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Abstract Environmental gradients and competition

influence aquatic macrophyte distribution in estuaries.

The competition-to-stress hypothesis states that some

species are excluded from lower estuaries (high

salinity) due to abiotic stress and others from upper

estuaries (low salinity) by competition. The growth of

Crinum americanum L. and Spartina alterniflora

Loisel. in monoculture (10:0/0:10) and mixed culture

(5:5) under different salinity levels (4/12/26) was

analysed by a laboratory experiment (3 cultures 9 3

sediment types 9 3 replicate) to understand the role of

competition and salinity on the distribution of these

species in a tropical estuary as well as to verify

whether the competition-to-stress hypothesis explains

their zonation. We tested the hypothesis that S.

alterniflora is not established in the upper estuary

due to the effect of competition with C. americanum,

whereas the latter presents restrictions to high salinity

and has greater competitive ability in the upper

estuary. Our data confirm the competition-to-stress

hypothesis but not as proposed originally. We con-

clude that abiotic stress (low nutrient availability) is

responsible for the absence of S. alterniflora in the

upper estuary and that the competition between the

two species is responsible for the absence of C.

americanum in the lower estuary.

Keywords Crinum americanum � Spartina
alterniflora � Estuarine gradient � Aquatic
macrophytes � Spatial distribution � Competitive

interaction

Introduction

Estuaries have environmental gradients of nutrient

availability, sediment type, water level and salinity;

these are factors that influence species distribution

because they provide different habitats for aquatic

vegetation occupation (Bertness, 1991). Thus, aquatic

vegetation is distributed with species adapted to higher

salinity in the lower estuarine portion and species

adapted to freshwater in the upper estuarine portion. In

fact, salinity has been considered the main variable

that determines the distribution of aquatic vegetation

in coastal ecosystems (Burgos-Léon et al., 2013;

Ribeiro et al., 2015; Rodrı́guez-Gallego et al., 2015).

However, according to these same authors, other

abiotic factors in addition to salinity such as sediment

nutrient availability, variation in water level and light

intensity are responsible for the distribution of aquatic
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plants in coastal environments (Burgos-Léon et al.,

2013; Rodrı́guez-Gallego et al., 2015). Biotic interac-

tions may also be important factors in the zonation of

aquatic macrophytes in estuarine areas (Barbour,

1978; Crain et al., 2004; Engels & Jensen, 2010;

Guo & Pennings, 2012), and the importance of these

interactions can vary along the salinity gradient

(Greenwood & MacFarlane, 2009).

The distribution of aquatic macrophytes in estuaries

can be explained by the competition-to-stress hypoth-

esis. This hypothesis states that some species are

excluded from the locations nearest to the seashore

due to abiotic stress for their non-adaptation to higher

values of salinity and flooding while other species are

excluded from the locations most distant from the

seashore in lower salinity areas due to competition

(Crain et al., 2004; Engels & Jensen, 2010). In fact, in

many cases, salt tolerance and competitive ability can

be inversely related (La Peyre et al., 2001). According

to the competition-to-stress hypothesis, species with

higher competitive ability but with restrictions to

salinity would occupy oligohaline and freshwater

areas while more salt-tolerant species (halophytes)

and less-competitive species would occur in higher

salinity areas (Crain et al., 2004). However, in the

absence of competitors, many halophyte species can

survive and occur throughout the estuarine salinity

gradient (Bertness et al., 1992; Hellquist & Black,

2010). Therefore, the importance of the influence of

biotic and abiotic factors on plant distribution may

vary depending on the environment and the species in

question (French & Chambers, 1996; La Peyre et al.,

2001). Indeed, the competition-to-stress hypothesis

did not explain the species distribution in the

Altamaha River Estuary (Georgia, USA) according

to Guo & Pennings (2012). These authors demon-

strated that multiple factors and processes are respon-

sible in this estuary for the distribution of aquatic

macrophytes and that the competition-to-stress

hypothesis simplifies these complex processes in

estuarine regions.

The estuaries of southeastern Brazil are colonized

by various aquatic macrophytes species including

Crinum americanum L. (Amaryllidaceae) and Spar-

tina alterniflora Loisel. (Poaceae) (Tararam &

Wakabara, 1987; Biudes & Camargo, 2006; Ribeiro

et al., 2011). In areas with low or no influence of

saltwater in the Itanhaém River Basin (Southeastern

Brazil), several aquatic macrophyte species of

different life forms occur. In areas with higher

salinity (estuary), there are mangrove shrub species

(Rhizophora mangle L., Laguncularia racemosa (L.)

