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Abstract

Understanding how environmental factors and short-term evolution affect the growth of invasive plants is a central issue in
Invasion Biology. For macrophytes, salinity is one of the main factors determining distribution along estuarine environments.
Urochola arrecta is a Poaceae with high invasive potential in several freshwater and estuarine ecosystems. In South Brazil-
ian estuaries, this species is found sparsely in mangroves, and invades successfully freshwaters and areas with low salinity.
We experimentally described the U. arrecta tolerance to salt. Furthermore, we tested if the response to the saline gradient
depends on the population origin, through an experiment with populations inhabiting estuarine and freshwater ecosystems.
We designed the experiment with three populations of this species, expecting that estuarine populations were more resistant
to salinity. Plants grew in a salinity gradient and after 40 days we measured macrophytes biomass and length. Salinity was
highly stressful for U. arrecta independently of its origin. Even so, plant growth differed significantly among populations.
Despite higher growth, the population originated from freshwater habitats presented the fastest decrease in performance indi-
cators with increasing salinity. This result indicates short-term evolutionary changes because all populations grew common-
garden conditions in our experiment. Furthermore, salinity did not prevent the full establishment of this plant, since almost
all propagules developed roots even in the saline treatments. Differences among populations suggest that invasion potential
of this species can be higher than predicted by the environmental conditions of current invaded sites. Constant monitoring
in estuarine invaded ecosystems is central to manage invasions in critical ecosystems, such as mangroves areas.
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Introduction

Macrophytes play important ecological roles, but some spe-
cies become invasive and threat aquatic environments. The
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invasion process generally occurs after the introduction of
exotic species in environments with high levels of anthropo-
genic impacts (Elton 1958). Invasive species can be superior
competitors and reduce the growth of native species, with
potential to drive local extinctions (Wilcove et al. 1998;
Byers 2002). Consequently, biological invasions can cause
directional loss of endemic and rare species in detriment of
generalist species, a process known as biotic homogeniza-
tion (McKinney and Lockwood 1999). Apart from that, the
excessive growth of invasive macrophytes can also affect
ecosystem functions and services in several fashions (Flood
et al. 2020), decreasing oxygen levels (Madsen et al. 1991;
Madsen 2005), damaging water supplies (Ndimele et al.
2011), and affecting aesthetics or recreation activities in
rivers (Monterroso et al. 2010). In view of the problems
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caused by invasive macrophytes, the comprehension of envi-
ronmental factors that restrict their occurrence is of great
importance for predictions and management.

Invasive macrophytes may face a myriad of environmen-
tal filters in the invaded ranges, including stressful condi-
tions present in sediment and water features (e.g., underwa-
ter light and low nutrient concentrations), lake morphometry
(e.g., long fetches), competition with natives and predation
(e.g., Thomaz et al. 2015; Gufu et al. 2019). In estuarine
habitats, salinity is a key factor determining macrophyte
distributions (Nunes and Camargo 2016) and interacting
with invasive macrophytes colonization. For example, the
stressful conditions of high salt concentrations may impact
negatively the expansion of freshwater macrophytes (Thou-
venot and Thiebaut 2018) but it can increase the likelihood
of invasion by species adapted to saline habitats (Xue et al.
2018).

Environmental filtering is a result of evolutionary pro-
cesses, making possible that short-term evolutionary
changes explain the colonization history and physiological
tolerance of potentially invasive organisms in environments
with apparent adverse conditions (Thomas et al. 2001; Phil-
lips et al. 2006; Lee et al. 2007). Evolutionary changes can
occur in short periods of time, particularly in anthropogenic
changed environments (Carrol et al. 2007). Selective pres-
sures in relatively short periods of time can result in substan-
tial changes among populations of a same species, allowing
certain populations to colonize unfavorable areas (Filchak
et al. 2000; Hendry et al. 2000; Schwarz et al. 2005; Hendry
et al. 2007). In this sense, common garden experiments help
to understand whether variation in performances of popu-
lations from the same species are explained by selection
of plant traits to the new environment as a consequence of
short-term evolutionary processes (Strauss et al. 2006; Car-
rol et al. 2007). This approach has been applied to a myriad
of invasive terrestrial and aquatic organisms, but it is far less
studied for macrophytes.

