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Abstract
Aim: Invasive species have the potential to alter hydrological processes by chang-
ing the local water balance. However, general patterns of how rainfall is partitioned 
into interception, throughfall and stemflow for invasive species worldwide have been 
seldom explored. We (a) describe the percentage of interception, throughfall and 
stemflow for invasive woody plant species; (b) analyse the influence of morphologi-
cal attributes (i.e. life-form, bark roughness, leaf type, leaf phenology and leaf area 
index) of invasive species on rainfall partitioning; and (c) compare the rainfall parti-
tioning fluxes for co-occurring invasive and native species, testing whether the varia-
tion in these fluxes depends on water availability of the study location.
Location: Global.
Time period: Present.
Major taxa studied: Plants.
Methods: We compiled data of 100 studies that assessed rainfall partitioning by in-
vasive species (n = 67) and registered their morphological attributes. By means of 
a meta-analysis we compared the rainfall partitioning by native and invasive spe-
cies (n  =  47 comparisons) and assessed how their fluxes were affected by water 
availability.
Results: Interception, throughfall and stemflow ranged from 1.6–59.5, 39.1–92.7 and 
0.1–31.6% of total rainfall, respectively. The bark roughness and leaf type were the 
most important attributes driving rainfall partitioning fluxes. While rough-barked 
species constrain rainfall inputs by promoting higher losses due to interception, 
smooth-barked species with broad leaves enhance the amount of rainwater reaching 
the soil by maximizing stemflow. For pairwise comparisons, invasive species have 
higher stemflow values than native species for both drylands and humid areas, and 
higher throughfall in drylands, but less in humid areas.
Main conclusions: Our findings suggest that specific morphological attributes of in-
vasive species determine higher localized water inputs, which may represent an eco-
hydrological advantage, particularly in water-limited ecosystems. These insights also 
suggest that the ecological role of stemflow, throughfall and interception should be 
considered in future plant invasions research.
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1  | INTRODUC TION

Hundreds of woody plant species have been introduced out of their 
natural distribution ranges for multiple purposes, such as forestry, 
food and ornamental uses; and a group of them have become inva-
sive, altering ecosystem stability and functioning (Ehrenfeld, 2010; 
Richardson & Rejmánek,  2011; Vilà & Hulme,  2017). A myriad of 
studies have described how morphological and functional attributes 
are related to plant invasions (Gross et al., 2013; Nunez-Mir et al., 
2019; Van Kleunen et al., 2010), but fewer have assessed their ability 
to distribute rainwater in the ecosystem in general and towards the 
root zone in particular (Cavaleri & Sack, 2010; Sadeghi et al., 2017). 
Recent studies highlight that invasive plants can change the liquid 
and gaseous fluxes of the water balance (e.g. rainfall partitioning and 
evapotranspiration) at both patch and catchment level (Le Maitre 
et  al.,  2015; Vilà & Hulme,  2017; Whitworth-Hulse et  al.,  2020). 
However, these studies rarely compare the rainfall partitioning (i.e. 

interception, throughfall and stemflow) within invasive species and 
between native and invasive species co-occurring in the same en-
vironment. Hence, a comparative assessment of their rainfall parti-
tioning might shed light on the ecohydrological processes underlying 
plant invasions.

In woody-dominated ecosystems, rainfall partitioning into inter-
ception, throughfall and stemflow determines the amount and spa-
tial distribution of rainwater entering into the soil (Figure 1a; Llorens 
& Domingo, 2007; Magliano, Whitworth-Hulse, & Baldi, 2019; Van 
Stan et al., 2020). Interception is the fraction of incident rainfall 
(11–45% of the total; Magliano, Whitworth-Hulse, & Baldi, 2019) 
retained by the canopy and lost during and after rainfall events via 
direct evaporation (Coenders-Gerrits et  al.,  2020). Throughfall is 
the fraction (31–88% of total rainfall, Magliano, Whitworth-Hulse, 
& Baldi, 2019) that reaches the top soil directly through the canopy 
gaps without touching the canopy or via dripping from leaves and 
branches (Sadeghi et al., 2020). By funnelling rainwater down the 

F I G U R E  1   Conceptual diagram of rainfall partitioning for an individual tree in a woody plant dominated ecosystem (a). Grey arrows 
indicate rainfall, which can be partitioned into interception (red arrows), throughfall (green arrows) and stemflow (blue arrows). The 
numbered rectangles in the soil profile represent the three hypothetical zones of rainwater input (infiltration): directly from rainfall (1), from 
throughfall (1 and 2), and from stemflow (3). The geographic location of the 100 studies included in the analysis (b). The stars represent 
studies related to invasion ecology and circles other disciplines. Violin plots of rainfall partitioning into the percentage of interception, 
throughfall and stemflow for all invasive woody plant species (c) and for the invasive species (top 10) with a wide invaded distribution range 
(d). The width of each violin reflects the data density and the crossbar within the box indicates the median; the length of the box reflects 
the interquartile range; and the whiskers show the 95% confidence interval. Dots represent the outliers of the fluxes



     |  3WHITWORTH-HULSE et al.

trunk, stemflow is the fraction of incident rainfall (0.3–43% of the 
total, Magliano, Whitworth-Hulse, & Baldi, 2019) that represents 
a localized water input, reaching deeper soil layers and becoming 
available for the roots (Levia & Germer, 2015; Sadeghi et al., 2020).