C. F. Gaertn. and Avicennia sp. L.). In the Itanhaém

River Estuary, the aquatic macrophytes C. ameri-

canum and S. alterniflora are distributed with S.

alterniflora forming monospecific banks in the lower

portion, C. americanum monospecific banks in the

upper portion and banks containing the two species

in the estuarine intermediate portion. However, S.

alterniflora is absent and C. americanum is widely

distributed in another estuary with very similar

characteristics and located near the Itanhaém River

Estuary (Ribeiro et al., 2011). In high latitudes,

salinity and competition influence the growth of S.

alterniflora. For example, Crain et al. (2004)

observed that this species is limited by competition

in freshwater habitats, and Medeiros et al. (2013)

observed high growth of S. alterniflora in places

with a high-salinity level and even in competition

with Phragmites australis. The influence of biotic

and abiotic factors on the spatial distribution of

aquatic macrophytes in general and particularly on

S. alterniflora in tropical estuaries is still contradic-

tory. The lack of experimental studies on plant

zonation in tropical estuarine regions can lead to a

generality of the competition-to-stress hypothesis,

which was suggested in middle and high latitudes,

and to its inadequacy for other geographical zones.

Therefore, an experimental study with C. ameri-

canum and S. alterniflora can help demonstrate the

importance of biotic and abiotic factors on macro-

phyte distribution in tropical estuaries.

Thus, the aims of this study were to understand

what mechanisms are responsible for the spatial

distribution of C. americanum and S. alterniflora in

the Itanhaém River Estuary, especially competition

and salinity, and to verify whether the competition-to-

stress hypothesis explains the distribution of these two

species. The hypothesis we tested was that the

halophyte S. alterniflora could develop in low-salinity

environments, but it would not be established in the

oligohaline environment due to the competition effect

with C. americanum. Meanwhile, C. americanum

would not tolerate higher salinity (salt stress) but

would have greater competitive ability in low-salinity

environments. To test this hypothesis, we conducted a

laboratory experiment evaluating the growth of these

species.
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Materials and methods

Study area

The estuarine region of the Itanhaém River Basin

(southern coast of São Paulo State, Southeastern

Brazil) (Fig. 1) is influenced by a tidal regime with a

mixture of freshwater and saltwater that sets a salinity

gradient in the rivers (Camargo et al., 2002). The study

area is characterized by a small seasonal variation in

climate (mean summer precipitation = 256.4 mm and

mean winter precipitation = 92.7 mm; mean summer

temperature = 27.9�C and mean winter tempera-

ture = 21.1�C) and limnologic characteristics, the

absence of seasonal flooding pulses, a small change in

the water level due to micro-tides (maximum tidal

amplitude of 1.50 m) and rainfall in short time periods

(Camargo & Florentino, 2000).

Crinum americanum and S. alterniflora banks

occur in three portions along the estuarine salinity

gradient. Monospecific banks of S. alterniflora are

located in the lower estuarine portion from the estuary

mouth to approximately 5 km upstream (Euryhaline

condition/Lower estuary). Mixed banks of C. ameri-

canum and S. alterniflora are located in the interme-

diate portion between 5 and 6 km from the estuary

mouth (Mesohaline condition/Middle estuary), and

monospecific banks of C. americanum are located in

the upper estuarine portion between 6 and 12 km from

the estuary mouth (Oligohaline condition/Upper estu-

ary) (Fig. 1).

Experiment

We developed a completely randomized experiment

lasting 174 days (when the biomass of all treatments

became constant) in a greenhouse comprising two

factors (culture 9 sediment type) to evaluate the

growth of both species under different salinity levels

and in monoculture and mixed culture. We used three

Fig. 1 The maps of South America (A) and São Paulo STATE

(B), highlighting the Itanhaém River Estuary Drainage (C). The
black arrows indicate the locations of the aquatic macrophytes

banks. 1 Monospecific banks of S. alterniflora in the lower

estuary, 2 mixed banks of S. alterniflora and C. americanum in

the middle estuary and 3 monospecific banks of C. americanum

in the upper estuary
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salinity levels in monospecific cultures of C. ameri-

canum and S. alterniflora and in mixed culture with

the two species. The sediment used as a substrate to

evaluate the plant growth in the experiment was

collected near the banks of the two species located in

the lower, middle and upper portions of the Itanhaém

River Estuary. In the same places, we collected

sediment samples in triplicate to determine the salinity

level (salinometer PS Corning), total nitrogen (Mack-

ereth et al., 1978), total phosphorus (Golterman et al.,

1978), organic matter percentage (mufla oven incin-

eration) and granulometry (Suguio, 1973).