Macrophytes invasions occur both in freshwater (Fer-
nandes et al. 2013; Amorim et al. 2015) and estuarine
(Aragjo 2017) environments in tropical regions, where
they are of special concern in view of the high biodiver-
sity of these ecosystems. For example, the Poaceae Uroch-
loa arrecta (Hack. ex T.Durand and Schinz) Morrone and
Zuloaga invades successfully and cause serious damages in
aquatic Neotropical ecosystems (Pott et al. 2011; Fernandes
et al. 2013; Amorim et al. 2015), having a particularly nega-
tive effect on native macrophyte biodiversity (Michelan et al.
2010a; Amorim et al. 2015). This macrophyte is native to
Africa and was introduced in South America probably as a
forage crop, however its accurate global invasion history is
still uncertain (Wipff and Thompson 2003). U. arrecta is
adapted to wet soils and flooded regions, intensively colo-
nizing artificial and natural aquatic environments in Brazil
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(Pott et al. 2011; Carniatto et al. 2013; Fernandes et al. 2013;
Aratjo 2017). Once established, the macrophyte roots in the
shores and develop floating steams that extend toward the
limnetic regions, accumulating higher biomass than similar
natives, what enhances its impacts on native fauna and flora
(e.g., Carniatto et al. 2013; Amorim et al. 2015). Interest-
ingly, although U. arrecta apparently prefers freshwaters,
it also colonizes estuarine ecosystems of Brazilian regions,
such as the Guaraguagu River (Aradjo 2017) and other
estuarine habitats in South Brazil (Bornschein et al. 2017).
However, its presence along the Guaraguacu River course
is uneven: large beds develop in low-salinity and freshwater
stretches of this river, whereas only few small beds occur
in saline mangroves (Aratjo 2017). Therefore, one of the
possible causes for this heterogeneous distribution can be
related to the wide saline gradient of the river (Aradjo 2017).
Indeed, salinity is considered one of the main factors influ-
encing vegetation distribution along estuarine environments
in aquatic systems (Burgos-Léon et al. 2013; Ribeiro et al.
2015; Rodriguez-Gallego et al. 2015; Nunes and Camargo
2016). Even so, physiological tolerance of this species seems
to be high, given the variety of aquatic ecosystems invaded
(Carniatto et al. 2013; Fernandes et al. 2013; Amorim et al.
2015). Particularly for salinity tolerance, we did not find
information for this species, but it has already been shown
high tolerance to salinity in four grasses phylogenetic similar
to U. arrecta (Kopittke et al. 2009). According to Kopittke
et al. (2009), metabolic activity was severely affected by
increase in salinity concentration, although a threshold
for survival could not be established, and neither a linear
decrease in performance of these macrophytes with increas-
ing salinity. Given the different responses of macrophytes
similar to U. arrecta to salt stress, this could indicate that
different populations of U. arrecta may respond differently
to environmental gradients, including salinity. However,
whether the different responses have a genetic basis, result-
ing from selective pressures over short-term scales, is an
open question.

In this work we tested the physiological tolerance of U.
arrecta to salinity. For that, we experimentally compared
the responses of populations that invaded freshwater-only
ecosystems in South Brazil with populations of the estuarine
Guaraguacu River. Therefore, we verified if there were pos-
sible adaptive differences in relation to salinity. Using both
an ecological and an evolutionary view, we expected that the
physiological response of U. arrecta to variations in salin-
ity depends on how long the populations of this species are
exposed to salinity. If this is the case, higher colonization in
saline areas can be a matter of time. The following hypoth-
eses were tested: (1) salinity limits U. arrecta growth and
colonization, and (2) populations of estuarine regions are
more resistant to high salinity than populations originated
from freshwaters.
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Methods
Study sites and samplings

Urochloa arrecta populations were sampled in two
areas of the State of Parana, South Brazil: the estuarine
Guaraguacu River, and the freshwater hydropower Res-
ervoir ‘Rosana’, in the Parapanema River, South Brazil
(Fig. 1). The Guaraguacu River springs are located in
Serra da Prata, one of the most important mountain sets
of “Serra do Mar”, and its outfall is in Paranagud bay,
a major bay in South Brazil. It is approximately 60 km
long, it is navigable and used for fishery, water supply and
tourism. Along its course there are some well-preserved
forest areas including one conservation unit (see www.iap.
pr.gov.br). However, the river suffers with anthropogenic

impacts, resulting in exotic species introductions (Vitule
et al. 2006).

The Rosana Reservoir is located in the Paranapanema
River, South Brazil (Fig. 1). The dam was closed in 1987
and it has an area of 220 km? and 116 km of extension. There
are two conservation units along its perimeter; however, the
region is submitted to high anthropogenic impacts, such as
pasture implementations and agriculture activities (Nogue-
ira et al. 2001). The Reservoir has a well developed littoral
zone (Julio Janior et al. 2005) where Urochlos arrecta grows
among other native and non-native macrophytes.