Rainfall partitioning is determined by the interaction of multiple 
morphological attributes of woody species (Van Stan et al., 2020). 
Previous reviews highlighted that attributes related to plants’ 
structure and architecture such as life-form, canopy size, branch 
architecture, leaf phenology, and leaf and bark morphology play 
an important role regulating rainfall partitioning fluxes (Barbier 
et al., 2009; Llorens & Domingo, 2007; Magliano, Whitworth-Hulse, 
& Baldi, 2019). While evergreen and dense canopies favour inter-
ception (Carlyle-Moses & Gash, 2011; Van Stan et al., 2020), open 
canopies with smooth barks and steeply inclined branches promote 
throughfall and stemflow (Magliano, Whitworth-Hulse, Florio, et al., 
2019; Park & Cameron, 2008). Hence, the shape of the canopy pro-
vides a preliminary insight into how rainfall is partitioned. For exam-
ple, inverted cone-shaped plants with a highly ramified canopy such 
as Larrea spp. show higher efficiency in funnelling down rainwater 
via stemflow in comparison with cone-shaped plants with horizontal 
branches such as Pinus spp. (Magliano, Whitworth-Hulse, & Baldi, 
2019).

In terms of water availability for plant consumption, intercep-
tion represents a net loss, while throughfall and stemflow contrib-
ute to the spatial redistribution of rainfall, and, therefore, increase 
soil water resources and plant productivity (Li et al., 2008; Van Stan 
et al., 2020). These ecohydrological processes have been addressed 
in plantations and in many ecosystems worldwide dominated by na-
tive species (e.g. plantations in semiarid areas, Sadeghi et al., 2016; 
tropical forests, Park & Cameron,  2008; Mediterranean forests 
and shrublands, Llorens & Domingo, 2007). For instance, Magliano, 
Whitworth-Hulse, and Baldi (2019) found that interception de-
creases and stemflow increases, towards the drier areas across an 
aridity gradient, leading to higher water inputs. They attributed 
these findings to the higher abundance of shrubs (mainly smooth-
barked species with inclined stems), which maximized stemflow gen-
eration in comparison with trees (rougher bark species) that were 
more abundant in the sub-humid edge of the gradient.

In the context of plant invasions, a few studies have assessed 
the rainfall partitioning by exotic species and its association with 
plant morphological characteristics (Sadeghi et al., 2017; Safeeq & 
Fares, 2014; Takahashi et al., 2011; Whitworth-Hulse et al., 2020). 
Many invasive plants with dense canopies have the capacity to re-
place native forests and shrublands forming monodominant invaded 
patches (Richardson & Rejmánek,  2011), which may enhance in-
terception loss with negative effects on soil water availability (e.g. 
Hawaii tropical dry forests ecoregion; Takahashi et al., 2011). In the 
Central Persian desert basins ecoregion (Iran), Sadeghi et al. (2017) 
highlighted that stemflow generation could be a key process for 
explaining the invasion of the smooth-barked tree Ailanthus altis-
sima Mill. (tree of heaven). This study hypothesized that the great 
amounts of localized input of water via stemflow can provide eco-
hydrological benefits contributing to the plant’s invasion success in 

drylands, which could be particularly important for invasive species 
whose native distribution is more humid than their expanded distri-
bution. However, to the best of our knowledge, there is no evidence 
of global studies focused on rainfall partitioning by invasive species 
and its comparison with native vegetation. Therefore, identifying 
the morphological attributes that maximize, reduce or do not affect 
rainwater inputs may contribute to improve the understanding of 
the ecohydrological processes in the invaded environments.

The objectives of this study were (a) to review the percentage of 
interception, throughfall and stemflow for the invasive woody plant 
species at a global level; (b) to analyse the influence of morphological 
attributes (i.e. life-form, bark roughness, leaf type, leaf phenology 
and leaf area index) of invasive species on rainfall partitioning fluxes 
for invasive woody species; and (c) to compare the rainfall parti-
tioning fluxes for co-occurring invasive and native species, testing 
whether the variation in these fluxes depends on water availability 
(i.e. aridity index) of the study location. To address these issues, we 
conducted a literature review and built databases comprising inva-
sive and native woody plant species, for which we characterized 
their rainfall partitioning fluxes, morphological characteristics and 
the aridity index of their location.

