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Abstract
Water availability has major effects on community structure and dynamics globally, yet our understanding of competition 
for water in the tropics is limited. On the tropical Trindade Island, we explored competition for water in the context of 
the rapid exclusion of an endemic sedge, Cyperus atlanticus (Cyperaceae), by a pantropical, N-fixing shrub, Guilandina 
bonduc (Fabaceae). Guilandina patches were generally surrounded by rings of bare soil, and dead Cyperus halos commonly 
surrounded these bare zones. With geo-referenced measurements, we showed that Guilandina patches and bare soil zones 
rapidly expanded and replaced adjacent Cyperus populations. We found that soil water potentials were much lower in bare 
soils than soils under Guilandina or Cyperus, and that leaf water potentials of Cyperus plants were lower when co-occurring 
with Guilandina than when alone. When Guilandina was removed experimentally, Cyperus populations expanded and 
largely covered the bare soil zones. Our results indicate that when Guilandina establishes, its root systems expand beyond 
its canopies and these roots pull water from soils beneath Cyperus and kill it, creating bare zone halos, and then Guilandina 
expands and repeats the process. This scenario indicates rapid competitive exclusion and displacement of an endemic by a 
common pantropical species, at least in part through competition for water.
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Introduction

Competition affects plant community structure in many 
biomes (Aschehoug et al. 2016), but maybe more so in the 
highly productive tropics because the frequency, importance, 
or intensity of competition generally increases with increas-
ing productivity (Bertness and Callaway 1994; Brooker et al. 
2005; He et al. 2013). Theoretically, in any biome or com-
munity, the most intense competition should be for the most 
limiting resources (Tilman 1977; Craine 2009). In the trop-
ics, these limiting resources are likely to be nutrients and 

light, and there should be less intense competition for more 
abundant resources, such as water. This follows the gen-
eral theory that in productive environments plants compete 
strongly for light, the most limiting resource, whereas in 
unproductive environments, where light is plentiful, plants 
compete for limiting resources belowground (Tilman 1988). 
However, there are remarkably few studies of the specific 
resources that plants compete for in tropical climates.

Trees in the tropics appear to compete intensely for light 
(Ewel and Mazzarino 2008; Farrior et al. 2016) and for soil 
nutrients (Ewel and Mazzarino 2008; Nasto et al. 2017) and 
the latter can be highly limiting (Haridasan 2008; Bond et al. 
2010). There is also some evidence that tropical lianas and 
trees may compete for water (Alvarez-Cansino et al. 2015). 
Alvarez-Cansino et al. (2015) removed lianas from large 
trees in the field and found that estimated transpiration, or 
sap flow, in trees increased substantially. However, greater 
light availability after lianas were removed could have also 
increased sap flow, and other research using stable water iso-
topes (δ18O and δ2H) suggests that lianas and canopy trees 
might avoid competition via vertical partition of root systems 
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(Deurwaerder et al. 2018; Smith‐Martin et al. 2020). Strong 
competition has been documented among tropical grasses 
and among grasses and woody species (e.g., D’Antonio and 
Vitousek 1992, Dohn et al. 2013), but these competitive 
interactions generally occur where water is strongly limit-
ing during part of the year. To our knowledge, there is little 
evidence for competition for water in wet tropical systems. 
To explore the apparent knowledge gap of competition for 
water in the tropics, we searched the Web of Science using 
the terms “tropic + water + competition”, and this returned no 
references. In other biomes, there is a substantial literature 
with experiments showing competition for water (e.g., Fon-
teyn and Mahall 1978; Ehleringer 1984; Gebauer et al. 2002; 
Donzelli et al. 2013), but very few studies experimentally 
connect competition for water to competitive exclusion in 
any biome (but see Callaway et al. 1996).

Trindade Island, a volcanic Brazilian island in the Atlan-
tic Ocean, has a climate classified as tropical without a true 
dry season (Koppen Af, Pedroso et al. 2017). The annual 
average temperature is 25.3 °C and the annual average rain-
fall is 1476 mm (National Oceanographic Data Bank of the 
Brazilian Navy). The monthly rainfall pattern is generally 
uniform (Supplementary material, Fig. S1). However, pre-
cipitation and soil moisture are higher at the highest eleva-
tions (Alves et al. 1998; Clemente et al. 2009), creating a 
gradient of soil water availability–lower at low elevations 
and higher at high elevations.

The island formerly had more forest, but due to intense 
logging and the introduction of exotic animals in 1770, 
including goats, the island lost a great deal of vegetation and 
experienced intense soil erosion. The Brazilian government 
removed all livestock from 1994 to 2005. Since then, much of 
the native flora has regenerated and many creeks have reap-
peared (Martins and Alves 2007; Alves et al. 2011; Silva and 
Alves 2011). Currently, trees occupy only 5% of the island 
and are concentrated at higher elevations. Lower altitudes are 

covered by herbaceous vegetation dominated by the endemic 
sedges Cyperus atlanticus Hemsl (Cyperaceae) (henceforth 
Cyperus) and Bulbostilis nesiotis Hemsl. However, the island 
vegetation is experiencing dynamic changes as the shrub Gui-
landina bonduc L (Fabaceae). (Gagnon et al. 2016) is rapidly 
expanding in many places. Guilandina bonduc (henceforth 
Guilandina) is a pantropical species, with seeds that disperse 
across the ocean (Lewis et al. 2005). We do not know when 
and how Guilandina arrived in Trindade, but its occurrence 
was first registered by Lobo in 1916 as Caesalpinia bondu-
cella (L.) Fleming (Alves 1988).

In several areas of the island, observations suggested that 
populations of Guilandina form dense, rapidly expanding 
patches that are replacing herbaceous vegetation, in par-
ticular that dominated by the endemic Cyperus (Carvalho-
Silva et al. 2013). Goats were thought to control Guilandina 
(Alves 1998), and elimination of goats corresponds with the 
spread of Guilandina across the island. There are multi-year 
observations of its spread into, and replacement of Cype-
rus stands (Carvalho-Silva et al 2013). Also, rings of dead 
Cyperus and bare ground are common around patches of 
Guilandina (Fig. 1). The mechanism for this apparent com-
petitive exclusion is unknown, but our field observations 
found that large roots extend for many meters beyond the 
edges of Guilandina patches into the bare soils and rings of 
dead Cyperus (Fig. S2), suggesting that these plants could 
be competing for soil resources. Others hypothesized that 
Cyperus displacement could be driven by allelopathy (Car-
valho-Silva et al 2013). In this scenario, Guilandina might 
deliver compounds via roots extending beyond the canopies 
which could inhibit the growth of other species, includ-
ing Cyperus. However, this has not been experimentally 
addressed.

Because dying Cyperus show visual signs of apparent 
water stress, and because dead Cyperus near Guilandina is 
much less common at wetter, higher altitudes (see below), 

Fig. 1   Expanding Guilandina 
bonduc patch and surrounding 
halos at 160 m (Site 2) altitude 
on Trindade Island, Brazil. 
Guilandina patches, bare soil 
(including dead individuals of 
Cyperus atlanticus) and living 
C. atlanticus constituted the 
three zones from which samples 
and measurements were taken
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we explored the potential for competition for water to be 
the major mechanism driving the exclusion of Cyperus by 
Guilandina. We organized our study with three approaches. 
First, we quantified spatiotemporal changes in plant growth 
and area covered by Guilandina, Cyperus and bare soils. 
Second, we experimented with allelopathy and measured 
soil nutrients as possible mechanisms for the interaction 
between Cyperus and Guilandina. Third, we measured spa-
tiotemporal changes in soil and leaf water potentials to con-
sider competition for water as a possible mechanism for the 
exclusion of Cyperus by Guilandina.

Materials and methods

Study area and species

The study was conducted on Trindade Island (20°29’32 
“S, 29°17’21” W), which is 1,140 km off the shore of the 
Espírito Santo state in Brazil. Trindade Island has a total 
area of 9.28 km2, and its highest peak reaches 620 m a.s.l. 
Cyperus atlanticus (Cyperaceae) is endemic to Trindade 
and the Martin-Vaz archipelago and is the most common 
species on the island. It is an herbaceous perennial with 
dense terminal inflorescences. It is a C4 rhizomatous 
sedge (Alves 1998) and appears to reproduce primarily 
by seeds (A. Gomes, personal observation). Guilandina 
bonduc (Fabaceae) is a shrubby species with a pantropical 
distribution (Gagnon et al. 2016) including all South Atlantic 

islands. This species has bipinnate leaves and spiny fruits 
usually bearing only one seed, and adult individuals average 
1.5 m in height.