Three different populations of U. arrecta were collected.
Two of them were originated from the Guaraguagu River,
but at two distinct locations (25° 40’ 25.8" S 48° 30’ 47.9"
W—on day 06/04/2018; and 25°36°01.8" S 48°29°42.4"
W—days 18/05/2018 and 17/09/2018). The first popula-
tion (GN) was sampled in a freshwater sampling station
(undetected levels of salinity, according to measurements

Fig. 1 Guaraguagu River and
Rosana Reservoir with the
sampling sites (green dots).
RO - site where samples
were obtained in the Rosana
Reservoir; GS — site near the
estuary, with constant high |
salinity, where GS population

was sampled; GN — site far from

the estuary with predominance

of frehwhater (undetected levels

of salinity). The linear distance

between sampling points in

the Rosana Reservoir and the

Guaraguagu River is of ca. |
556 km

Rosana

Rosana Reservoir

56 k!

GS

Guaraguagu River

[ Parana
Brazil
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in several dates of 2018). According to information obtained
with locals, it is possible that salinity levels of that loca-
tion increase in extreme tides events. The second population
(GS) was sampled in a mangrove region, with constantly
high salinity—around 5SmS/cm (measurements from several
dates of 2018) (Fig. 1). The third population (RO) was sam-
pled in the Rosana Reservoir, located ca. 550 km from the
estuarine regions and with no record of any salt water, at the
coordinates between 2° 33" 37.94" S 52° 48’ 48.09" W-22°
34"11.63" S 52° 45" 2.07" W and 22° 37" 29.07" S 52° 51’
3.00" W-22°40"5.37" S 52°46' 46.46" W (Fig. 1), on April
17th, 2017. After sampling stems of all populations, they
were taken to the greenhouse at the ‘Universidade Estadual
de Maringd’ (Maring4, Paran4, Brazil) and cultivated under
no salinity and standard sediment conditions until the begin-
ning of the experiment (September/2018).

The experiment

An average minimum temperature of 22 °C, an average
maximum temperature of 28 °C and an average light inten-
sity of 254.9 Ix were estimated along all experimental days
at the greenhouse. The experiment started in September of
2018 and each population was planted in 1 L plastic pots.
We used in each pot 400 g of soil obtained near the green-
house, which is considered adequate for the development of
U. arrecta as demonstrated in previous experiments (e.g.,
Bando et al. 2016). Initially, we added 300 ml of tap water
to each pot. All units were watered daily aiming to keep the
sediment always moist and ca. 1-3 cm water layer in the
pots.

A pilot test was conducted to reassure the sediment
choice. Since each population was collected in a different
location, we aimed to ensure that no populations would have
their growth influenced by the sediment origin. In this first
test, all three populations were planted in standard sedi-
ment from the greenhouse, and sediment provided from the
Guaraguacu River (sampled together with plants). During
approximately 1 month the plant growth was observed. All
populations developed in both types of sediment, and thus
the standard sediment from the greenhouse was selected for
the common garden experiment.

Two propagules with two nodes each were taken from
intermediate portions of the U. arrecta individuals and
planted in each pot. Four salinity levels were adopted, add-
ing NaCl to the water and mixing with the sediment. The
amount of NaCl added was done to control conductivity
in the interstitial sediment water (i.e., pore-water conduc-
tivity), since U. arrecta is a rooted emergent species that
consequently is affected by sediment features (Fasoli et al.,
2015). Conductivity values were: near O (i.e. the control,
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without salt addition); 2.5; 5 and 7.5 mS/cm. The choice for
these values was made based on the fact that the GS popu-
lation was present in a region with maximum pore-water
conductivity of 5 mS/cm. Therefore, we aimed to analyze
the population growth in lower and higher salt concentra-
tions than the maximum one found in the field. To achieve
the above salinity levels we added 0.84 g, 1.27 and 2.00 g of
pure NaCl, respectively, to the pots. To estimate the pore-
water conductivity measurements, the damped sediment was
passed through a cloth filter and then the conductivity of this
filtered water was measured with a portable conductivity
meter. All conductivities were set and measured before the
experiment. There was no plant or sediment replacement
during the experiment. Ten replicates of each treatment were
performed, totalizing 120 units (4 salinity levels X 3 popula-
tions X 10 replicates).

The experiment set up occurred in two blocks due to
logistic and space restrictions inside the greenhouse. The
first block was initiated in 10/09/2018 and consisted in 4
replicates of each treatment (16 units per population, total
of 48 units). The second block was initiated in 23/09/2018
and consisted on 6 replicates of each treatment (24 units per
population, total of 72 units) (“Appendix 1”). The effects of
blocks was assessed in our statistical analyses (see “Data
analysis” below).