2  | MATERIAL S AND METHODS

2.1 | Literature review

In order to accomplish the first objective, we carried out an ex-
haustive systematic literature review to generate a database 
regarding the rainfall partitioning for the 751 invasive woody 
plant species (434 trees and 317 shrubs) listed by Rejmánek and 
Richardson (2013). These authors define invasive species as those 
species that (a) have sustained self-replacing populations for at 
least 10 years without direct human intervention by recruitment 
from seed or ramets capable of independent growth; and spe-
cies that (b) recruit the reproductive offspring at considerable 
distances from the parent plants and thus have the potential to 
spread over a large area. We performed the survey in Scopus and 
Google Scholar using the following keywords: ‘the scientific names 
of each invasive species’ OR ‘woody’ OR ‘tree’ OR ‘shrub’ OR ‘in-
vasive’ AND ‘species’ AND ‘rainfall’ AND ‘partitioning’ OR ‘inter-
ception’ OR ‘throughfall’ OR ‘stemflow’. We selected 100 studies 
published in peer reviewed journals encompassing multiple dis-
ciplines such as hydrology, meteorology, biogeochemical cycles, 
forestry, agroforestry and invasion ecology (Figure 1b; Supporting 
Information Appendix S1, Table S1.1). The database included 67 
invasive woody plant species (61 trees, 6 shrubs) across all con-
tinents except Antarctica. For each study location and invasive 
species, we extracted the percentage of the total rainfall that is 
partitioned into interception, throughfall and stemflow (for details 
of each flux value, scale and length of experiment see Supporting 
Information Appendix S1, Table S1.1). The reviewed information 
showed that the plant genera most frequently studied were Pinus 
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(19%), Acacia (9%), Eucalyptus (6%), Picea (3%) and Populus (3%). 
Following the world region classification presented by Richardson 
and Rejmánek (2011), we found that almost 70% of the studies 
surveyed took place in Europe (38%), North America (16%) and 
Asia (14%). Complementarily, we explored the invaded and native 
distribution ranges of the selected invasive species in terms of 
ecoregion (Olson et al., 2001) and aridity (see details in Supporting 
Information Appendix S1, Text S1.1, Tables S1.2 and S1.3).

In order to accomplish the second objective, we gathered in-
formation on morphological attributes of the invasive species 
under study from multiple data sources (see details in Supporting 
Information Appendix S1, Table S1.1). With respect to life-form (i.e. 
tree or shrub), we used the information provided by each selected 
study, and in the cases where information was not available, we 
followed the classification proposed by Rejmánek and Richardson 
(2013). These authors define trees as perennial woody plants attain-
ing a height of at least 3 m, with many secondary branches supported 
clear off the ground on a single main stem with apical dominance. 
Shrubs were classified as the woody plants that did not meet these 
criteria. Regarding other species characteristics, such as bark rough-
ness (i.e. rough or smooth), leaf type (i.e. broadleaf, needle-leaf or 
pinnate-leaf), leaf phenology (i.e. evergreen or deciduous) and leaf 
area index (LAI, as a proxy of canopy density), we also used the in-
formation provided by the selected studies or from open access da-
tabases, including the Global Invasive Species Database (www.iucng​
isd.org/gisd/), the Useful Tropical Plants (tropical.theferns.info/), the 
Missouri Botanical Garden (www.misso​uribo​tanic​algar​den.org) and 
the TRY Plant Trait Database (www.try-db.org/TryWe​b/Home.php).

Finally (third objective), from those 100 selected studies 
(Supporting Information Appendix S1, Table S1.1), we also extracted 
rainfall partitioning data (mean values, standard deviations and sam-
ple size) for co-occurring native and invasive species in the same 
ecoregion (Olson et al., 2001) and described their geographic loca-
tion in terms of aridity index in order to conduct a meta-analysis. 
We generated a second database with 25 studies (27 native and 19 
invasive species) that met our requirements (i.e. co-occurring spe-
cies), reaching 47, 47 and 45 native–invasive species comparisons 
for interception, throughfall and stemflow, respectively (Supporting 
Information Appendix S2, Table S2.1). This database encompassed 
eight world regions (i.e. Africa, Asia, Australia, Central America, 
Europe, North America, Pacific Islands, South America; based on 
Richardson & Rejmánek, 2011) and 12 ecoregions (i.e. Celtic broad-
leaf forests; Central Persian desert basins; Cerrado; Drakensberg 
montane grasslands, woodlands and forests; Dry Chaco; Eastern 
Australian temperate forests; Hawaii tropical dry forests; Isthmian-
Atlantic moist forests; Southeast Australia temperate forests; 
Southwest Iberian Mediterranean sclerophyllous and mixed for-
ests; Tamaulipan matorral; and Valdivian temperate forests; based 
on Olson et al., 2001). Furthermore, for each native–invasive spe-
cies comparison, we extracted the values of aridity of each location 
based on the geographic coordinates provided by the studies. The 
aridity index is a proxy of water availability and is calculated as the 
ratio of mean annual precipitation and potential evapotranspiration 

(Trabucco & Zomer, 2009). The geoprocessing was conducted using 
qgis v.3.8.3 software (QGIS Development Team, 2014).