Experimental design

Field surveys and experiments were conducted from June 
2013 to February 2016, during 10 expeditions to the island. 
We collected data from four sites along an elevational gradi-
ent to incorporate variation in the interactions among Gui-
landina and Cyperus (Fig. 2). There were different patterns 
of Cyperus and G. bonduc at our four sites, but in general, 
patches of Guilandina were surrounded by bare soil halos, 
which were in turn surrounded by dead Cyperus zones, and 
then living Cyperus zones (Fig. 1). We focused on three 
zones at the three lower elevation sites—Guilandina, bare 
soil (which often included dead Cyperus), and living Cype-
rus. At the one high-elevation site (Site 1), Guilandina and 
Cyperus grew intermixed with each other, with very few 
dead Cyperus, little bare soil, and without the clear zonation 
that was so obvious at the lower-elevation sites (Fig. S3).

On slopes at lower altitudes, Guilandina typically formed 
monospecific clusters. Of the three sites on lower slopes, 
one site (Site 2) had isolated clusters of Guilandina that 
were usually surrounded by an inner ring of bare soil and an 
outer ring of dead individuals of Cyperus, forming halos, 
beyond which was a dense matrix of living individuals of 
Cyperus. At the second site (Site 3), such bare and dead-
Cyperus halos were larger and often contacted each other, 

Fig. 2   The schematic illustrates our estimates of soil and rooting 
depths from permutational multivariate modeling, as explained in 
the Methods, and observations of precipitation and temperature at 
the four sites on Trindade Island, Brazil. Site 1 (~ 604 m) consisted 
of integrated patches of Guilandina bonduc with limited mortality 
of Cyperus atlanticus. Site 2 (~ 160 m) consisted of isolated patches 

of G. bonduc surrounded by halos of bare soil and dead C. atlanti-
cus. Site 3 (~ 103 m) consisted of many connected patches of G. bon-
duc surrounded by halos of bare soil and dead C. atlanticus. Site 4 
(~ 75  m) consisted of more coalesced patches of G. bonduc, more 
coalesced bare soil zones, and few, scattered living C. atlanticus 
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as they apparently displaced Cyperus. The third site (Site 4) 
consisted of patches of Guilandina individuals, large areas 
of bare soil, and only a few living, scattered individuals of 
Cyperus (Fig. 2). We chose these sites because they rep-
resented the range of different patterns of Guilandina and 
Cyperus on the island, based on our observations, and thus 
provided reasonably unbiased scenarios in which to explore 
their interaction. In these four areas, representative halos 
were selected (see below) and sampled for dynamic changes 
in the areas occupied by Guilandina, bare soil and Cyperus 
zones, root biomass in soils beneath the zones, soil texture 
and nutrient content, and soil and plant water potentials.

Dynamics of zones and plant growth

We quantified the expansion and retraction rates of Guilan-
dina, bare soil and Cyperus zones at the three lower eleva-
tion sites (Sites 2, 3 and 4, Fig. 2) using ten representative 
patches. Four patches were selected at Site 2, and three each 
at Sites 3 and 4. Georeferenced points were recorded every 
two meters along the border between each Guilandina patch 
and bare soil, and the border between bare soil and Cyperus 
zones. Points were recorded with a 60CSx Garmin® UTM 
format. Measurements were taken in July 2013, April 2014, 
October 2014, June 2015, and December 2015. We estimated 
changes in the patch and zone borders with EasyGps® soft-
ware. By comparing these measurements among time point, 
we were able to calculate changes in the areas occupied by 
Guilandina, bare soil and Cyperus zones, and also which 
zone replaced the other. We measured root distribution of 
Guilandina and of Cyperus at each of the four sites. At each 
site, we selected one halo and collected four soil samples in 
each zone—under monospecific populations of Guilandina, 
in adjacent bare soil zones, and under populations of Cyperus 
surrounding the halos. A cylindrical metal tube (40 cm length 
and 10 cm diameter) was driven into the soil, then the core 
was removed and subdivided into 10 cm long sub-samples. 
Each sub-sample was sieved, and roots of Guilandina and 
Cyperus with a diameter of 2 mm or less were removed, dried 
at 50 °C for 72 h and then weighed. We also followed and 
excavated dozens of large (3–5 cm circumference) roots of 
Guilandina extending beyond the patches to determine if they 
extended into the bare soil zones and Cyperus zones.

To explore whether Guilandina removal increased the 
abundance of Cyperus, we removed Guilandina from two 
patches (different from the ten patches selected for patch 
dynamics) at each of Sites 2, 3 and 4 in November 2014. We 
removed all aboveground parts of Guilandina at each patch 
using pruning shears and shovels. We made measurements 
along the border of each Guilandina patch and the border 
between bare soil and Cyperus zones before removal and 
we re-measured 6 and 12 months after the removal of Gui-
landina. Before the removal, the sizes of the six Guilandina 

patches ranged from 30 to 355 m2. With these measure-
ments, we determined the area of revegetation of Cyperus, 
regrowth of Guilandina and the dynamics of bare soil zones.

Allelopathy and soil nutrients

We collected soil samples from four patches (taken at 
random within patches used for spatial dynamics and the 
removal experiment) at Sites 2, 3 and 4. For each patch, 
we collected ten soil samples in each of the three zones. 
Samples from a zone for an individual patch were mixed. 
Soil was collected in September and stored at 8 ± 2  ºC, 
sieved before planting, and experiments were initiated in 
October 2013. Cyperus seeds were germinated at 25 °C in 
growth chambers and seedlings were planted with the field-
collected soil in 200 mL plastic pots. Seedlings were grown 
in a greenhouse with a natural photoperiod 12 h ± 1 and a 
temperature of 23 ºC ± 2 SE. Plants were watered daily to 
field capacity. After 45 days, seedlings were harvested, dried 
for 24 h at 50 °C, and shoot and root mass were weighed.

We sampled soil at three zones at each of all four sites for 
physical and chemical soil analysis. At each site, we placed 
four transects running from the center of the Guilandina zone 
to the Cyperus zone, which were oriented north, south, east, 
and west. We collected a 1–10 cm deep soil sample at the 
center of each of the three zones along each transect. The four 
samples for each zone in a patch were mixed so that there 
was a single composite sample for each zone at each of the 
four sites. The proportion of clay, silt and sand from each site 
was also measured. The pH in water (1:2.5 soil/water) was 
checked with a pH meter, and the organic matter was deter-
mined with colorimetric techniques using potassium dichro-
mate (Fontana and Campos 2017). Cation exchange capac-
ity – CEC (cmolc/dm3) was calculated by S + H + Al (H + Al 
extracted by calcium acetate, 0.5 mol/L at pH 7.0). Nutrient 
analysis followed Mehlich (1953) with modifications; The 
element P was estimated by a molybdite – ascorbic acid 
reaction followed by spectrometry (Teixeira et al. 2017a); 
The elements K, Zn, Fe, Mn, Na and Cu were estimated by 
a modified Mehlich methodology followed by atomic spec-
trometry (Teixeira et al. 2017b). Total N was estimated by 
an adapted Kjeldahl procedure for tropical soils (Balieiro and 
Alves 2017). Total Sulphur (S) measurements followed the 
mono-calcium-phosphate methodology (Sinclair 1973), and 
Boron (B) was extracted using hot water. All analyses were 
conducted by Campo Análises Ltda (Paracatu-MG, Brazil).

Soil and leaf water potential

Soil water potentials (ψwS) were taken at all four sites over 
32 days in the field between December 2015 and February 
2016. Soil samples were collected in soils under Guilandina, 
Cyperus, and in bare soil zones from four patches each 
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randomly selected at Sites 2, 3 and 4, the lower elevation 
sites. There were ten soil samples per zone per patch. At 
Site 1, the high elevation site, because of the absence of 
zonation, soil samples were collected at random under pure 
stands of Guilandina, Cyperus and for bare soils. Sampling 
was conducted eight times at each of the four sites. For 
each day, we took measurements at 9:00 am, 12:00 pm, 
2:30 pm and 12:00 am, at depths of 4–5 cm and 9–10 cm. 
Each soil sample was stored in a hermetically sealed capsule 
and transported to the laboratory at the Trindade Island 
Scientific Station, where soil water potentials (ψwS) were 
recorded with a Water Potential Meter WP4C (Decagon 
devices), within 12 h of soil collection. The dew point sensor 
inside the WP4C is the measure of water potential and is 
accurate to 0.05 MPa from 0 to –5 MPa and 1% from –5 
to–300 MPa (Scanlon et al. 2002). Leaf water potentials 
(ψwl) were measured using mature, fully expanded leaves 
selected from four Cyperus individuals in monodominant 
populations, and four Cyperus individuals growing among 
Guilandina roots at the outer edges of the bare soil zones 
where living Cyperus could be found (see root results). 
Two leaves per individual Cyperus were collected, totaling 
8 samples per treatment (either mixed with Guilandina or 
growing without Guilandina) for each of the four sites. 
Sampling was conducted over 16 days between December 
2015 and February 2016. Leaves were collected at 12:00 pm 
and 12:00 am. The leaf samples were stored in hermetically 
sealed capsules and transported in a thermal box to the 
laboratory for water potential measurements (WP4C) within 
12 h of leaf collection.