We finished the experiment after 40 days because we
noticed signs of plant death in some experimental units. The
plants were removed and we measured the maximum length
(cm) of roots and aboveground tissues (stems and leaves) of
every unit. We also estimated aboveground biomass (g) and
root dry biomass (g), as well as the number of shoots per
unit. Dry biomass was obtained after drying plant tissues at
ca. 60 °C to constant weight.

Colonization capacity of U. arrecta was inferred mostly
by root biomass and development, given these are traits nec-
essary for successful environmental colonization by most
macrophytes (Barrat-Segretain and Bornette 2000; Michelan
et al. 2010b; Vari 2013). We thus interpreted number of
shoots, dry biomass (g, root and aerial aboveground tis-
sues) and macrophyte length (cm) as measures of U. arrecta
establishment capacity. Because plants were submitted to
the designed salinity treatments since the beginning of the
experiment, the ability of root and shoot development would
reveal the ability of species colonization and establishment
in environments with high salinity. The lateral stems devel-
opment were also interpreted as a parameter for species
dispersion ability, because small fragments of U. arrecta
(e.g., lateral stems) have high capacity to develop new plants
(Michelan et al. 2010b).

We also calculated the ratio between aboveground dry
biomass (g) and root dry biomass (g), aiming to explore if
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there was a greater investment in roots or aboveground tis-
sues development (see also Pereto et al. 2016).

Although RO populations were cultivated since 2017 in
the greenhouse, and Guaraguacgu River populations were
planted in May 2018, we believe that the acclimatization
period was enough to validate comparisons. Firstly, it is
important to note that the experimentation of all treatments
was performed at the same time, starting in September of
2018, as described above. With the exception of some plants
from GS populations, all other populations remained in the
greenhouse for at least 3 months before the experiment
(RO for c. 15 months), re-planting whenever necessary. In
GS populations, we have made two samplings: the plants
from the first sampling acclimatized for c. 3 months, and
the plants from the second sampling GS remained only for
c. two weeks before the experiment. Two samplings were
necessary given our number of replicates. However, we used
information from these two samplings to test for differences
in acclimatization. If the difference in acclimatization peri-
ods represents an important source of variation, GS popu-
lations from the two sampling would have different values
of performance indicators, suggesting that results were
affected by acclimatization period. To investigate for that,
we performed a Mann—Whitney—Wilcoxon Test between
performance indicator variables of GS population from first
(acclimatization of c. 3 months) and second block (acclima-
tization of c. 2 weeks). The results are in “Appendix 2”, and
indicated no difference between plants acclimatized for c. 3
months and c. 2 nweeks, so we believe that acclimatization
periods had small influence in results.

Data analysis

A two-way ANOVA with permutations was used to analyze
the salinity concentration and population origin effects on U.
arrecta performance indicators, excluding variation due to
experimental blocks and the initial propagule dry weight (g).
For that, the initial fresh weights (g) of experimental prop-
agules were measured and the correspondent dry weight was
estimated using an established regression between fresh and
dry weight for this species. We included the initial propagule
dry weight in our model because plant growth depends on
propagules size (see Bando et al. 2016 for one example with
U. arrecta propagules).

The performance indicators of U. arrecta were: (1)
maximum root length (cm), (2) maximum aboveground
length (cm), (3) above-ground biomass (g), (4) root bio-
mass (g), (5) number of shoots per unit (g), (6) above-
ground biomass:root biomass. Data analysis was performed
through R software version 3.5.0 (R core team 2019), and
the graphs were made in STATISTICA version 8.0 (Stat-
Soft 2007).

Results

Salinity was statistically relevant for all response variables,
but aboveground biomass:root biomass ratio (Table 1). Simi-
larly, population origin was also important for most variables
(Table 1). For above-ground biomass and root biomass, there
was an interaction between salinity effect and population
origin (Table 1; Fig. 2). Above-ground biomass:root biomass
was not influenced by salinity, population origin, experimen-
tal block or propagule initial weight (Table 1).

Initial propagule weight was statistically significant only
for maximum aboveground length and maximum root length
variables, and not for any of the biomass indicators.

Salt addition resulted in a drastic decrease in all meas-
ured variables already in the lowest salinity treatment (2.5
mS/cm). The majority of variables presented values near or
equal zero in the treatment with highest salinity (7.5 mS/cm)
(Fig. 2). However, even in such condition it was possible to
notice a large proportion of propagules that developed roots
(Table 2).