2.2 | Statistical analysis

We conducted descriptive statistics in order to explore the rainfall 
partitioning into interception, throughfall and stemflow for all the 
invasive woody plant species included in the analysis (n = 67 spe-
cies). Complementarily, we also described the rainfall partitioning 
for the 10 species with the widest invaded distribution range (see 
species details in Supporting Information Appendix S1, Tables S1.1 
and S1.2). To analyse the influence of morphological attributes on 
rainfall partitioning fluxes (mean percentages per species), we per-
formed different statistical analyses. Regardless of species identity, 
for categorical traits, we performed multiple one-way ANOVAs to 
test if the variation in fluxes is associated with species life-form (i.e. 
tree or shrubs), bark roughness (i.e. rough or smooth), leaf type (i.e. 
broadleaf, needle-leaf or pinnate-leaf), and leaf phenology (i.e. ev-
ergreen or deciduous). In cases where we found significant statis-
tical differences among morphological attributes, we performed a 
Tukey’s test. For quantitative traits, such as LAI, we used a general-
ized linear model fitted with a quasi-Poisson error distribution due 
to the over-dispersion found in the fitted model (Zuur et al., 2009).

We performed a principal coordinates analysis (PCoA) to char-
acterize and identify groups of invasive species, according to their 
rainfall partitioning fluxes and morphological attributes. This multi-
variate technique is suitable for mixed data (i.e. continuous and cat-
egorical), and is performed on a dissimilarity matrix using Gower’s 
distance (Gower, 1966). For this analysis, we used a subset of species 
for which we collected data for the three rainfall partitioning fluxes 
and all the plant morphological attributes (n = 53). To identify the 
main variables that explain the multivariate ordination we used the 
‘envfit’ function with 1,000 permutations of the R package ‘vegan’ 
(Oksanen et al., 2019). This function assesses the goodness-of-fit of 
the analysis by calculating the squared correlation coefficient (r2) be-
tween the variables and any given multivariate ordination. The biplot 
resulting from the PCoA only shows significant correlation between 
the variables and multivariate ordination.

For comparing the rainfall partitioning between invasive and 
native species co-occurring in the same ecoregion, we carried out 
a meta-analysis. We used Hedges’ d as an estimate of the stan-
dardized mean difference (SMD) between invasive and native spe-
cies to summarize the effect size of interception (n  =  47 pairwise 
comparisons), throughfall (n  =  47) and stemflow (n  =  45) on plant 
species groups. For each comparison, the SMD was calculated as: 
(M1 – M2)/sp; where M1 and M2 refer to the mean value of inter-
ception, throughfall and stemflow for invasive and native species, 
respectively, and sp is the pooled standard deviation of the two 
groups (Hedges & Olkin,  1985). We fitted random-effects mod-
els to test the mean effect sizes of rainfall partitioning fluxes (in-
terception, throughfall and stemflow) on species comparisons and 
mixed-effects models to test whether the mean effect sizes of these 

http://www.iucngisd.org/gisd/
http://www.iucngisd.org/gisd/
http://www.missouribotanicalgarden.org
http://www.try-db.org/TryWeb/Home.php
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fluxes on species comparisons depend on a categorical moderator 
variable, using the ‘escalc’ and ‘rma.mv’ functions of the R package 
‘metafor’ (Viechtbauer, 2010). The data set used in the meta-anal-
ysis presented two sources of nonindependence: multiple effect 
sizes had been taken (a) from each study and (b) from each species; 
therefore, both study and species were included as random factors 
(Nakagawa & Santos, 2012). The mixed-effects models included the 
aridity index (AI) for each site as a categorical moderator variable 
(fixed factor). For this moderator, we grouped the values of AI in two 
classes: ‘drylands’ (AI  <  0.65) and ‘humid areas’ (AI  >  0.65) based 
on Trabucco and Zomer (2009) and Magliano, Whitworth-Hulse, and 
Baldi (2019). The effect sizes were considered significantly differ-
ent from zero if their 95% confidence intervals (CI) did not include 
zero. Positive mean Hedges’ d effect sizes indicate that the invasive 
species have higher fluxes values than native species co-occurring 
in the same ecoregion, and vice versa. The heterogeneity of effect 
sizes (Q statistics; Hedges & Olkin, 1985) and other details of model 
outputs are shown in Supporting Information Appendix S2, Tables 
S2.2–7. We explored the possibility of publication bias by performing 
the Kendall’s rank correlation test and calculating the Rosenthal’s fail 
safe number, which is considered robust if it is > 5n + 10, where n 
is the original number of studies (Rothstein et al., 2005). Kendall’s 
rank correlation test was not significant for interception (Kendall’s 
tau = .15; p = .14), indicating that there was no bias in the reporting 
of results from the studies included in this meta-analysis, but the 
tests were significant for throughfall (Kendall’s tau = −.24; p = .02) 
and stemflow (Kendall’s tau = .43; p < .001), suggesting publication 
bias. The observed Rosenthal’s fail safe numbers were 39 for inter-
ception (expected value >  245), 4,862 for throughfall (>  245) and 
12,465 for stemflow (> 235), indicating that results found are robust 
regardless of publication bias with the exceptions of the meta-anal-
yses on interception (i.e. fail safe number lower than expected 

without publication bias). All the statistical analyses were performed 
using R v. 3.5.3 (R Core Team,  2017) and the following packages: 
mass, vegan, metafor, ggplot2, gridExtra. A p-value of .05 was used 
as a threshold for statistical significance.