Statistical analyses

Dynamics of zones

Rates of expansion or retraction of Guilandina, bare soil 
and Cyperus zones (Fig. 1) were followed for 30 months and 
calculated according to the equations below (in m2):

where: InnerCirclet represents the perimeter of the area 
occupied by the Guilandina zone at time t, OuterCirclet rep-
resents the outer perimeter of the area occupied by the bare 
soil zone at time t, GuiAcumVariationt is the accumulated 

GuiAcumVariationt = InnerCirclet − InnerCircle
0

BareAcumVariation
t
=

(

OuterCircle
t
− InnerCircle

t

)

−

(

OuterCircle
0
− InnerCircle

0

)

CypAcumVariationt = −

(

OuterCirclet − OuterCircle
0

)

variation of the area occupied by the Guilandina zone at time 
t, BareAcumVariationt is the accumulated variation of the 
area occupied by bare soil zone at time t, CypAcumVariationt 
is the accumulated variation of the area occupied by the 
Cyperus zone at time t.

We followed expansion and retraction rates of 
Guilandina, bare soil and Cyperus zones at Sites 2, 3 and 4 
(Fig. 2); as mentioned above, four patches were selected at 
Site 2, and three each at Sites 3 and 4. Measurements were 
taken in July 2013, April 2014, October 2014, June 2015, 
and December 2015. Relationships between changes in the 
areas occupied by Guilandina, bare soil and Cyperus zones 
were examined using correlation analyses (r = Pearson’s 
correlation coefficients). We used simple linear regression 
to compare the zones by pairs, in which the variation in 
the areas covered by Cyperus and bare soil zones were 
considered the response variables, and the variation in the 
areas covered by Guilandina as the predictor variable.

Removal experiment

We completely removed the shoots of Guilandina from 
two patches at each of Sites 2, 3 and 4 in November 2014. 
Six and 12 months after the removal, we calculated the 
rates of change in the areas covered by bare zones and 
Cyperus, as well as the regrowth of Guilandina patches 
according to the equations below (in m2):

where: GuiVariationt is the net variation of Guilandina area 
at time t, InnerCirclet represents the perimeter of the area 
occupied by the Guilandina zone at time t, OuterCirclet rep-
resents the outer perimeter of the area occupied by the bare 
soil zone at time t, BareVariationt is net variation of the area 
occupied by bare soil zone at time t, CypVariationt is the net 
variation of the area occupied by the Cyperus zone at time t.

Generalized linear mixed models (GLMM) were used 
to analyze variation in the areas covered by Guilandina, 
Cyperus and bare soil zones. Area was a continuous 
response variable, interactions between zones and time 
since removal of Guilandina patches as predictor variable 
and sites of occurrence of the halos as a random variable. 
AIC was used to select the best model from the full model.

GuiVariationt = InnerCirclet − InnerCirclet−1

BareVariationt =
(

OuterCirclet − InnerCirclet
)

−
(

OuterCirclet−1 − InnerCirclet−1
)

CypVariationt = −

(

OuterCirclet − OuterCirclet−1
)
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Fine root abundance

We measured fine root abundance of Guilandina and of 
Cyperus at each of the four sites. At each site, we selected 
one representative halo and collected four soil samples 
in each of the three zones. Each 40-cm long sample was 
subdivided into 10-cm long sub-samples. Many soil samples 
had no roots, and in many sites the soils were not deep 
enough for sampling, thus measurements of fine roots did 
not meet the assumptions for parametric analyses. Therefore, 
we used permutational multivariate analysis of variance,  a 
semiparametric method that can be used as a univariate 
ANOVA, where p-values are obtained by permutation 
(Anderson 2017). We ran a model considering zones and 
the roots of each species (Guilandina or Cyperus) as fixed 
independent variables, and another one considering sites 
and the roots of each species as fixed independent variables 
using Euclidian distances in both models. Root biomass was 
the dependent variable, and the roots of each species and 
zones were the independent variables.

Potential allelopathic interaction

Soil samples were collected from four patches each at Sites 2, 
3 and 4. There were ten soil samples collected at random per 
patch per zone. Samples from a zone for an individual patch 
were mixed. To analyze the potentially allelopathic effect of 
soils on the growth of Cyperus, we employed a linear mixed-
effects model in which the total seedling biomass was the 
dependent variable, zone was a fixed independent variable, 
and site was an independent random variable. AIC was used 
to select the best model from the full model.

Soil nutrients

Soil samples were collected from four patches each at Sites 2, 
3 and 4. There were ten soil samples collected at random per 
patch per zone. At each of the three sites, we placed four tran-
sects running from the center of the Guilandina zone, pass-
ing through the bare zone to the Cyperus zone, which were 
oriented north, south, east, and west. At Site 1, because of the 
absence of zonation, soil samples were collected at random 
under pure stands of Guilandina, Cyperus and at bare soils, 
which were also mixed per zone as mentioned above. We col-
lected a 1–10 cm deep soil sample at the center of each of the 
three zones along each transect. The four samples per zone 
were mixed so that there was a single sample for each zone 
at each site. To analyze differences of soil nutrients in the 
three zones, a principal component analysis was conducted 
on eight soil nutrients (total organic C, P, K, S, Ca, Mg, Al, 
N), soil pH, organic matter (OM) and cation exchange capac-
ity (CEC). The values were standardized by z-score.

Soil water potential (ψwS)

As mentioned above, soil water potentials were taken 
systematically in each zone (three), site (four), at two depths 
and four times per day over 32 days. For each zone-site-
depth-time-date combination we collected two replicates 
and analyzed them separately. As we recorded a lot of zero 
values for ψwS (due to the exceptionally wet season), we had 
to employ zero-inflated models for statistical analysis (Zuur 
and Ieno 2016). For the analysis, two models were tested—a 
binomial model and a continuous model (Zuur et al 2009; 
Zuur and Ieno 2016). The binomial model analyzed the 
probability of a soil sample being not water saturated. 
A binomial linear generalized mixed model (GLMM) 
categorized the response variable (ψwS) as 0, representing 
water-saturated soils (ψwS = 0), or 1, representing any 
value other than zero (ψwS < 0). A continuous model was 
employed to analyze the intensity of water stress after all 
samples with zero values were removed. These values 
of ψwS were used in linear mixed-effects model with the 
continuous data log10-transformed. As the measurements 
of water potential are usually negative, these values were 
multiplied by -1 before log-transformation). In this model 
water potential was the dependent variable, zone and soil 
depth were the fixed independent variables, and days, sites, 
and sampling time as random independent variables. Model 
selection was conducted by AIC and means were compared 
with post hoc Tukey tests.

Leaf water potential (ψwl)

Leaf water potentials were measured from Cyperus plants 
growing under the influence of Guilandina roots or not (two 
levels), considering two leaves (two recordings) per indi-
vidual at each site (four). Measurements were taken twice a 
day over 16 days. A linear mixed-effects model was used to 
analyze leaf water potentials. Leaf water potentials were con-
sidered as the continuous dependent variable and populations 
and sampling times were considered as categorical independ-
ent variables. The days when the leaves were collected, and 
the sites were considered as random variables. AIC was used 
to select the best model from the full model.