Results also evidenced that distinct populations
responded differently to salinity levels. The highest values of
all response variables (but above-ground biomass:root bio-
mass ratio) on populations originated in freshwater with no
history of salinity (RO); intermediate values on populations
sampled in an area with occasional salinity (GN); and lower
values with frequent high salinity (GS) (Fig. 2). Despite the
fact that individuals from RO population attained the highest
values of all response variables, it is important to note that
these individuals were the ones that experienced the steep-
est declines in response variables along the salinity gradient
(Fig. 2; “Appendix 47).

Discussion

As expected, salinity was a highly stressful factor for U.
arrecta, explaining its uneven distribution in estuarine riv-
ers such as the Guaraguagu River. We can thus assert that U.
arrecta grows to a lesser extent in mangrove areas with high
salinity. This result also agrees with previous studies, when
comparing grass growth along salinity gradients (Howes
et al. 1986; Kopittke et al. 2009; Xiao et al. 2011; Alldred
et al. 2017; Li et al. 2018).

Even so, it is important to note that plants grew in inter-
mediate levels of salinity and that they developed roots and
shoots even in higher salinity levels (Table 2), indicating
that at least in the experimental conditions and time length
of our study, U. arrecta is able to survive in moderate to high
salinity, what is confirmed by the occurrence of this plant
in the mangrove of Guaraguacu River. The presence of U.
arrecta in new regions with conditions not usually explored
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of shoots of Urochloa arrecta submitted to different levels of salin-
ity and different population origin. Population origin treatment (see
“Methods”): Rosana Reservoir (RO, filled circles); Guaraguagu
River- salinity region (GS, unfilled circles); Guaraguagu River—

by this species (i.e. high salinity in GS) could represent an
indication of fundamental niche expansion; or the funda-
mental niche is broader than expected by the locations where
it is present. However, although seen in higher frequency in
freshwaters (Carniatto et al. 2013; Fernandes et al. 2013;
Amorim et al. 2015) and in lower frequency in estuarine
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environments (Bornschein et al. 2017; Aradjo 2017), we
have not found any register of salinity tolerance informa-
tion of this species in scientific studies to accurate make
any of these assumptions. Even so, a threshold for survival
to salinity was not fully established for grasses phylogeneti-
cally similar to U. arrecta (Kopittke et al. 2009). Our study
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Table 1 Output of the two-way

’ Response variable Groups G.L P
ANOVAs with blocks

Maximum above-ground length (cm) Salt 3 <0.001
Origin 2 <0.001
Salt*Origin 6 0.099
Blocks 1 <0.001
Initial dry weight 1 0.044

Maximum root length (cm) Salt 3 <0.001
Origin 2 <0.001
Salt*origin 6 0.378
Blocks 1 <0.001
Initial dry weight 1 <0.001

Above-ground biomass (g) Salt 3 <0.001
Origin 2 <0.001
Salt*Origin 6 <0.001
Blocks 1 0.073
Initial dry weight 1 0.248

Root biomass (g) Salt 3 <0.001
Origin 2 <0.001
Salt*Origin 6 <0.001
Blocks 1 <0.001
Initial dry weight 1 0.07

Number of shoots Salt 3 <0.001
Origin 2 <0.001
Salt*Origin 6 0.141
Blocks 1 1.000
Initial dry weight 1 0.2

Above-ground biomass: root biomass (cm) Salt 3 0.453
Origin 2 1.000
Salt*Origin 6 0.834
Blocks 1 0.902
Initial dry weight 1 1.000

Salt different salinity treatments (see "Methods"), Origin different origins/macrophyte populations (see
"Methods"), Salt*origin interaction between Salt and Origin, Blocks different experimental blocks (see

"Methods")

Bold values are referent to significant values (P <0.05)

is a new step in this direction; we highlight the need for more
basic studies involving this species, what would be useful in
further ecological studies.

Previous studies have already demonstrated that salin-
ity effects interact with exposition time affecting plants
(Howard and Mendelssohn 2000), and survival to saline
stress is common among aquatic macrophytes (Goodman
et al. 2010). Therefore, invasion in apparent harsh envi-
ronments (such as mangroves) for freshwater invasive
plants (such as U. arrecta) may be possible over time,
also due to the fact that such habitats have lower macro-
phyte diversity (Smith et al. 2009), which may decrease

biotic resistance of the native community. We also claim
that concern on U. arrecta invasion in mangroves is even
greater due to the fact that populations differed highly
considering their tolerance to salinity, which proves that
species plasticity is high enough to cope with adverse
saline environments.