3  | RESULTS

For the 67 invasive woody species included in the analysis, on aver-
age, interception accounted for 25% of total rainfall (ranging from 
1.6–59.5%), throughfall for 70.6% (39.1–92.7%) and stemflow for 
5.3% (0.1–31.6%) (Figure  1c). The top 10 species with a wide in-
vaded distribution range had relatively high stemflow. On average, 
the values of interception, throughfall and stemflow were 22.9% 
(13–37.5%), 68.1% (56.1–86%) and 12.4% (0.7–31.6%), respectively 
(Figure 1d; Supporting Information Appendix S1, Table S1.1).

Regarding the relationship between rainfall partitioning fluxes 
and morphological attributes, we did not find significant effects of 
life-form and leaf phenology on the fluxes (Table 1). The relation-
ships between LAI and interception (t = 0.42; p = .68), throughfall (t 
= −0.08; p = .93) and stemflow (t = 0.21; p = .83) were also not sta-
tistically significant (see Supporting Information Appendix S1, Figure 
S1.1). Conversely, the bark roughness was the main morphological 
attribute influencing significantly both interception and stemflow, 
but not throughfall (Table 1). Interception mean values accounted for 
20.3% of the total rainfall in species with smooth barks and 29.3% 
in those with rough barks, whereas the smooth-barked species had 
almost triple the percentage of stemflow of rough-barked species 
(8.7 and 3.2% of total rainfall, respectively). We also found that leaf 
type had an important role in regulating stemflow, but did not show 
an influence on interception or throughfall (Table 1). The broadleaf 
species showed higher stemflow than needle-leaf species (mean 

Morphological attributes Interception (%) Throughfall (%) Stemflow (%)

Life-form Tree 25.5 70.8 5.3

Shrub 27.1 65.7 4.9

F-statistic – 1.1 0.1

Bark roughness Smooth 20.3 72.7 8.7

Rough 29.3 68.8 3.2

F-statistic 6.9* 1.9 19.1***

Leaf type Broadleaf 21.5 72.1 6.8a

Pinnate-leaf 27.9 70.5 6.6ab

Needle-leaf 29.5 68.5 3.2b

F-statistic 2.5 1.0 3.2*

Leaf phenology Deciduous 26.1 70.9 5.4

Evergreen 25.4 70.2 5.3

F-statistic 0.0 0.1 0.0

Note.: Different letters indicate significant differences for leaf type (Tukey’s tests), while * and *** 
indicate p < .05 and < .001, respectively. Analysis of statistical differences in interception between 
trees and shrubs were not performed due to the insufficient shrub replicates.

TA B L E  1   Mean values of interception, 
throughfall and stemflow (expressed as 
a percentage of total rainfall) and their 
relationship with morphological attributes 
of invasive woody plant species from a 
one-way ANOVA
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values of 6.8 and 3.2%, respectively), whereas no significant differ-
ences were found comparing broadleaf species versus pinnate-leaf 
species, and pinnate-leaf species versus needle-leaf species.

The first two axes of the PCoA explained more than 67% of 
species variability according to their rainfall partitioning fluxes and 
morphological attributes (Figure  2). The species were significantly 
grouped according to two of the rainfall partitioning fluxes, intercep-
tion (r2 = .22; p < .01) and stemflow (r2 = .29; p < .001). The species 
were also grouped according to their morphological characteristics 
such as bark roughness (r2 = .92; p < .001), leaf type (r2 = .38; p < .001) 
and leaf phenology (r2 =  .96; p <  .001) (Figure 2). Throughfall, LAI 
and life-form did not significantly correlate with the multivariate or-
dination. At the positive end of the first PCoA axis (which accounted 
for 42.33% of the total variance), there was a group of species that 
had relatively high stemflow, low interception and smooth bark 
(Figure 2). Within this group, stemflow exceeded 15% of the total 
rainfall (e.g. Acacia mearnsii, Ligustrum lucidum, Acacia holosericea, 
Ailanthus altissima), reaching a maximum of 31.6% in Psidium cattleia-
num. At the negative end, there was a group of rough-barked species 
with relatively low stemflow and high interception (Figure 2). Within 
this group, interception exceeded 40% of the total rainfall (e.g. Pinus 
halepensis, Schleichera oleosa, Kunzea ericoides), reaching a maximum 
of 62.3% in Pinus nigra. The second PCoA axis accounted for 24.85% 
of the total variance, and was mainly explained by leaf type and leaf 
phenology attributes. Along this axis, evergreen species with nee-
dle-leaf type (e.g. all species of the genus Pinus) and most broadleaf 
species (e.g. all species of the genus Eucalyptus) are found at the pos-
itive end (Figure 2), while deciduous species with both broadleaf (e.g. 

Ailanthus altissima, Morus alba, Pyrus calleryana, Punica granatum) and 
pinnate-leaf type (e.g. most of Acacia spp.) were grouped at the neg-
ative end (Figure 2).