All experimental data were checked for normality by 
Shapiro–Wilk tests before statistical tests. Those continu-
ous dependent variables which violate the assumption of 
normality were log10 transformed (the values of soil water 
potential were multiplied by –1 before the log transforma-
tion). All statistics were run with the software Rstudio® 
version.1.0.136 and were used the packages: car (Fox and 
Weisberg 2019), lsmeans (Russell 2016), lme4 (Bates et al. 
2015), multcomp (Horthon et al. 2008), tidyverse (Hadley 
2017), ggbiplot (Vu 2011), corrplot (Wei and Simko 2017), 
vegan (Oksanen et al. 2019).
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Results

Dynamics of zones

Over the 2.5 year measurement period, and over all sites 
combined, there was a 47% decrease in the area occupied 
by Cyperus, a 43% increase in the area occupied by Gui-
landina, and a 49% increase in the area of bare soil zones 
(Fig. 3A). Considering the expansion of all ten halos, we 
estimated a reduction of more than 3,000 m2 in the area 
occupied by Cyperus at our sites in 30 months. Cyperus 
zones contracted by roughly 100 m2 per patch in each 
sampling period except for the very wet period of Novem-
ber 14-Jun 15, during which Cyperus zones decreased by 
roughly 60 m2. Bare soil zones expanded by 30–50 m2 
per patch in the first two periods, were stable in the third 
period, which was exceptionally wet, and expanded by 
roughly 200 m2 in the last period. In contrast to Cyperus, 
Guilandina zones increased by 160 m2 per patch during 
the first three time periods, but retracted in the last period, 
totaling roughly 1200 m2 in 30 months. Over all patches 
combined, the area occupied by Guilandina increased 
around 40 m2 per month, bare soil expanded around 60 m2 
per month, and Cyperus retracted some 100 m2 per month. 
Taking together, the field recordings show that Guilandina 
and bare soil zones rapidly eradicated Cyperus over time, 
and that these rates were affected by rainfall. The variation 
in the area occupied by bare soil zones is correlated posi-
tively with Guilandina, and the area occupied by Cyperus 
correlated negatively with the area occupied by Guilandina 
and bare soil (Fig. S4).

Removal experiment

Guilandina removal corresponded with a large initial 
decrease in adjacent bare soil and an even larger increase 
in area occupied by Cyperus, but over time the effect of 
the removal waned (Fig. 3B).

Six months after removal, across all sites, Guilandina 
cover showed a decrease, unsurprisingly, of 103 ± 27 m2, 
bare soil decreased by 147 ± 23 m2, and correspondingly 
Cyperus increased by 249 ± 33 m2. Our field observation 
was that the Cyperus increase was due to recolonization 
of bare soil. Twelve months after aboveground Guilandina 
removal, however, Guilandina cover had increased back 
roughly to that before the removal and bare soil changed 
from an early decrease of 147 ± 23 m2 to a decrease of 
81 ± 51 m2 (zones: F = 29.93, P < 0.001, zones*time after 
cut: F = 6.24, P = 0.0054, Table S1). Correspondingly, the 
gain of Cyperus after 12 months post-removal was only 
92 ± 63 m2. It is important to note that recolonization by 

Guilandina was due to the resprouting of underground 
parts and not by germination—since no seedlings were 
found in the expanding populations.

Fine root abundance

Guilandina fine roots occurred in the soil of all zones but 
were much more abundant under Guilandina than in the bare 
soil or Cyperus zones, in which Guilandina root abundances 
were similar (Fig. 4, effect of species on roots, F = 6,25, 
P < 0.001, Table S2).

There were Guilandina fine roots beneath bare soil zones 
at all four sites, and under monodominant Cyperus zones at 
two sites (zones, F = 18,32, P = 0.001, plant species*zones, 
F = 25.90, P = 0.001, Table S2). In addition, during our field 

Fig. 3   A Changes in the areas occupied by Guilandina bonduc, Cype-
rus atlanticus, and bare soil over time on Trindade Island, Brazil. 
These represent the average of ten patches. Our first measurement 
was in July 2013, was relativized to zero for each zone. The second 
measurement was in April 2014, and the results represent the change 
from July 13 (first measure) to April 2014 (second measure), and so 
on. Error bars represent 1 SE. Average precipitation during the exper-
imental period is also shown. B. Variation in the area (m2) occupied 
by bare soil zone, by Guilandina bonduc zone and by Cyperus atlan-
ticus zone six and 12 months after the removal of aerial part of Gui-
landina populations of six selected halos of three sites
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surveys we excavated dozens of large (~ 2–4 cm perimeter) 
lateral roots of Guilandina and these extended from at least 
3 and up to14 meters from the edges of Guilandina zones 
through the bare soil zones and into living Cyperus zones 
(Fig S2). There were no fine Cyperus roots in Guilandina 
zones and roughly 15 times less Cyperus roots in bare soil 
zones than in Cyperus zones.

Allelopathy

Soil from under Guilandina increased shoot (F = 24.072, 
P < 0.001) and root biomass (F = 13.569, P < 0.001) of 
Cyperus seedlings by roughly 50% in comparison to soil 
from the bare soil zones and Cyperus zones (Fig. S5, Tables 
S3 and S4), indicating no allelopathic effects of Guilandina, 
but rather facilitative effects, in soils. Thus, soils removed 
from Guilandina patches showed no inhibition of Cyperus.

Soil nutrients

Chemical and physical analyses of the soils at the four sites 
showed that Site 1 contained higher amounts of organic 
matter, organic carbon, total nitrogen and iron, but lower 
amounts of magnesium in comparison with the other three 
sites (Table S5). The proportions of silt, clay and sand 
varied minimally among soil samples, and there were no 
differences among sites or zones (Table  S5). Principal 
component analysis (PCA) revealed that soil nutrients and 
other edaphic characteristics as cation-exchange capacity 
(CEC) were very similar among the three zones (Fig. S6). 

The PCA plotted eight soil nutrients (total organic C, P, K, S, 
Ca, Mg, Al, N), soil pH, organic matter (OM) and CEC (Fig. 
S6). The first two axes explained 79.5% of variation. The 
PC1 was mostly associated with N and Mg, and PC2 was 
primarily associated with P, K and CEC. In sum, Guilandina 
did not relate with lower soil nutrient levels.

Soil water potential

Due to an atypically wet rainy season, the soils were excep-
tionally wet during our sampling periods. Regardless, soil 
water potentials were much lower in bare zones than in either 
the Cyperus or the Guilandina zones (zones, F = 82.4616, 
P < 0.001, Fig. 5). The lowest single soil water potential 
measurement was also in the bare soil zones, − 4.8 MPa. 
Over the course of our sampling period, soils in the Cype-
rus and Guilandina zones were significantly more likely to 
be water-saturated than soil in the bare soil zones (Fig. S7, 
Table 1A, B, Table S6). Moreover, soil water potentials at 
Sites 2, 3 and 4 were much lower than at site 1, where the 
species coexist (Fig. 6).

Leaf water potential

During the day, the mean leaf water potential of Cype-
rus leaves of plants growing with Guilandina was about 
30% lower than that of Cyperus growing in pure stands 
(F = 28.1331, P = 2.714e-07, Fig. 7). At night, the mean 
water potential of Cyperus leaves of plants growing with 
Guilandina was more than 50% more negative than of 

Fig. 4   Average of dry root 
biomass density (g / 3140cm3 
soil) of fine roots of Guilandina 
bonduc and Cyperus atlanticus 
quantified in soil samples col-
lected under Guilandina, bare 
soil and Cyperus zones at 40 cm 
deep on the Trindade Island, 
Brazil
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Cyperus growing in pure stands (F = 20.9178, P < 0.001, 
Table 1C). In this context, the presence of Guilandina was 
associated with substantially lower leaf water potentials of 
Cyperus.