We collected young (0.50 m) and healthy C. amer-

icanum and S. alterniflora individuals from the inter-

mediate estuarine portion. The individuals were then

planted in plastic boxes (experimental units) with a

volume of 26 l and an area of 0.13 m2 in triplicate. The

initial total density, similar to that observed in the field,

was 10 individuals per experimental unit, 10:0 and 0:10

in the monoculture treatments and 5:5 in the mixed

culture treatment (3 cultures 9 3 sediment types 9 3

replicas = 27 experimental units). The experimental

units were watered with tap water to maintain the

approximate level of 2.0 cm above the sediment

surface, similar to the adapted method of La Peyre

et al. (2001). The values of salinity, total nitrogen, total

phosphorus and organic matter percentage were not

monitored throughout the experiment.

To estimate the plant aboveground and below-

ground biomass in the experiment, we collected 70

individuals each of C. americanum and S. alterniflora

of different sizes. In the laboratory, we obtained the

width and length measurements of the leaves for

calculating the aboveground fraction area through the

calculation formula of a triangular area for the two

species, which provides the most approximate geom-

etry of the species leaves. For S. alterniflora, we also

determined stem length and the average stem perime-

ter of each individual (cylinder side area) to calculate

the stem area. For the belowground fraction, we

obtained root and rhizome volumes by measuring

water displacement in a graduated recipient. The

plants were dried in an oven at 60�C to constant

weight. We estimated the aboveground and below-

ground fraction dry weight of the two species by a

simple linear regression equation between area and

dry mass (Eqs. 1, 2) and between volume and dry mass

(Eqs. 3, 4), respectively. The models we found were:

C: americanum aboveground DM

¼ 87:079� area � 0:3672 ðR2 ¼ 0:8329Þ ð1Þ

S: alterniflora aboveground DM

¼ 180:6353� area � 0:06458 ðR2 ¼ 0:8343Þ ð2Þ

C: americanum belowground DM

¼ 0:0504� volumeþ 1:241 ðR2 ¼ 0:9315Þ ð3Þ

S: alterniflora belowground DM

¼ 0:0932� volumeþ 0:3244 ðR2 ¼ 0:7965Þ ð4Þ

After planting, we waited 15 days for the aquatic

macrophytes to acclimatize, and then we performed

measurements of the plant aboveground area on days

16, 31, 55, 70, 84, 97, 118, 142 and 174. The

belowground volume was assessed at the beginning

and at the end of the experiment against the initial data

corresponding to the date of planting (day 0). To

obtain the values of the plant aboveground and

belowground biomass, we used the regression equa-

tions cited above.

The simple linear regression model between above-

ground biomass and time was adjusted for each

replicate of the variation in aboveground biomass of

C. americanum and S. alterniflora in the treatments.

The slope, that is, the measurement of ‘‘intensity’’ or

‘‘speed’’ growth through the regression line slope, was

used to analyse the response of the plant aboveground

biomass in the monocultures and mixed cultures under

the three salinity levels.

To compare, in relative terms, the growth of the

aboveground fraction of C. americanum and S.

alterniflora in the mixed culture under different

salinity levels, we calculated the values of the relative

aboveground biomass (RAB) according to Kenkel

et al. (1991) (Eq. 5).

RABax ¼ ABax=ðABax þ ABbxÞ; ð5Þ

where RABax is the relative aboveground biomass of

the species a in mixed culture x; ABax is the

aboveground of the species a (gDM m-2) in mixed

culture x; and ABbx is the biomass of the species

b (gDM m-2) in mixed culture x.

We evaluated the variation in plant belowground

fraction in the experiment through the gain in

belowground biomass using the following equation

(Eq. 6):
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GBBax ¼ Bfax�Biax; ð6Þ

where GBBax is the gain in belowground biomass

(gDM m-2) of the species a in the treatment x; Bfax is

the final biomass (gDM m-2) of the species a in the

treatment x; and Biax is the initial biomass (gDM m-2)

of the species a in the treatment x.