In a first moment, the faster growth of RO population on
salinity treatments might seem unexpected, since it would
indicate that a population from freshwaters seems to have
higher resistance to salt. All measured variables had con-
siderably higher values on RO population. In contrast, the
population collected in an environment with constantly

@ Springer
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Table 2 Proportion of Urochloa arrecta roots and shoots develop-
ment in propagules provided from different populations (GS, GN and
RO; see description in "Methods" section), and submitted to different
salinity treatments (represented by pore-water conductivities in mS/
cm)

Population Pore-water conductiv- Root presence  Shoot
ity (mS/cm) (%) presence
(%)
GS 0.0 100 100
2.5 100 70
5.0 80 20
7.5 80 20
GN 0.0 100 100
2.5 100 80
5.0 100 50
7.5 100 20
RO 0.0 100 100
2.5 90 70
5.0 80 50
7.5 80 10

high salinity (GS) presented always the lowest values. A
possible explanation for our results can be seen in a latter
experiment, which was conducted further with our data
(“Appendix 3”’) showing that populations from the Guara-
guagu River produced more salt glands since the control
treatment, which makes sense since this population was
collected in a location with high salinity. Salt increases
may cause toxic effects in plants and hinder water absorp-
tion (Dolatabadian et al. 2011; Rahneshan et al. 2018) and
photosynthesis (Flexas et al. 2004). Therefore, to cope
with salt some group of plants, such as some species of
the Poaceae family, developed salt glands — specialized epi-
dermal structures that store and exclude salt through plant
leaves (Flowers and Colmer 2015; Santos et al. 2016). In
this sense, estuarine stressful salinity conditions could lead
to a selection of individuals with higher salt gland produc-
tion, with the cost of reduced plant growth, given that salt
glands production demands energy (Dschida et al. 1992;
Balsamo et al. 1995). Indeed, salt gland production was
lower in RO populations which may indicate that popula-
tion adapted to freshwater only probably invested more
energy towards growth, explaining the patterns found in
our results. In view of the small number of salt glands pro-
duced by RO plants, it is possible that they would experi-
ment higher mortality rates in high salinity over longer
time lengths, although this speculation needs to be con-
firmed with experiments of longer duration than ours.
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Furthermore, another ecological point of view that could
help to explain our results is that when a population is
exposed to a new form of stress (i.e. salinity in RO popula-
tion), the increased growth could be the survival strategy
adopted. Indeed, constant stress can develop physiological
tolerance of plants through acclimatization responses that
increase plant growth, as a means of reducing the exposi-
tion to the stress factor (Potters et al. 2007). Thus, GS and
GN populations must be in less selective pressure, since
they could have probably evolved adaptations in locations
with high or occasional high salinity (i.e. salt glands). In
contrast, RO population must be in great selective pressure,
responding with faster growth and propagule production.
Even so, we reinforce that the different responses between
the three populations can be seen as evolutionary conse-
quences (Keeley 1998; De Wild et al. 2014). This may indi-
cate that colonization in even more saline areas may be a
matter of time.

Despite the highest values of performance indicators for
RO population even in saline treatments, it is also possible
to notice that this was the population with faster decrease
in performance indicators as salinity increased (see Fig. 2;
“Appendix 47). The fact that RO population had the high-
est performance in the control treatment can be explained
by the fact that its origins is in regions without salinity,
thus likely more adapted to those conditions. However,
RO population had the highest loss proportion between the
salt treatments (see “Appendix 47), and such pattern can
be interpreted as another indication of less resistance to
salinity, in addition to the small number of salt glands of
this population. In other words, RO population presents a
higher loss in performance with increasing salinity than the
other populations. The contrary seems to occur with GS
and GN populations, which can be seen as more resistant to
salinity changes. The lower loss in performance indicators,
in addition to higher salt gland production in GS population
(“Appendix 3”) highlights the distinct growth form of this
population. We argue that this “slow but steady” develop-
ment could be interpreted as a strategy to cope with salt in
mangrove regions. Again, such results emphasize the differ-
ences among populations, and suggest that the higher devel-
opment in RO population can be explained by differences
in growth strategies. If resistance to salt is evolutionary, as
indicated in our experiment, then U. arrecta expansion over
mangroves is possible, reinforcing the need for constant
monitoring in the region.