Discussion

Considered together, our results indicate rapid competi-
tive exclusion and displacement of the endemic Cyperus 
atlanticus by the pantropical Guilandina bonduc and 

suggests that competition for water might be a preeminent 
mechanism. First, over time Guilandina patches expanded 
simultaneously with bare soil zones that surround the 
patches, while Cyperus surrounding the halos contracted. 
These rapid changes in distributions corresponded with 
large roots of Guilandina extending into bare soil zones 
and under Cyperus, and the presence of Guilandina fine 
roots beneath bare soil zones and living Cyperus stands. 
In turn, soil water potentials were much lower in bare soils 
than in soils under Guilandina or Cyperus, and the water 
potentials of individual Cyperus plants were much lower 

Fig. 5   Average soil water poten-
tial (ψwS, MPa) of soil samples 
collected at different soil depths 
(5 and 10 cm) on soils covered 
by monodominant stands of 
Guilandina bonduc, of Cyperus 
atlanticus and in bare soil 
zones. The values represent the 
mean across all four sites. Bars 
represent one standard error 
and significance was tested with 
analysis of variance for vari-
ables and interactions selected 
by the model at p = 0.05 

Table 1   Type III Analysis of Variance comparing soil water 
potential of: A Under Guilandina bonduc, Cyperus atlanti-
cus and bare soil zones, at 5  cm and 10  cm depth, model: log_
wpsoil ~ depth + zone + depth * zone + (1|area/day/period); B At 5 cm 
and 10 cm depth at the four sites delimited for this study, model: log_

wpsoil ~ depth + site + (1|zone/day/period); C Analysis of Variance 
comparing leaf water potential of Cyperus plants growing with Gui-
landina and growing in pure stands, at midday and midnight, model: 
log_wpleaf ~ zone*period + (1|area)

1 Degrees of freedom of the model, 2degrees of freedom of the error

A Sum Sq Mean Sq NumDF1 DenDF2 F value Pr(> F)

Depth 22.864 22.864 1 610.83 23.6060 1.504e-06 ***
Zone 159.741 79.871 2 625.53 82.4616  < 2.2e-16 ***
Deep*zone 12.283 6.142 2 611.12 6.3409 0.001881 **

B Sum Sq Mean Sq NumDF1 DenDF2 F value Pr(> F)

Depth 26.37 26.370 1 620.53 21.742 3.822e-06 ***
Site 240.48 80.161 3 661.12 66.092  < 2.2e-16 ***

C Sum Sq Mean Sq NumDF1 DenDF2 F value Pr(> F)

Zone 2.76451 2.76451 1 224 28.1331 2.714e-07 ***
Period 2.05549 2.05549 1 224 20.9178 7.934e-06 ***
Zone*period 0.29514 0.2951 1 224 3.0035 0.08446
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when co-occurring with Guilandina than when alone. 
Finally, when aboveground biomass of Guilandina was 
removed experimentally, bare soil zones contracted and 
were replaced to a large degree by Cyperus. As Guilandina 
grew back, the cover of both bare soils and Cyperus zones 
decreased. We propose a scenario in which Guilandina 
establishes, expands its roots systems beyond its canopies, 
these roots dry soils beneath Cyperus which kills it, and 
then Guilandina expands and repeats the process.

Our evidence for competition for water is somewhat 
unusual in a tropical environment, and perhaps more so 
when the lowest water potentials measured for Cyperus 
leaves in competition were roughly − 1.2 MPa, levels which 
would not create stress for most plant species. First, it is 
important to note that our measurement of leaf and soil water 
potential were taken during an exceptionally wet time, and it 
is likely that in drier periods Guilandina may have decreased 
Cyperus water potentials much more than we measured. 

Fig. 6   Average soil water 
potential (ψwS, MPa) of soil 
samples collected at different 
soil depths (5 and 10 cm) at 
the four sites delimited for this 
study. The values represent the 
mean across the three zones 
(Guilandina, Cyperus and 
bare soil). Bars represent one 
standard error and significance 
was tested with analysis of vari-
ance for variables and interac-
tions selected by the model at 
p = 0.05 

Fig. 7   Average leaf water poten-
tial (ψwS, MPa) at midday and 
midnight, of adult individuals 
of Cyperus atlanticus growing 
in mono-dominant stands or 
intermixed with individuals of 
Guilandina bonduc. The values 
represent the mean across all 
four sites. Bars represent stand-
ard error. Means with shared 
letters are not significantly dif-
ferent (ANOVA P < 0.05)
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However, Cyperus species also appear to require unusually 
wet substrates and even small decreases in water potential 
might damage them. Most species in the genus are aquatic, 
and Rodiyati et al. (2005) found that Cyperus brevifolius 
and Cyperus kyllingia grew better in soils that were either 
maintained at 37% (field capacity) or 69% (flooded) water 
than soils at 14% water. Jones and Murthuri (1984) found 
diurnal patterns of Cyperus papyrus water potential reached 
a mid-day minimum of − 1.5 MPa. If C. atlanticus requires 
exceptionally wet conditions, such as other Cyperus species, 
the water potentials we recorded for Cyperus when growing 
with Guilandina could be inhibitory.

The strongest evidence for competition for water, in 
general, is the removal of competitors from around targets 
in the field, and then a response by the target that includes 
both improved water relations and metrics that relate to 
fitness (e.g., Ehleringer 1984; Callaway et al. 1996). We 
used removal experiments to show that Guilandina excluded 
Cyperus, but our evidence for exclusion via competition for 
water is based on correlations between the presence of roots, 
spatial variation in soil water potentials, and a correlation 
between reduced Cyperus water potential in the presence of 
Guilandina.

We have no evidence that Guilandina is an exotic 
invader on Trindade, but the effects of invasive species on 
native species and their water use may provide parallels. 
For example, invasion by Acacia longifolia into semi-arid 
Mediterranean dune pine forests increases whole-stand water 
use and decreases both the water use and photosynthetic 
rates of the native Pinus pisaster (Rascher et al. 2011). 
Caldeira et  al. (2015) found that the invasive shrub, 
Cistus ladanifer, suppressed native oaks via competition 
for water. In South Africa, the water potentials of native 
Acacia erioloba trees increased substantially when invasive 
Prosopis tree species were removed (Schachtschneider and 
February 2013). And in an early review of mechanisms 
driving exotic invasions, Levine et al. (2003) found that the 
impacts of invaders often corresponded with differences in 
“transpiration rates, phenology, biomass of photosynthetic 
tissue or rooting depth” between invasives and natives. 
However, these water-based impacts have been measured in 
systems that are much more arid than ours.

Previous reports raised the possibility that the 
displacement of Cyperus by Guilandina could result from an 
allelopathic interaction (Carvalho-Silva et al. 2013). Indeed, 
the striking halos of bare soil around Guilandina shrubs 
and halos of dead and dying Cyperus are similar or even 
starker than patterns described for other species connected 
to allelopathy (Hierro and Callaway 2021). Much like in 
our case, Polygonella myriophylla is a shrubby perennial 
endemic to Florida with distinct bare zones surrounding 
aboveground patches (Weidenhamer and Romeo 1989). 
They conducted bioassays with soils collected from beneath 

Polygonella, bare zones, and surrounding vegetated areas 
and found that germination and seedling growth of grasses 
were suppressed in Polygonella and bare zone soil relative 
to soil from beneath other more distant species. In contrast 
with this study, our bioassays showed that soil from directly 
beneath the canopies of Guilandina had strongly positive 
effects on Cyperus biomass, relative to soil from the bare 
and Cyperus zones. However, this positive effect might not 
be related to soil nutrients since the soils from beneath the 
canopies of Guilandina and Cyperus, and from bare zones, 
showed similar nutrient contents and textures (see below).

Plants with nitrogen-fixing microbial mutualists 
commonly improve available soil nitrogen (Callaway 
2007), and it might be that effects of soil directly beneath 
the canopies of the nitrogen-fixing Guilandina canopies, 
once removed from the complex effects of living roots, were 
unmasked in the controlled bioassays (see Callaway et al. 
1991). Also, bulk effects of soil in bioassays might not reflect 
the effects of Guilandina roots on Cyperus roots in situ (see 
Schenk 2006). In other words, Guilandina roots might have 
had contact-based inhibitory effects on Cyperus that are 
not detectable in bulk soil (Mahall and Callaway 1991). 
As potentially allelopathic chemicals can rapidly attenuate 
in natural soil and in the time between soil collection and 
the bioassay (Inderjit et al. 2011), the allelopathic effects 
of Guilandina is still a possible mechanism. However, 
considering that both species coexist side by side at Site 1 
with no noticeable effect on each other, this could hold only 
for Sites 2, 3 and 4. Overall, considering that the soil beneath 
Guilandina patches were stimulatory to Cyperus, potential 
allelopathic interaction behind the exclusion of Cyperus by 
Guilandina (Carvalho-Silva et al. 2013), was not supported 
by our studies.

Nutrient competition could also be a possible mechanism 
behind the exclusion of Cyperus by Guilandina. However, 
our soil analysis showed that, in general, the sites showed 
similar soil nutrient contents. The most striking differences 
were found in organic matter and carbon content, higher at 
the Site 1 in comparison to the other three sites. The analysis 
also revealed a very high CEC values for all sites, and a 
high saturation of the bases H+ and Al+3 at the Site 1. At the 
Sites 2, 3 and 4, the samples revealed a soil less acidic and 
with a base saturation ranging from 78 to 92%, indicating a 
high availability of nutrients for plants. Overall, our analyses 
corroborate previous studies showing that soils occurring 
at both top hills and lower slopes of Trindade island are 
fertile (Clemente et al. 2009). Taking together, these results 
suggest that variations in soil characteristics as texture, 
nutrient content and pH would not be enough to explain 
the interaction between Guilandina and Cyperus, the rapid 
responses of Cyperus in the removal experiment, and the 
variation in their ranges associated to rainfall. These results 
indicate that the expansion/retraction dynamics of the halos 
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at the lower slopes of the island might not be associated with 
soil nutrient variability and/or nutrient competition.