Data analysis

We elaborated the aboveground fraction growth curves

of the two species using the mean values and standard

deviation of aboveground biomass and adjusted the

variation in aboveground biomass to the linear regression

model using GraphPad Prism 5.0 software (GPW5-

066646-RCG7389) (GraphPad Software, 2007).

Then, we verified the existence of significant

differences (P\ 0.05) among the slope values of the

variation in aboveground biomass and among the gain

in the belowground biomass of C. americanum and S.

alterniflora under different cultures and salinity levels

(slope = response variable; culture and sediment

type = categorical predictors). Initially, we evaluated

and confirmed that the conditions of normality and

homoscedasticity had been met, and then we applied

the analysis of variance (Factorial ANOVA) and the

Tukey’s test a posteriori.

In addition, we verified the existence of significant

differences (P\ 0.05) among the total-N, total-P and

organic matter content and the very fine sand, silt and

clay percentages in the sediment of each estuarine

portion. We also evaluated and confirmed that the

assumptions were met; then, we applied the analysis of

variance (one-way ANOVA), followed by Tukeýs

test. The statistical analyses were performed using

Statistica 7.1 software (SN AX505B150718FA)

(StatSoft, 2005).

Results

The sediment salinity values in the three banks located

on the Itanhaém River Estuary were significantly

different, with higher salinity in the lower estuary,

intermediate salinity in the middle estuary and lower

salinity in the upper estuary (Table 1).We began using

the approximate average values to note the salinity

levels throughout this study, which were 26 (lower

estuary), 12 (middle estuary) and 4 (upper estuary).

The granulometry of the banks located in the lower,

middle and upper estuary were significantly different.

The upper estuary sediment showed the smallest silt

and clay percentage and the highest percentage of very

fine sand (Table 1). The sediment total-N and total-P

content were significantly greater in the middle

estuary than in the upper and lower estuaries

(Table 1).

The growth curves of the aboveground biomass of

C. americanum (Fig. 2) and S. alterniflora (Fig. 3)

show that the two species grew differently in different

sediments and in a monoculture versus in a mixed

culture. At salinity level 4, the growth of C. ameri-

canum was similar in the monoculture and the mixed

culture, but at salinity levels 12 and 26, the growth of

this species in the monoculture was higher than in the

mixture. C. americanum exhibited stronger growth at

salinity level 12 and in the monoculture (Fig. 2). At

salinity level 4, S. alterniflora suffered a drastic

reduction in aboveground biomass, reaching zero

biomass. The growth of S. alterniflora was high in

salinity levels 12 and 26 in both the monoculture and

the mixed culture (Fig. 3).

Although salinity and nutrient levels may have

changed during the experiment due to mechanisms of

absorption, retention and excretion (Liphschitz et al.,

1974;Kao et al., 2003; Céccoli et al., 2015),we consider

that the results on the plant growth are consistent

allowing the conclusions presented in this paper.

The results of the factorial ANOVA applied to the

slope values of the variation in aboveground biomass

of both species in the different treatments showed that

for C. americanum, the interaction term was signifi-

cant (Factorial ANOVA: culture—df: 1/F: 46.68/

P\ 0.01; sediment type—df: 2/F: 38.68/P\ 0.01;

interaction—df: 2/F: 19.25/P\ 0.01), indicating that

the slope values were significantly different between

culture and sediment type. Tukey’s test indicated that

the slope value was significantly higher in the

treatment with intermediate-salinity level and in the

monoculture than in the mixed culture. There was no

significant difference between cultures at salinity

levels 4 and 26 (Table 2). For S. alterniflora, the

interaction term was not significant (Factorial

ANOVA: culture—df: 1/F: 0.58/p[ 0.05; sediment
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type—df: 2/F: 92.98/P\ 0.01; interaction—df: 2/F:

1.09/p[ 0.05), indicating no significant difference

between the slope values in the monoculture or mixed

culture at all salinity levels (Table 3).