Regarding the comparison of rainfall partitioning between in-
vasive and native species co-occurring in the same ecoregion, the 
mean effect size (Hedges’ d; hereafter d) of interception (mean 
d = 0.20; 95% CI −0.26/0.67; z = 0.86; p = .39) and throughfall (mean 
d = −1.12; 95% CI −2.99/0.76; z = −1.17; p = .24) did not differ signifi-
cantly from zero, suggesting that these fluxes were similar between 
the two groups (Figure 3a; see Supporting Information Appendix S2, 
Table S2.2–7 for detailed model outputs). Conversely, the mean ef-
fect size (d) of stemflow was positive and significantly larger than 
zero (mean d = 2.37; 95% CI 0.10/3.74; z = 3.38; p < .001), indicat-
ing that invasive species have higher stemflow than native species 
co-occurring in the same ecoregion (Figure 3a). Taking into account 
the aridity (i.e. categorical moderator variable) of the geographic lo-
cation of the invasive–native species comparisons, we found that the 
mean effect size (d) of interception did not depend on whether the 
species were located in drylands (z = −1.243; p = .21) or humid areas 
(z = 1.79; p = .07) (Figure 3b). The mean effect size (d) of through-
fall was significantly larger than zero for drylands (z = 2.18; p = .03) 
and humid areas (z = −2.86; p = .004), but with opposite responses 
(Figure 3b). That is, the species comparisons were positive (i.e. higher 
throughfall for invasive than for native species) in drylands, while 
they were negative in humid areas (i.e. less throughfall for inva-
sive than for native species). For species comparisons, mean effect 
size (d) of stemflow was significantly larger than zero for drylands 
(z = 1.98; p =  .047) and humid areas (z = 2.73; p =  .006), showing 

F I G U R E  2   Biplot of principal 
coordinates analysis (PCoA) of invasive 
woody plant species (n = 53). The analysis 
included continuous variables related 
to rainfall partitioning (interception, 
throughfall and stemflow) and leaf area 
index (LAI), and categorical variables 
related to the morphological attributes of 
woody invasive species [bark roughness, 
leaf type, leaf phenology, life-form]. 
Each arrow shows the direction of the 
(increasing) gradient, and the length 
of each arrow is proportional to the 
squared correlation coefficient (r2) 
between the variable and the multivariate 
ordination. Throughfall, LAI and life-form 
did not significantly correlate with the 
multivariate ordination and, therefore, are 
not represented with arrows
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positive responses (i.e. higher stemflow for invasive than for native 
species; Figure 3b). Given the variability observed for stemflow in 
drylands, we explored the distribution (native and invaded) range 
of those species that presented a greater importance of this flow 
(i.e. highest values). We found a small group of species that have 
notably invaded a wide range of water availability conditions, reach-
ing areas drier than their native distribution range (Figure  4 and 
Supporting Information Appendix S1, Table S1.3). In particular, the 
invaded distribution ranges of Ailanthus altissima and Ligustrum lu-
cidum (Figure 4c,d) not only exhibited a clear expansion of the aridity 
index extremes (see dots in Figure 4i,j), but also the median values 
moved towards areas drier than their native distribution ranges (see 
violin shapes in Figure 4i,j).

4  | DISCUSSION

To our knowledge, this is the first study that (a) reviews the rainfall 
partitioning by invasive woody plant species worldwide, (b) analyses 
how interception, throughfall and stemflow are related to multiple 
morphological characteristics of invasive species and (c) compares 
these fluxes between co-occurring invasive and native species. We 
found that bark roughness and leaf type are the most important 

attributes for determining the partitioning of rainfall. While rough-
barked species constrain rainfall inputs by promoting higher inter-
ception losses, smooth-barked species with broad leaves enhance 
the amount of rainwater reaching the soil by maximizing stemflow. 
Pairwise comparisons showed that invasive species have higher 
stemflow values than native species for both drylands and humid 
areas, and higher throughfall in drylands, but less in humid areas. 
Hence, our results highlight that stemflow generation by invasive 
species might become an important ecohydrological process in in-
vaded ecosystems.

As previously stated, the influence of bark roughness and leaf 
morphology on rainfall partitioning supports the findings of other 
regional and global studies focused on wild and cultivated plant spe-
cies (Llorens & Domingo, 2007; Magliano, Whitworth-Hulse, & Baldi, 
2019; Van Stan et al., 2020). Conversely, we did not find an import-
ant role in rainfall partitioning of leaf phenology, life-form and leaf 
area index as many studies did (Magliano, Whitworth-Hulse, Florio, 
et al., 2019; Park & Cameron, 2008). In our study, we observed that 
the interception mean value is 1.4 times lower in smooth-barked 
species in comparison with rough-barked species, while the stem-
flow mean value is 1.7 times higher in species with smooth barks. 
These variations in interception and stemflow have been mainly at-
tributed to differences in plant water storage capacity (Takahashi 