A puzzling pattern in our results is that the highest 
biomass of Guilandina roots occurred under Guilandina, 
where water potentials were relatively high. In contrast, 
water potentials were far lower in bare soil zones where 
Guilandina roots were 4–5 times less abundant than under 
Guilandina. If the spread of Guilandina roots into bare soil 
zones and Cyperus stands is important for extracting water 
from soils and ultimately eliminating Cyperus, then why 
were soils under Guilandina so wet? It is possible that the 
shrubby canopies of Guilandina shaded soils and decreased 
vapor pressure deficit (VPD) at the soil surface. Thus, the 
loss of vegetation cover exposed the bare soil to direct solar 
heating and excessive drying, but this would be inconsistent 
with competition for water being the cause of the exclusion 
of Cyperus. Soil water differences cannot be attributed to 
soil texture, as texture was very similar across zones in 
each site. It is also possible that hydraulic redistribution, 
which can occur in the wet tropics (Oliveira et al. 2005) and 
seasonal tropics (Scholz et al. 2002), moved water from deep 
soils to shallow subcanopy soils. However, why redistributed 
water would not flow through roots to soils with the lowest 
water potential, the bare zones, is not clear.

The climate of Trindade Island is tropical, is classified 
as wet, and without a true dry season, but there are several 
reasons why our results might not extend to typical wet tropi-
cal systems. First, precipitation can be much higher in other 
tropical regions and perhaps results such as ours could not 
be obtained in much wetter climates. Second, interactions 
in many, if not most, tropical communities involve far more 
species, and the very low diversity of our study system may 
have yielded results that are inherently different than those 
that would occur in more diverse assemblages. On the other 
hand, the simplicity of species-poor communities has allowed 
experimental investigation of competition for water in other 
biomes, thus simple communities may provide opportunities 
to understand interactions more clearly than in more com-
plex communities (Fonteyn and Mahall 1978; Ehleringer 
1984). Indeed, our studies might be extended to either tropi-
cal regions subjected to water seasonality, as savannas, or 
dry regions where water availability can limit plant growth.

The patterns of zones and soil water potentials we 
describe may provide the first empirical evidence, 
although incomplete, for the theoretically derived “root-
augmentation feedback” mechanism for self-organized 
vegetation pattern formation, well represented in model 
studies (Meron 2012; Bennett et al. 2022). In this sce-
nario, a plant extends roots beyond its canopy, extracts 
water from these distal areas, and forms relatively mesic 
subcanopy soils and relatively xeric soil surrounding the 
canopy. Over time, such feedbacks polarize these mesic 
and xeric microhabitats further, which can lead to strong 

spatial heterogeneity in vegetation patterning. Interest-
ingly, model studies have focused on arid ecosystems, thus 
if Guilandina is driving root-augmentation feedback, it is 
doing so at much higher precipitation levels than models 
predict (see Gilad et al. 2007), suggesting that it might not 
only be applied to arid systems, but also to relatively wet 
systems with temporary dry periods or water shortage.

At one of our four sites, Guilandina and Cyperus 
appeared to coexist somewhat stably – Site 1, at a much 
higher elevation than the others. We do not have rainfall 
measurements at that elevation, but anecdotal evidence 
indicate that this site is far wetter than the other sites 
(Alves et al. 1998). Moreover, soil analysis showed that in 
Site 1 the amounts of total organic matter and carbon were 
much higher than at the other three sites. If competition for 
water is the main driver of the displacement of Cyperus 
by Guilandina, perhaps competitive exclusion occurs at 
the drier end of a gradient for these particular species, or 
at least for Cyperus, and the importance of competition 
wanes (not necessarily the intensity; see Brooker et al. 
2005) in the wettest habitats on the island.

So, taking into consideration the potential variation 
in microclimate over much of the Trindade territory, we 
found competitive exclusion in the tropics, apparently via 
competition for water. While we demonstrated competitive 
exclusion experimentally, our evidence for competition 
for water is circumstantial—based on field recordings as 
soil water availability, dynamics of the zones and on a 
physiological trait (leaf water potential). With that caveat 
our results suggest that competition for water might be 
important in other relatively wet tropical communities, 
especially if the stronger competitor can drive soil water 
potential below that tolerated by neighbors. This has been 
shown in semi-arid systems (Callaway et al. 1996) and 
suggests important avenues of study in wetter systems, 
where intense competition is theoretically important 
(Dobzhansky 1950; MacArthur 1969; Bertness and 
Callaway 1994) and empirically demonstrated among 
dominant plant species (Uriarte et al. 2018; Yang et al. 
2021; Weng et al. 2022). However, this empirical evidence 
is predominantly based on demographic correlations, thus 
future experimentation holds a great deal of promise.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00442-​023-​05352-7.

Acknowledgements  ASG thanks Marinha do Brasil for support, and 
Dr. Lucas Kruger and Leonardo A. Magalhães for help with statistics 
and Tácito B. Trindade for help in field surveys.

Author contribution statement  FB and AG planned and designed the 
research. AG, BR, GP conducted fieldwork and performed experi-
ments. AG, EB, FB, RC analyzed and interpreted the data. RC wrote 
the manuscript with input from AG and FB.

https://doi.org/10.1007/s00442-023-05352-7


913Oecologia (2023) 201:901–914	

1 3

Funding  RMC thanks the National Science Foundation EPSCoR 
Cooperative Agreement OIA-1757351 for support. FB thanks the 
Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(proposal # 405488/2012–2, 39/2012) for supporting this study and 
for his research grant (PQ # 312152/2018–3).

Data availability  The data that support the findings of this study are 
available from the corresponding author upon request.

Code availability  Not applicable.

Declarations 

Conflicts of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

References

Alvarez-Cansino L, Schnitzer SA, Reid JP, Powers JS (2015) Liana 
competition with tropical trees varies seasonally but not with 
tree species identity. Ecology 96:39–45. https://​doi.​org/​10.​1890/​
14-​1002.1

Alves RJV (1998) Ilha da Trindade e Arquipélago Martin Vaz- Um 
Ensaio Geobotânico. Serviço de Documentação Marinha do Bra-
sil, Diretoria de Hidrografia e Navegação, Niterói, RJ

Alves RJV, Silva NG, Aguirre-Muñoz A (2011) Return of endemic 
plant populations on Trindade Island, Brazil with comments on 
the fauna. In: Towns DR (ed) Island Invasives: Eradication and 
Management. International Confer on Island Invasives. IUCN and 
Auckland, New Zealand, Gland, Switzerland

Anderson MJ (2017) Permutational multivariate analysis of variance 
(PERMANOVA). Wiley Statsref 11:1–15

Aschehoug ET, Brooker R, Atwater DZ, Maron JL, Callaway RM 
(2016) The mechanisms and consequences of interspecific com-
petition among plants. Annu Rev Ecol Evol Syst 47:263–281. 
https://​doi.​org/​10.​1146/​annur​ev-​ecols​ys-​121415-​032123

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67:1–48

Bennet JJR, Gomes AS, Ferré M, Bera BK, Borghetti F, Callaway RM, 
Meron E (2022) Evidence for scale-dependent root-augmentation 
feedback and its role in halting the spread of a pantropical shrub 
into an endemic sedge. PNAS Nexus. https://​doi.​org/​10.​1093/​
pnasn​exus/​pgac2​94

Bertness M, Callaway RM (1994) Positive interactions in communi-
ties. Trends Ecol Evol 9:191–193. https://​doi.​org/​10.​1016/​0169-​
5347(94)​90088-4

Bond WJ (2010) Do nutrient-poor soils inhibit development of forests? 
A nutrient stock analysis. Plant Soil 334:47–60. https://​doi.​org/​10.​
1007/​s11104-​010-​0440-0

Brooker R, Kikvidze Z, Pugnaire FI, Callaway RM, Choler P, Lor-
tie CJ, Michalet R (2005) The importance of importance. Oikos 
109:63–70. https://​doi.​org/​10.​1111/j.​0030-​1299.​2005.​13557.x

Caldeira MC, Lecomte X, David TS, Pinto JG, Bugalho MN, Werner 
C (2015) Synergy of extreme drought and shrub invasion reduce 
ecosystem functioning and resilience in water-limited climates. 
Sci Rep 5:1–9