There was an increasing trend of the RAB of S.

alterniflora and a concomitant reduction of the RAB

of C. americanum in the mixed culture at salinity

levels 12 and 26 until day 31; after this period, there

was a relatively constant proportion of aboveground

biomass throughout the experiment (Fig. 4). At salin-

ity level 26, the S. alterniflora proportion of above-

ground biomass in the culture reached high values

(between 0.77 and 0.87), and the opposite trend

occurred at salinity level 4, in which the RAB of C.

americanum (between 0.64 and 0.98) increased while

that of S. alterniflora decreased (Fig. 4).

The interaction term of the factorial ANOVA

applied to the GBB of C. americanum (Factorial

ANOVA: culture—df: 1/F: 52.79/P\ 0.01; sediment

type—df: 2/F: 33.99/P\ 0.01; interaction—df: 2/F:

7.60/P\ 0.01) and of S. alterniflora (Factorial

ANOVA: culture—df: 1/F: 18.29/P\ 0.01; sediment

type—df: 2/F: 226.94/P\ 0.01; interaction—df: 2/F:

5.93/P\ 0.05) was significant, indicating that the

GBB of the two species was significantly different

between culture and sediment type. Tukey’s test

indicated that the GBB of C. americanum was signif-

icantly higher, at salinity level 12, and in the mono-

culture in relation to the GBB at salinity levels 4 and 26

in both in themonoculture andmixed culture (Fig. 5a).

Tukey’s test indicated that the GBB of S. alterniflora

was also significantly higher at salinity level 12 and in

monoculture in relation to the GBB in the other

treatments. At salinity level 4, S. alterniflora presented

a significantly lower GBB in both the monoculture and

mixed culture than in the other treatments (Fig. 5b).

Discussion

Based on the results obtained in this experiment, we

accepted the hypothesis that the competition-to-stress

hypothesis may explain the distribution of C. amer-

icanum and S. alterniflora in the Itanhaém River

Estuary but not as proposed by Crain et al. (2004) and

Engels & Jensen (2010). According to the hypothesis

proposed by these authors, we hypothesized that the S.

alterniflora halophyte could develop in low-salinity

environments but not in the oligohaline environment

due to the effect of the competition with C. ameri-

canum and that C. americanum would not occur in the

lower estuary for being unable to tolerate higher

salinity (salt stress). The aboveground biomass mor-

tality and the reduced gain in belowground biomass of

S. alterniflora observed in monoculture showed that

this species does not grow in sediments with a low-

salinity level (salinity level 4). Thus, our results

counter the studies that indicate greater halophyte

growth with reduced salinity in the absence of

competition (Crain et al., 2004; Touchette, 2006;

Engels & Jensen, 2010).

Some authors suggest that S. alterniflora requires

relatively high concentrations of sulphur for growth

(Stribling, 1997; Castillo et al., 2005). Because

sulphate availability varies positively with salinity

gradient in the environment (Stribling, 1997), the

lower sulphate availability was probably a limiting

factor to the development of S. alterniflora in the low-

salinity condition in our experiment. Furthermore, at

the lower salinity level, we observed reduced sediment

total-N and total-P availability. Some studies indicate

that nitrogen is limiting to S. alterniflora (Smart &

Barko, 1980; Darby & Turner, 2008), especially

regarding the development of its aboveground fraction

Table 1 Mean values (standard deviation) of sediment salinity level, total-N, total-P and organic matter content and very fine sand,

silt and clay percentage in the Lower, Middle and Upper Itanhaém River Estuary

Lower estuary Middle estuary Upper estuary

Salinity 25.88 (0.31) a 11.55 (0.49) b 4.33 (0.41) c

Total-N (%Dry mass) 0.221 (0.035) b 0.302 (0.034) a 0.170 (0.025) c

Total-P (%Dry mass) 0.013 (0.001) b 0.019 (0.002) a 0.010 (0.001) c

Organic matter (%Dry mass) 9.14 (0.77) b 13.80 (1.67) a 6.21 (1.45) c

Very fine sand (%) 42.54 (1.62) c 48.72 (1.61) b 65.98 (1.96) a

Silt and clay (%) 29.88 (1.95) a 30.90 (1.87) a 15.32 (1.53) b

Distinct letters indicate significant differences (P\ 0.05)
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(Darby & Turner, 2008), whereas the belowground

fraction tends to be limited by phosphorus. Sediments

with a higher sand content and lower clay content are

also unfavourable to the growth of aquatic macro-

phytes (Touchette, 2006; Martin & Coetzee, 2014).