In spite of the significant step decrease in all plant per-
formances, U. arrecta was still able to keep alive in high
salinity levels, producing roots in all treatments (Table 2).
Oxygen diffusion through plant roots can occur in swamp
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and mangrove regions (Keeley 1979; Boto and Wellington
1984). Also, previous studies have shown that the nega-
tive effects of salt stress can be minimized by soil aeration
(Li et al. 2019). Therefore, the root development in our
saline treatments could be related to sediment aeration and
also could be a means to cope with salinity. In our experi-
ment there was not an allocation of biomass towards the
root development with increasing salinity; however, plants
did present a root elongation, with comparison to above-
ground length (Table 2). This could be due to the fact that,
despite high root development in all saline treatments, in
the two treatments with highest salinities (5 and 7.5 mS/
cm), root weigh (not length) was very low. Thus, in high
salinity treatments there was a larger root elongation, what
could still assist the sediment aeration. Indeed, previous
studies revealed greater root growth in Spartina alterni-
flora under saline treatments (Howes et al. 2010; Alldred
et al. 2017). Relatively, roots may be less affected than
above-ground tissues to salt stress (Stofberg et al. 2015),
suggesting that investment in roots may be a strategy to
cope with salt.

We evaluated U. arrecta responses considering estab-
lishment, or vegetative growth (biomass and length, see
Tejera et al. 2006 and Teixeira et al. 2017) as well as for-
mation of dispersal and colonization propagules (number
of roots and lateral branches, sensu Barrat-Segretain and
Bornette 2000) indicators. It is interesting to note that,
overall, indicators had similar responses. Such pattern rein-
forces the reliability of our conclusions on the response of
the invasive U. arrecta to salt and the difference among
populations.

In summary, our work shows how salinity acts as an
important environmental filter for U. arrecta, which may
explain its heterogeneous distribution in estuarine ecosys-
tems such as the Guaraguacu River. In spite of our emphasis
in the responses of U. arrecta along a salt gradient, we go
beyond explaining species physiological responses and the
effects in its colonization: we demonstrated that this grass
presents establishment and propagation strategies when
facing environmental stresses. It is noticeable the distinct
responses between the different populations analyzed,
despite all of them had grown in the same garden condi-
tions, which can be the consequence of selective responses
to a stress factor. Thus, we infer that the populations of U.
arrecta colonizing the estuarine region have already devel-
oped an ecotype different from the populations colonizing

freshwaters where they were never subjected to high salin-
ity. In view of our results, it is possible to believe that this
species is able to grow and establish in locations with high
salinity not yet inhabited, reinforcing the need of continu-
ous monitoring and possible management in critical areas
for conservation.
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Appendix 1: Experimental representative
scheme

See Fig. 3.
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Fig.3 Experiment repre-
sentative scheme. Subtitle: RO RO
Rosana Reservoir population,

GN

GS Guaraguacu River popula- ‘
tion (high salinity region); GN x4 ‘ 0 25 5
Guaguacu River population (no \ —

salinity region). The salinity (
treatments are represented in the X6 ‘ 0 2.5 5
smaller squares, in mS/cm units 1

(conductivity). Unfilled squares

xal|lo|l2s]] s |75
[
\

' ’ 0 25 5 7.5

correspond to first experimental
block, and filled squares cor- GS
respond to second experimental

First block
10/09/18 a

block. Representative scheme ‘
only, on the experiment the x4 < 0 25 5
units were randomly distributed | |
along the greenhouse

20/10/18
7.5

x6 <] 0 2.5 5

Appendix 2: Output of the Mann-Whitney-
Wilcoxon Test

See Table 3.
Table 3 Output of the Mann—Whitney—Wilcoxon test testing for dif-

ferences in performance indicators of U. arrecta between the two
samplings of salt water (GS) population

Performance indicators W P-value
Root length (cm) 145.5 0.20
Aerial biomass (g) 136 0.12
Aerial length (cm) 141 0.14
Root biomass (g) 151.5 0.27
Number of shoots 135 0.91

GS populations of the first sampling had an acclimatization period of
c. 3 months, and that GS populations of the second sampling had an
acclimatization period of c. 2 weeks

@ Springer

|
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Appendix 3: Number of salt glands present
in the leaves of U. arrecta populations

See Table 4

Table 4 Average number and standard deviation (SD) of salt glands
of all populations (Guaraguacu, saline region—GS; Guaraguacu,
region with occasional salinity—GN; and Rosana, freshwater popula-
tion—RO), on leafs and modified leafs on U. arrecta stem

Populations
Salt gland GS GN RO
measured on:
Leafs 261 (SD=1.09) 1.38(SD=0.98) 1.33(SD=1.05)

Modified leafs 2.76 (SD = 2.97) 13 (SD =10.18) 1.89 (SD = 2.56)
on stems

Appendix 4: Proportional loss of Urochola
arrecta performance indicators
along the experiment