Callaway RM (2007) Positive Interactions and Interdependence in 
Plant Communities. Springer, Dordrecht, The Netherlands

Callaway RM, Nadkarni NM, Mahall BE (1991) Facilitation and 
interference of Quercus douglasii on understory productivity 
in central California. Ecology 72:1484–1499. https://​doi.​org/​
10.​2307/​19411​22

Callaway RM, DeLucia EH, Moore D, Nowak R, Schlesinger WH 
(1996) Competition and facilitation: contrasting effects of Arte-
misia tridentata on desert vs. montane pines. Ecology 77:2130–
2141. https://​doi.​org/​10.​2307/​22657​07

Carvalho-Silva M, Amorim PR, Câmara PE (2013) New goats on 
the island? Rodriguésia 64:661–663. https://​doi.​org/​10.​1590/​
S2175-​78602​01300​03000​17

Clemente EDP, Schaefer CEG, Oliveira FS, Albuquerque Filho MR, 
Alves RJV, Corrêa GR (2009) Topossequência de solos na ilha 
da Trindade, Atlântico Sul. Rev Bras Ciênc Solo 33:1357–1371

Craine J (2009) Resource Strategies of Wild Plants. Princeton Uni-
versity Press, USA

DA Inderjit W, Karban R (2011) The ecosystem and evolutionary 
contexts of allelopathy. Trends Ecol Evol 26:655–662

D’Antonio CM, Vitousek PM (1992) Biological invasions by exotic 
grasses, the grass/fire cycle, and global change. Annu Rev Ecol 
Syst 23:63–87. https://​doi.​org/​10.​1146/​annur​ev.​es.​23.​110192.​
000431

de Balieiro FC, Alves BJR (2017) Nitrogênio total. In: Teixeira 
PC (ed) Manual de métodos de análise de solo, 3rd Edição. 
Embrapa, Brasília

De Deurwaerder H, Hervé-Fernández P, Stahl C, Burban B, Pet-
ronelli P, Hoffman B, Verbeeck H (2018) Liana and tree below-
ground water competition-evidence for water resource partition-
ing during the dry season. Tree Physiol 38:1071–1083. https://​
doi.​org/​10.​1093/​treep​hys/​tpy002

Dobzhansky T (1950) Evolution in the tropics. Am Sci 38:209–221
Dohn J, Dembélé F, Karembé M, Moustakas A, Amévor KA, Hanan 

NP (2013) Tree effects on grass growth in savannas: compe-
tition, facilitation, and the stress-gradient hypothesis. J Ecol 
101:202–209. https://​doi.​org/​10.​1111/​1365-​2745.​12010

Donzelli D, de Michele C, Scholes RJ (2013) Competition between 
trees and grasses for both soil water and mineral nitrogen in dry 
savannas. J Theoret Biol 332:181–190

Ehleringer JR (1984) Intraspecific competitive effects on water rela-
tions, growth and reproduction in Encelia farinosa. Oecologia 
63:153–158. https://​doi.​org/​10.​1007/​BF003​79871

Ewel JJ, Mazzarino MJ (2008) Competition from below for light 
and nutrients shifts productivity among tropical species. Proc 
Natl Acad Sci 105:18836–18841. https://​doi.​org/​10.​1073/​pnas.​
08072​16105

Farrior CE, Bohlman SA, Hubbell S, Pacala SW (2016) Dominance 
of the suppressed: Power-law size structure in tropical forests. 
Science 351:155–157. https://​doi.​org/​10.​1126/​scien​ce.​aad05​92

Fontana A, de Campos DVB (2017) Carbono orgânico. In: Teixeira 
PC, Donagemma GK, Fontana A, Teixeira WG (eds) Manual de 
métodos de análise de solo. Brasília, DF, Embrapa

Fonteyn PJ, Mahall BE (1978) Competition among desert perennials. 
Nature 275:544–545. https://​doi.​org/​10.​1038/​27554​4a0

Fox J, Weisberg S (2019) An {R} Companion to Regression, Third Ed. 
Thousand Oaks CA: Sage. URL: https://​socia​lscie​nces.​mcmas​ter.​
ca/​jfox/​Books/​Compa​nion/

Gagnon E, Bruneau A, Hughes CE, de Queiroz LP, Lewis GP (2016) A 
new generic system for the pantropical Caesalpinia group (Legu-
minosae). PhytoKeys 71:1–160. https://​doi.​org/​10.​3897/​phyto​
keys.​71.​9203

Gebauer RL, Schwinning S, Ehleringer JR (2002) Interspecific compe-
tition and resource pulse utilization in a cold desert community. 
Ecology 83:2602–2616. https://​doi.​org/​10.​1890/​0012-​9658(2002)​
083[2602:​ICARPU]​2.0.​CO,2

https://doi.org/10.1890/14-1002.1
https://doi.org/10.1890/14-1002.1
https://doi.org/10.1146/annurev-ecolsys-121415-032123
https://doi.org/10.1093/pnasnexus/pgac294
https://doi.org/10.1093/pnasnexus/pgac294
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1007/s11104-010-0440-0
https://doi.org/10.1007/s11104-010-0440-0
https://doi.org/10.1111/j.0030-1299.2005.13557.x
https://doi.org/10.2307/1941122
https://doi.org/10.2307/1941122
https://doi.org/10.2307/2265707
https://doi.org/10.1590/S2175-78602013000300017
https://doi.org/10.1590/S2175-78602013000300017
https://doi.org/10.1146/annurev.es.23.110192.000431
https://doi.org/10.1146/annurev.es.23.110192.000431
https://doi.org/10.1093/treephys/tpy002
https://doi.org/10.1093/treephys/tpy002
https://doi.org/10.1111/1365-2745.12010
https://doi.org/10.1007/BF00379871
https://doi.org/10.1073/pnas.0807216105
https://doi.org/10.1073/pnas.0807216105
https://doi.org/10.1126/science.aad0592
https://doi.org/10.1038/275544a0
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.3897/phytokeys.71.9203
https://doi.org/10.3897/phytokeys.71.9203
https://doi.org/10.1890/0012-9658(2002)083[2602:ICARPU]2.0.CO,2
https://doi.org/10.1890/0012-9658(2002)083[2602:ICARPU]2.0.CO,2


914	 Oecologia (2023) 201:901–914

1 3

Gilad E, Shachak M, Meron E (2007) Dynamics and spatial organiza-
tion of plant communities in water-limited systems. Theor Popul 
Biol 72:214–230. https://​doi.​org/​10.​1016/j.​tpb.​2007.​05.​002

Haridasan M (2008) Nutritional adaptations of native plants of the cer-
rado biome in acid soils. Braz J Plant Physiol 20:183–195. https://​
doi.​org/​10.​1590/​S1677-​04202​00800​03000​03

He Q, Bertness MD, Altieri AH (2013) Global shifts towards positive 
species interactions with increasing environmental stress. Ecol 
Lett 16:695–706. https://​doi.​org/​10.​1111/​ele.​12080

Hierro JL, Callaway RM (2021) The ecological importance of allel-
opathy. An Rev Ecol, Evolut System 52:25–45

Jones MB, Muthuri FM (1984) The diurnal course of plant water poten-
tial, stomatal conductance and transpiration in a papyrus (Cyperus 
papyrus L.) canopy. Oecologia 63:252–255

Levine JM, Vila M, Antonio CMD, Dukes JS, Grigulis K, Lavorel S 
(2003) Mechanisms underlying the impacts of exotic plant inva-
sions. Proc R Soc Lond B Biol Sci 270(1517):775–781

Lewis G, Schrire B, Mackinder B, Lock M (2005) Legumes of the 
world. Royal Botanic Gardens, Kew. https://​doi.​org/​10.​1017/​
S0960​42860​61901​98

MacArthur RH (1969) Patterns of communities in the tropics. Biol J 
Lin Soc 1:19–30

Mahall BE, Callaway RM (1991) Root communication among desert 
shrubs. Proc Nat Academy Sci 88:874–876

Martins LSG, Alves RJV (2007) Regeneração Natural do Morro 
Vermelho, Ilha da Trindade. Revista Brasileira De Biociências 
5:39–41

Meron E (2012) Pattern-formation approach to modelling spatially 
extended ecosystems. Ecol Model 234:70–82. https://​doi.​org/​10.​
1016/j.​ecolm​odel.​2011.​05.​035

Nasto MK, Osborne BB, Lekberg Y, Asner GP, Balzotti CS, Porder S, 
Taylor PG, Townsend AR, Cleveland CC (2017) Nutrient acquisi-
tion, soil phosphorus partitioning and competition among trees in 
a lowland tropical rain forest. New Phytol 214:1506–1517. https://​
doi.​org/​10.​1111/​nph.​14494

Oksanen JF, Blanchet GB, Friendly M, Kindt R, Legendre P, McGlinn 
D, Minchin PR, O'Hara RO, Simpson GL, Solymos P, Stevens 
MHH, Szoecs E, Wagner H (2019) vegan: Community Ecology 
Package. R package version 2.5–6. https://​CRAN.R-​proje​ct.​org/​
packa​ge=​vegan.