F I G U R E  3   Comparison between native and invasive species co-occurring in the same ecoregion regarding their rainfall partitioning 
fluxes: interception (n = 47 pairwise comparisons), throughfall (n = 47) and stemflow (n = 45). (a) Mean effect sizes (Hedges’ d) of rainfall 
partitioning fluxes on species pairs. Dots refer to the mean effect size for individual pairwise comparison, while diamonds represent the 
overall mean effect size estimate for each flux. (b) Mean effect sizes (Hedges’ d) of each flux on species pairs including the aridity index (AI) 
class as a categorical moderator variable. Squares and triangles indicate the mean effect size for humid areas (AI values > 0.65) and drylands 
(AI values < 0.65), respectively (n humid areas = 34 for three fluxes; n drylands = 13, 13, 11 for interception, throughfall and stemflow, 
respectively). The horizontal bars around the means refer to the 95% confidence intervals. Positive mean effect sizes indicate that the 
invasive species have higher flux values than native species co-occurring in the same ecoregion. A mean effect size is significantly different 
from zero when its 95% confidence interval does not include zero (significance levels = *p < .01; **p < .001; ***p < .0001)
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F I G U R E  4   The invaded and native distribution range of the five species with the highest stemflow values: Acacia holosericea (a), Acacia 
mearnsii (b), Ailanthus altissima (c), Ligustrum lucidum (d) and Psidium cattleianum (e); and (f) the global distribution of the aridity index (ratio 
of mean annual precipitation and potential evapotranspiration). Numbers indicate the amount of species occurrence coordinates within 
a regular hexagonal grid (with a cell side of 1.6 degrees). Violin plots of the aridity index of the occurrence coordinates (black dots) within 
the invaded and native distribution range of Acacia holosericea (g) (n = 48 invasive occurrence coordinates; n = 2,660 native occurrence 
coordinates), Acacia mearnsii (h) (n = 1,731; 14,048), Ailanthus altissima (i) (n = 18,895; 195), Ligustrum lucidum (j) (n = 4,117; 625) and Psidium 
cattleianum (k) (n = 1,825; 449). The width of each violin reflects the density of occurrence coordinates and the central red dot represents 
the median value



     |  9WHITWORTH-HULSE et al.

et al., 2011), but also to the branch inclination and the presence of 
epiphytes (Carlyle-Moses & Gash,  2011). Furthermore, broadleaf 
species present higher stemflow (2.1 times) than needle-leaved spe-
cies, which are almost all rough-barked coniferous, suggesting a bet-
ter ‘funnelling capacity’ for the first ones, favoured by differences 
in leaf area (Barbier et  al.,  2009; Spencer & van Meerveld,  2016). 
Therefore, morphological attributes of species regulate rainfall par-
titioning and thus the amount of water reaching the soil, which high-
lights at least two consequences for the invasive species and the 
invaded ecosystems: (a) the hydrological advantage of stemflow (i.e. 
a localized rainwater input) for invasive species that maximize this 
flux, particularly in water-limited ecosystems, and the (b) hydrologi-
cal impacts of invasive plants in the context of climate change.

Overall, the results of our pairwise comparisons suggest that 
throughfall and particularly stemflow might represent essential 
inputs of water for invasive species, which could contribute to en-
hancing plant growth in invaded environments (Sadeghi et al., 2017). 
Localized rainwater inputs infiltrating into the soil profile next to the 
root zone represents a hydrological advantage for those invasive spe-
cies capable of consuming this flow in water-limited environments 
(Levia & Germer, 2015; Van Stan et al., 2020). For example, the spe-
cies with the highest inputs due to stemflow are all smooth-barked 
plants and have invaded drier areas than their native distribution 
range (i.e. Ailanthus altissima, Ligustrum lucidum, Psidium cattleianum, 
Acacia mearnsii and Acacia holosericea; see Figure 4 and Supporting 
Information Appendix S1, Text S1.1, Table S1.3). Therefore, the in-
crease in water inputs via stemflow may contribute to improving 
these species performance in stressful environments. In particular, 
Ligustrum lucidum is from humid and sub-humid ecoregions of east-
ern China (Dreyer et al., 2019; Montti et al., 2016), but the species 
successfully invades drylands such as the mountain dry forests of 
Dry Chaco in central Argentina (Fernandez et al., 2020). There, the 
invader shows higher rainwater input in comparison with the dom-
inant native species (Whitworth-Hulse et  al.,  2020). Furthermore, 
a relatively high stemflow for invasive species can provide several 
competitive advantages over native vegetation. First, by reducing 
the rainwater that reaches the ground via throughfall (see Figure 1a) 
and, therefore, reducing the water availability for the understorey 
vegetation (i.e. competitors). Second, by collecting nutrients along 
the trip from the canopy to the ground, increasing nutrient inputs 
and enhancing plant nutrient recycling (Levia & Germer, 2015; Van 
Stan et  al.,  2020). Finally, – for some species – by distributing al-
lelopathic compounds into the soil layers affecting native species 
performance (e.g. Ailanthus altissima; Sadeghi et  al.,  2017). Hence, 
rainfall partitioning, and specifically the generation of stemflow 
might have a key ecological role in the invaded ecosystems.