Tropical estuaries have higher nutrient availability and

a lower salinity level than middle- and high-latitude

estuaries (Eyre & Balls, 1999). This fact may be

related to the absence of S. alterniflora in oligohaline

areas in our tropical estuary and to the presence of this

species in oligohaline estuarine areas in temperate

Fig. 2 Mean values and standard deviation of aboveground

biomass and growth curves of C. americanum in the monocul-

ture (open squares) and the mixed culture (black squares) at

salinity levels 4 (a), 12 (b) and 26 (c)

Fig. 3 Mean values and standard deviation of the aboveground

biomass and growth curves of S. alterniflora in the monoculture

(open square) and in the mixed culture (black square) at salinity

levels 4 (a), 12 (b) and 26 (c)

Hydrobiologia (2018) 812:67–77 73

123



regions. Thus, the absence of S. alterniflora and its

lack of growth under oligohaline conditions in the

Itanhaém River Estuary can be justified by the limiting

nutrients (N, P and S) associated with sediments with a

lower silt and clay percentage and not because of its

lower competitive ability in oligohaline environments.

In our experiment, C. americanum grew in sedi-

ments with higher salinity, which would allow the

presence of this species in the lower estuary. Some

authors have considered this species to be tolerant to

salinity (Meerow et al., 2003; Ribeiro et al., 2011). In

fact, in an estuary on the northern coast of São Paulo

State (Brazil), C. americanum is the most abundant

aquatic macrophyte species near the estuary mouth

(Ribeiro et al., 2011). Our experimental results

showed that the growth of C. americanum in mono-

culture was similar for both high- (26) and interme-

diate- (12) salinity levels, and we did not verify

significant differences between the slope values at

salinity levels 26 and 4. The gain in belowground

biomass in the monoculture was not significantly

different between salinity levels 26 and 4 either. These

results indicate that this species can grow at high

salinity. Our results also show that in sediments with

higher salinity and in the mixed culture, the gain in

belowground biomass of C. americanum is lower than

Table 2 Mean values (standard deviation) of the slope of the

aboveground biomass variation (Slope) and coefficient of

determination (R2) in the C. americanum monoculture and

mixed culture from the values obtained from the adjustment of

the linear regression model of each treatment replica

Culture Salinity Slope R2

Monoculture 4 0.594 (0.315) b 0.71 (0.23)

12 2.984 (0.404) a 0.89 (0.08)

26 0.741 (0.241) b 0.96 (0.01)

Mixed culture 4 0.217 (0,122) b 0.59 (0.30)

12 0.704 (0.213) b 0.52 (0.13)

26 0.404 (0.050) b 0.92 (0.02)

Distinct letters indicate significant differences (P\ 0.05)

Table 3 Mean values (standard deviation) of slope of the

variation in aboveground biomass (Slope) and coefficient of

determination (R2) in the S. alterniflora monoculture and

mixed culture from the values obtained from the adjustment of

the linear regression model of each treatment replica

Culture Salinity Slope R2

Monoculture 4 -0.400 (0.251) b 0.58 (0.11)

12 2.331 (0.489) a 0.46 (0.10)

26 3.232 (0.270) a 0.46 (0.05)

Mixed culture 4 -0.220 (0.055) b 0.73 (0.01)

12 2.226 (0.510) a 0.44 (0.09)

26 2.679 (0.356) a 0.92 (0.04)

Distinct letters indicate significant differences (P\ 0.05)

Fig. 4 Mean values and standard deviation of the relative

aboveground biomass of C. americanum (open circle) and S.

alterniflora (black circle) in the mixed culture at salinity levels 4

(a), 12 (b) and 26 (c)
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in the monoculture. In addition, the growth of this

species at higher salinity and the mixed culture is

lower than the growth in the monoculture, suggesting

that the growth of this species under euryhaline

conditions can be limited by S. alterniflora. In the

mixed culture and at higher salinity levels, the

aboveground biomass proportion of S. alterniflora

was higher (0.77–0.87) than that of C. americanum

(0.13–0.23), which indicates a tendency of asymmet-

rical competition. Asymmetrical competition has been

found in experiments with other species of aquatic

macrophytes (Henry-Silva & Camargo, 2005; Ying-

biao Zhi et al., 2007; van Gerven et al., 2015); thus,

this type of interaction appears to be useful for

explaining plant distribution in aquatic ecosystems.