Oliveira RS, Dawson TE, Burgess SS, Nepstad DC (2005) Hydraulic 
redistribution in three Amazonian trees. Oecologia 145:354–363

Pedroso D, Panisset, JS, Abdo LBB (2017) Climatologia da Ilha da 
Trindade. In: Din M (eds) Protrindade: programa de pesquisas 
científicas na Ilha da Trindade. 10 anos de pesquisas. Secre-
taria da Comissão Interministerial para os Recursos do Mar/
SECIRM–Brasília

Rascher KG, Große-Stoltenberg A, Máguas C, Werner C (2011) 
Understory invasion by Acacia longifolia alters the water bal-
ance and carbon gain of a Mediterranean pine forest. Ecosystems 
14:904–919

Rodiyati A, Arisoesilaningsih E, Isagi Y, Nakagoshi N (2005) 
Responses of Cyperus brevifolius (Rottb.) Hassk. and Cyperus 
kyllingia Endl. to varying soil water availability. Environ Exp Bot 
53:259–269. https://​doi.​org/​10.​1016/j.​envex​pbot.​2004.​03.​018

Russell VL (2016) Least-squares means: the r package lsmeans. J Stat 
Softw 69:1–33

Scanlon BR, Andraski BJ, Bilskie J (2002) Miscellaneous methods 
for measuring matric or water potential. Methods Soil Analysis. 
5:643–670. https://​doi.​org/​10.​2136/​sssab​ookse​r5.4.​c23

Schachtschneider K, February EC (2013) Impact of Prosopis inva-
sion on a keystone tree species in the Kalahari Desert. Plant Ecol 
214:597–605

Schenk HJ (2006) Root competition: beyond resource depletion. J Ecol 
94:725–739. https://​doi.​org/​10.​1111/j.​1365-​2745.​2006.​01124.x

Scholz FG, Bucci SJ, Goldstein G, Meinzer FC, Franco AC (2002) 
Hydraulic redistribution of soil water by neotropical savanna trees. 
Tree Physiol 22:603–612. https://​doi.​org/​10.​1093/​treep​hys/​22.9.​
603

Silva NG, Alves RJV (2011) The eradication of feral goats and its 
impact on plant biodiversity - a milestone in the history of Trin-
dade Island, Brazil. Rodriguesia 62:717–719

Sinclair AG (1973) An ‘AutoAnalyzer’ method for determination of 
extractable sulphate in soil. New Zeal J Agri Res. 16:287–292. 
https://​doi.​org/​10.​1080/​00288​233.​1973.​10421​147

Smith-Martin CM, Xiangtao Xu, Medvigy D, Schnitzer SA, Powers 
JS (2020) Allometric scaling laws linking biomass and rooting 
depth vary across ontogeny and functional groups in tropical dry 
forest lianas and trees. New Phytol 226:714–726. https://​doi.​org/​
10.​1111/​nph.​16275

Teixeira PC, Campos DVB de, Saldanha MFC (2017a) Fósforo 
disponível. In: Teixeira PC, Donagemma GK, Fontana A, 
TeixeiraWG (eds). Manual de métodos de análise de solo, DF 
Embrapa, Brasília

Teixeira PC, Campos DVB de, Bianchi SR, Pérez DV, Saldanha MFC 
(2017b) Cátions trocáveis. In: Teixeira PC, Donagemma GK, 
Fontana A, TeixeiraWG (eds). Manual de métodos de análise de 
solo. 3rd Edição. Brasília, DF. Embrapa. pp. 209–232

Tilman D (1977) Resource competition between plankton algae: an 
experimental and theoretical approach. Ecology 58:338–348. 
https://​doi.​org/​10.​2307/​19356​08

Tilman D (1988) Plant strategies and the dynamics and structure of 
plant communities. Princeton University Press, Princeton. https://​
doi.​org/​10.​1515/​97806​91209​593

Uriarte M, Muscarella R, Zimmerman JK (2018) Environmental het-
erogeneity and biotic interactions mediate climate impacts on 
tropical forest regeneration. Glob Change Biol 24:E692–E704. 
https://​doi.​org/​10.​1111/​gcb.​14000

Vu QV (2011) ggbiplot: A ggplot2 based biplot. R package version 
0.55. http://​github.​com/​vqv/​ggbip​lot.

Wei T, Simko V (2017) R package "corrplot": Visualization of a 
Correlation Matrix (Version 0.84). https://​github.​com/​taiyun/​
corrp​lot

Weidenhamer JD, Romeo JT (1989) Allelopathic properties of Polygo-
nella myriophylla field evidence and bioassays. Journal Chemical 
Ecology 15:1957–1970. https://​doi.​org/​10.​1007/​BF012​07430

Weng X, Guo Y, Tang Z (2022) Spatial-temporal dependence of the 
neighborhood interaction in regulating tree growth in a tropi-
cal rainforest. For Ecol Manage 508:120032. https://​doi.​org/​10.​
1016/j.​foreco.​2022.​120032

Yang J, Song X, Zambrano J, Chen Y, Cao M, Deng X, Zhang W, Yang 
X, Zhang G, Tang Y, Swenson NG, Hector A (2021) Intraspecific 
variation in tree growth responses to neighbourhood composition 
and seasonal drought in a tropical forest. J Ecol 109:26–37. https://​
doi.​org/​10.​1111/​1365-​2745.​13439

Zuur AF, Ieno EN (2016) Beginners guide to zero-inflated models with 
R. Highland Statistics Ltd, Newburgh, UK

Zuur AF, Ieno EN, Meesters E (2009) A Beginner’s Guide to R. 
Springer, New York

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.tpb.2007.05.002
https://doi.org/10.1590/S1677-04202008000300003
https://doi.org/10.1590/S1677-04202008000300003
https://doi.org/10.1111/ele.12080
https://doi.org/10.1017/S0960428606190198
https://doi.org/10.1017/S0960428606190198
https://doi.org/10.1016/j.ecolmodel.2011.05.035
https://doi.org/10.1016/j.ecolmodel.2011.05.035
https://doi.org/10.1111/nph.14494
https://doi.org/10.1111/nph.14494
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.envexpbot.2004.03.018
https://doi.org/10.2136/sssabookser5.4.c23
https://doi.org/10.1111/j.1365-2745.2006.01124.x
https://doi.org/10.1093/treephys/22.9.603
https://doi.org/10.1093/treephys/22.9.603
https://doi.org/10.1080/00288233.1973.10421147
https://doi.org/10.1111/nph.16275
https://doi.org/10.1111/nph.16275
https://doi.org/10.2307/1935608
https://doi.org/10.1515/9780691209593
https://doi.org/10.1515/9780691209593
https://doi.org/10.1111/gcb.14000
http://github.com/vqv/ggbiplot
https://github.com/taiyun/corrplot
https://github.com/taiyun/corrplot
https://doi.org/10.1007/BF01207430
https://doi.org/10.1016/j.foreco.2022.120032
https://doi.org/10.1016/j.foreco.2022.120032
https://doi.org/10.1111/1365-2745.13439
https://doi.org/10.1111/1365-2745.13439

	Competition for water and rapid exclusion of an island endemic by a pantropical species in a tropical climate
	Abstract
	Introduction
	Materials and methods
	Study area and species
	Experimental design
	Dynamics of zones and plant growth
	Allelopathy and soil nutrients
	Soil and leaf water potential

	Statistical analyses
	Dynamics of zones
	Removal experiment
	Fine root abundance
	Potential allelopathic interaction
	Soil nutrients
	Soil water potential (ψwS)
	Leaf water potential (ψwl)

	Results
	Dynamics of zones
	Removal experiment
	Fine root abundance
	Allelopathy
	Soil nutrients
	Soil water potential
	Leaf water potential

	Discussion
	Anchor 27
	Acknowledgements 
	References




