinforces the idea 
that there has been more time for eco-evolutionary assem-
bly of species that specialize in different environments and 
habitat types, as well as for new specialised colonists to 
establish in those habitats. This may relate to a high niche 
differentiation occurring on older islands; whereby diversi-
ty is promoted in wet environments, potentially due to the 
more favorable abiotic conditions than in dry environments 
(Spasojevic et al. 2014). This result is also consistent with 
the idea that macroevolutionary time provides more op-
portunities for species adaptation and specialisation into 
different habitat types; yet, the high heterogeneity in soil 
types and topography of older islands may also allow more 
species to coexist in the wetter environments (Mason et al. 
2012; Laliberté et al. 2013). Species generally have a limited 
ability to adapt to dry environments (Ringelberg et al. 2023) 
and, therefore, they tend to retain ecological preferences 
through evolutionary time via niche conservatism (Bara-
jas-Barbosa et al. 2023). Therefore, adaptation and coloni-
sation of species in dry areas of the older island may also 
be limited. This likely influenced the lower diversity we ob-
served in O‘ahu’s arid environments. Furthermore, the low 
species turnover observed on the youngest island, Hawai‘i, 
can be explained by the presence of several native species 
in plots across wet and dry habitats such as Metrosideros 
polymorpha Gaudich (Myrtaceae), Cheirodendron trigynum 
A.Heller (Araliaceae) and Ilex anomala Hook. & Arn. 

(Aquifoliaceae). These species exhibit great versatility to 
occur in contrasting habitats, from very recent lava flows to 
substrates that are millions of years old. While these spe-
cies prefer moist habitats, they can tolerate a large range 
of annual precipitation levels (Barton et al. 2021). This, 
together with the possible lower competition on younger 
islands due to lower species diversity (Borregaard et al. 
2016; Craven et al. 2019), may allow such generalist spe-
cies to be more successful across the steep precipitation 
gradient and contribute to the low diversity specialization 
pattern observed on the young island.

While we hypothesised that the biodiversity patterns 
might weaken when we included heavily invaded plots (e.g., 
through homogenisation), we actually found distinctly new 
patterns rather than a weakening of existing patterns (Fig. 
2B, D). For example, we found no trends in diversity or spe-
cies turnover with precipitation on the youngest island of 
Hawai‘i when only plots dominated by native species were 
examined, but these relationships became positive when 
we included the highly invaded plots. This may be for two 
reasons. First, several of the invaded plots that were in wet 
areas contained relatively high native tree diversity (in terms 
of species number) and thus contributed to the trend for in-
creasing tree diversity with increasing precipitation. These 
plots in wet areas were often invaded by Psidium cattleia-
num Afzel. ex Sabine, a highly abundant invasive tree that 
may eventually displace these native trees but has not yet 
done so (Barton et al. 2021). Second, many of the invasive 
species have preferences for different precipitation con-
ditions. For example, the invaders Leucaena leucocephala 
(Lam.) de Wit, Pinus spps and Schinus terebinthifolia Raddi 
tend to occur more in drier plots, while Psidium cattleianum 
and Myrica faya (Dryand.) Aiton occur more in wet plots, cre-
ating turnover between wetter and drier plots. In contrast, 
on Maui Nui island complex, there was a decrease in beta 
diversity with increasing precipitation difference when we 
included heavily invaded plots (Fig. 2D). That is, local diver-
sity of both native and alien species on Maui Nui was higher 
in more arid than in wet environments when we included 
heavily invaded plots and alien species. This could be be-
cause Maui Nui was uniquely invaded by arid-favouring spe-
cies or because alien species have a greater establishment 
and impact on native species diversity in wetter environ-
ments. While we cannot definitively test these hypotheses, 
the former would not explain why species turnover across 
plots declines as precipitation amount becomes more dif-
ferent on Maui Nui, as the opposite pattern would be ex-
pected. It is therefore likely that alien species are negatively 
affecting the native species in the wetter parts of Maui Nui.

Lastly, the imprint of geological time on local diversity 
(alpha) and species turnover (beta) diversity patterns of 
oceanic archipelagos can be weakened by the effect of 
dispersal. Particularly for the Hawaiian archipelago, where 
89% of the flowering plants are endemic (Wagner and Khan 
2023), inter-island dispersal may confound the effect of 
time, as lineages that evolved or adapted in environments 
of older islands can colonize younger ones. Despite this, 
the patterns observed here in older and younger Hawai-
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ian Islands reinforce the fact that time not only promotes 
overall diversity but may also influence the ability of spe-
cies to specialize in distinct environmental conditions.

Conclusions

Overall, we found that the response of Hawaiian native tree 
diversity to precipitation varies across different islands on 
the archipelago. Specifically, we found that in the absence of 
alien species tree diversity strongly responded to gradients 
of precipitation on the older island, affecting both local diver-
sity and the turnover of species across habitats with differ-
ent levels of precipitation. These patterns were not evident 
on the younger islands. This suggests that geological time, 
by moderating the ecological and macroevolutionary pro-
cesses of communities, might play a role in determining how 
patterns of diversity respond to the environment. Other fac-
tors that vary greatly across the islands, such as soil diver-
sity and water-energy dynamics, which were not tested here, 
may also play a critical role in shaping tree diversity. Finally, 
we find that the introduction of alien species modifies the 
precipitation-diversity relationship of native island floras and 
obscures the pattern of native species across islands. This 
indicates that the ongoing invasion of the Hawaiian Islands 
will fundamentally reshape the local biodiversity patterns of 
trees and the ecosystem services this biodiversity offers.
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