Thus, the absence of C. americanum in the lower

Itanhaém River Estuary is probably due to competitive

interaction with S. alterniflora, which is a more

efficient competitor under conditions of higher

salinity.

The estuarine portion with the mesohaline sedi-

ment, in which the mixed bank was located, has a

higher availability of nutrients in relation to other

portions, and in our experiment, this sediment proved

to be more favourable for the development of aquatic

macrophytes. In fact, both species reached high slope

values and a high gain in belowground biomass in the

monoculture at this salinity level. Similar results were

observed in a study by Guo & Pennings (2012), where

under experimental conditions, the halophytes S.

alterniflora and Batis maritima also showed high

biomass under brackish conditions in a monoculture.

Our results of the growth of C. americanum and S.

alterniflora in the mixed culture at sediment salinity

level 12 showed that the growth of S. alterniflora was

not affected by the presence of C. americanum;

however, its growth was reduced by the presence of

S. alterniflora, while the species affected each other

regarding belowground biomass. Thus, under meso-

haline conditions, asymmetric competition occurs for

the aboveground biomass and symmetrical competi-

tion occurs for the belowground biomass. These

experimental results indicate that under mesohaline

conditions, S. alterniflora has a competitive advantage

over C. americanum in relation to the aboveground

fraction, which conflicts with the occurrence of mixed

banks in the intermediate portion of the Itanhaém

River Estuary. However, although both species occur

in the estuarine portion, S. alterniflora occurs in

deeper locations and is therefore subject to greater

variation in water level, whereas C. americanum

occurs in shallower locations. It is probable that the

variation in water level is responsible for the occur-

rence of C. americanum in shallower locations and is

subject to less variation in water level. In fact, Ribeiro

et al. (2011) observed that in areas subjected to greater

flooding, this species is absent in an estuary located

near the Itanhaém River Estuary.

Our results differed from those expected according

to the competition-to-stress hypothesis (Crain et al.,

2004; Engels & Jensen, 2010); that is, our results from a

tropical estuary differed from those in middle- or high-

latitude estuaries or salt marshes (Crain et al., 2004;

Pennings et al., 2005; Engels & Jensen, 2010; Guo &

Pennings, 2012). Some factors can drive the geographic

variation of ecological process because some abiotic

factors are extremely affected by climatic factors

(Pennings & Bertness, 1999). Tropical estuaries might

be much wetter with more annual precipitation com-

pared with estuaries in temperate regions. For example,

in the Itanhaém River Estuary, the mean annual

Fig. 5 Mean values and standard deviation of the Gain in

Belowground Biomass (GBB) (g dry mass m-2) of C.

americanum and S. alterniflora in the monoculture (white bar)

and the mixed culture (black bar) at salinity levels 4, 12 and 26.

Distinct letters indicate significant differences (P\ 0.05)
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precipitation is 2,030 mm while in the Elbe Estuary

(Germany), the study area of Engels & Jensen (2010),

this value was 750 mm. Thus, in tropical estuaries, the

effect of high solar radiation intensity is attenuated by

high precipitation; therefore, salt stress is alleviated in

such environments (Eyre & Balls, 1999). Another

question is that tropical estuaries are more nutrient

limited than the temperate estuaries (He & Silliman,

2015) because the constant rainfall in the tropics causes

the leaching of sediment material (Eyre & Balls, 1999).

Therefore, as suggested by Pennings et al. (2005), we

can highlight that the mechanisms responsible for plant

zonation in estuaries (competition and stress) may be

general, but the importance of the processes and abiotic

factors that cause stress (salinity, flooding and nutrient

availability) can vary geographically.

In conclusion, our data confirm that the competi-

tion-to-stress hypothesis explains the distribution of S.

alterniflora and C. americanum in the Itanhaém River

Estuary but not as proposed by Crain et al. (2004) and

Engels & Jensen (2010). These authors proposed that

some species are excluded from the nearest locations

to the seashore due to abiotic stress, while other

species are excluded from the upper estuary due to

competition. However, our results show that the

abiotic stress is responsible for the absence of S.

alterniflora in the upper estuary probably as a result of

the low concentrations of nitrogen and phosphorus, the

low organic matter percentage and the higher sand

percentage. The competition between the two species

is responsible for the absence of C. americanum in the

lower estuary probably because, in this portion of the

estuary, S. alterniflora is a better competitor.
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