See Table 5
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Table 5 Proportional loss of Variable
Urochloa arrecta performance
indicators between paired
levels of salt treatments. Salt
treatment O is the control and

all the treatments are in mS/cm Maximum root length
unit. Subtitle: GS: population

originated from the Guaraguagu

River, saline region; GN:

population originated from

the Guaraguacu River at the

freshwater or occasionally

saline site; RO: population

originated from the Rosana

Reservoir

Population  Paired comparions of Proportional loss
salt treatments (mS/cm) (Mean value treatment?2 -
(treatment 1 — treat- Mean value treatment 2)
ment 2)

GS 0-2.5 10.28
0-5 16.96
0-7.5 16.98
2.5-5 6.68
2.5-7.5 6.70
5-7.5 0.02

GN 0-2.5 11.24
0-5 17.87
0-7.5 19.51
2.5-5 6.63
2.5-7.5 8.27
5-7.5 1.64

RO 0-2.5 7.29
0-5 16.44
0-7.5 20.98
2.5-5 9.15
2.5-7.5 13.69
5-7.5 4.54

Maximum aboveground length GS 0-2.5 7.53

0-5 9.90
0-7.5 9.98
2.5-5 2.37
2.5-7.5 2.45
5-7.5 0.08

GN 0-2.5 10.25
0-5 13.20
0-7.5 13.38
2.5-5 2.95
2.5-7.5 3.13
5-7.5 0.18

RO 0-2.5 10.26
0-5 15.88
0-7.5 18.25
2.5-5 5.62
2.5-7.5 7.99
5-7.5 2.37
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Table 5 (continued)

Variable Population  Paired comparions of Proportional loss
salt treatments (mS/cm) (Mean value treatment? -
(treatment 1 — treat- Mean value treatment 2)
ment 2)
Aboveground biomass GS 0-2.5 0.04
0-5 0.08
0-7.5 0.08
2.5-5 0.04
2.5-7.5 0.04
5-7.5 0.00
GN 0-2.5 0.07
0-5 0.10
0-7.5 0.11
2.5-5 0.03
2.5-7.5 0.03
5-7.5 0.001
RO 0-2.5 0.14
0-5 0.20
0-7.5 0.22
2.5-5 0.05
2.5-7.5 0.07
5-7.5 0.01
Root biomass GS 0-2.5 0.17
0-5 0.20
0-7.5 0.20
2.5-5 0.02
2.5-7.5 0.02
5-7.5 0.0002
GN 0-2.5 0.14
0-5 0.21
0-7.5 0.21
2.5-5 0.07
2.5-7.5 0.07
5-7.5 0.002
RO 0-2.5 0.84
0-5 1.02
0-7.5 1.03
2.5-5 0.17
2.5-7.5 0.19
5-7.5 0.01
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Table 5 (continued)

Variable Population  Paired comparions of Proportional loss
salt treatments (mS/cm) (Mean value treatment? -
(treatment 1 — treat- Mean value treatment 2)
ment 2)
Number of shoots GS 0-2.5 0.60
0-5 1.50
0-7.5 1.50
2.5-5 0.90
2.5-7.5 0.90
5-7.5 0.00
GN 0-2.5 0.90
0-5 1.50
0-7.5 1.90
2.5-5 0.60
2.5-7.5 1.00
5-7.5 0.40
RO 0-2.5 1.60
0-5 2.20
0-7.5 2.80
2.5-5 0.60
2.5-7.5 1.20
5-7.5 0.60
Aboveground length : root length GS 0-2.5 0.33
0-5 0.42
0-7.5 0.46
2.5-5 0.09
2.5-7.5 0.13
5-7.5 0.04
GN 0-2.5 0.37
0-5 0.56
0-7.5 0.60
2.5-5 0.18
2.5-7.5 0.23
5-7.5 0.04
RO 0-2.5 0.43
0-5 0.64
0-7.5 0.81
2.5-5 0.20
2.5-7.5 0.38
5-7.5 0.17
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Table 5 (continued)

Variable Population  Paired comparions of Proportional loss
salt treatments (mS/cm) (Mean value treatment?2 -
(treatment 1 — treat- Mean value treatment 2)
ment 2)
Aboveground biomass : root biomass ~ GS 0-2.5 —-223
0-5 0.63
0-7.5 —4.96
2.5-5 2.87
2.5-7.5 —-2.72
5-7.5 —5.60
GN 0-2.5 - 1.67
0-5 —-0.99
0-7.5 —1.98
2.5-5 0.68
2.5-7.5 —0.30
5-7.5 —-0.98
RO 0-2.5 -0.85
0-5 -1.17
0-7.5 0.17
2.5-5 -0.32
2.5-7.5 1.03
5-7.5 1.35
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