The ecohydrological changes associated with woody plant inva-
sions might become increasingly important in the context of global 
climate change. The expected increase of the intensity and event 
size of precipitation in some regions will increase the volume of 
water dripping from the canopy and stemflow (Van Stan et al., 2020). 
Huang et al., (2016) project that drylands will increase their area by 
11–23% relative to a 1961–1990 baseline, reaching more than 50% of 

total land surface by the end of this century. Therefore, as previously 
stated, relatively high throughfall and stemflow for invasive species 
could be advantageous in these areas since it might allow species 
to cope with the stressful conditions through a higher water input. 
Conversely, morphological characteristics that reduce water inputs 
through higher interception and/or lower stemflow (i.e. species with 
rough barks and needle leaves) might have negative consequences 
for local hydrological processes and nutrient cycling (Carlyle-Moses 
& Gash, 2011; Vilà & Hulme, 2017). Although we did not find a sig-
nificant mean effect size of interception on invasive–native species 
pairs either for humid areas or drylands, our analysis includes a 
group of cultivated species with relatively high interception losses. 
The expansion of species with these characteristics might determine 
a scenario of less soil water availability (Little et al., 2009; Sadeghi 
et al., 2016). Many conifers and other cultivated species become in-
vasive and expand their distribution range from the area occupied 
by the commercial plantations, causing negative impacts on eco-
systems (Nuñez et  al.,  2017; Richardson & Rejmánek,  2004). For 
instance, commercial plantations of species included in our study, 
such as Pinus nigra, Pinus halepensis and Schleichera oleosa, intercept 
approximately 50% of total rainfall inputs (Supporting Information 
Appendix S1, Table S1.1), reducing soil water content. Among in-
vaded regions with marked water limitations, the best example that 
combines the hydrological effects of annual plant transpiration and 
rainwater loss via canopy interception is South Africa, where a re-
duction of 7% in surface water runoff due to woody species invasion 
has been documented (i.e. Acacia spp., Eucalyptus spp., Hakea spp., 
Pinus spp., Populus spp.; van Wilgen et al., 2008). In summary, less 
rainwater reaching the soil, together with high water consumption of 
invasive plants, might generate a reduction of water availability for 
recharging groundwater and also streamflow (Farley et al., 2005; Le 
Maitre et al., 2015; Takahashi et al., 2011). These results will become 
increasingly important for the maintenance or increase of human 
well-being, highlighting the need for further inquiries determining 
the ecohydrological impacts on water provision of woody invasive 
species at the catchment scale.

5  | C AVE ATS,  LIMITATIONS, AND A WAY 
FORWARD

Our literature review suggests that the frameworks focused on rain-
fall partitioning by exotic species in the context of invasion ecology 
are extremely scarce, reinforcing the need to increase studies on this 
topic. Our database includes many species used for commercial plan-
tation and ornamental purposes (Supporting Information Appendix 
S1, Table S1.1), so information on rainfall partitioning, together with 
known transpiration values of invasive plants (Cavaleri & Sack 2010; 
Vilà & Hume, 2017), may be useful for many purposes and sectors, 
such as the forestry industry, afforestation and restoration planning, 
ornamental plant designs in urban areas and also for governmental 
policies in terms of water resource management (Farley et al., 2005; 
Le Maitre et al., 2015; Sadeghi et al., 2016).
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Although our study has not addressed how interception, 
throughfall and stemflow may be involved in the invasion process, 
it might guide further multi-approach studies that analyse possible 
links between these fluxes and woody plant invasiveness (Pyšek 
& Richardson,  2008). For example, experimental approaches that 
evaluate woody plant transpiration, growth and reproduction by 
manipulating stemflow generation across a water availability gra-
dient would be valuable. These experiments will allow us to test if 
the invasive species that have high stemflow generation also have 
higher performance due to their capacity to access to more water. 
Furthermore, studies combining different disciplines (e.g. invasion 
ecology, ecohydrology), methodological approaches (e.g. experi-
ments, simulations), spatial levels (e.g. local, regional, global), and 
organizational levels (i.e. population, community, ecosystem) will be 
crucial for a better understanding of the ecological role of rainfall 
partitioning by invasive species.

6  | CONCLUSION

This study synthesizes the global patterns of how rainfall is par-
titioned into interception, throughfall and stemflow for invasive 
species and its ecohydrological implications. More rainwater 
reaches the topsoil under invasive species in comparison with co-
occurring native species in water-limited environments. Therefore, 
specific morphological attributes such as smooth barks and broad 
leaves that maximize water inputs may represent an ecological ad-
vantage for invasive plants. Conversely, from an ecosystem per-
spective, the invasion of cultivated species with rough barks and 
needle leaves and relatively high interception could have a nega-
tive impact on the local water balance (i.e. less soil water avail-
ability). Overall, these insights suggest that the ecological role 
of stemflow, throughfall and interception should be considered 
in future plant invasions research, particularly in the context of 
climate change, biodiversity loss, and the urgent need to restore 
many ecosystems.
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