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Abstract
The installation of shrimp and salt ponds has contributed to the devastation of several mangroves worldwide. In semiarid 
regions, where few mangroves are able to cope with the harsh environment, these forests are more vulnerable to human 
impacts. In Brazil, several aquaculture and salt ponds have been established over mangroves and salt flats (‘apicuns’) i.e. 
sandier natural areas contiguous to mangroves. These areas, often hypersaline, can be colonized by mangroves if tidal cover-
age increases, and should, therefore, be protected to ensure mangrove conservation against predicted sea level rise. To restore 
a mangrove stand in an abandoned saltworks (former ‘apicum’ area) in northeast Brazil, hydrological restoration measures 
were applied, which involved digging channels to restore estuarine water flux to planted and water-borne propagules. In 
two years, mangroves developed rapidly in the intervention area, after decades of slow monospecific Avicennia germinans 
recovery. Survival of planted Rhizophora mangle propagules was high, and naturally established Avicennia germinans and 
Laguncularia racemosa reached far higher densities and heights in channels with respect to the condition before channeling. 
These results provide valuated insight into mangrove expansion over salt flats by increasing tidal coverage from ongoing ris-
ing sea levels. Associated with ecological changes after mangrove rehabilitation and driven by the return of plant and faunal 
key groups, ecological interactions like facilitation, herbivory and bioturbation increased in the restored area. Our results 
shed light on the processes related to forest recovery of degraded littoral areas, and contribute to improving the restoration 
and management of mangrove forests in semiarid coasts.

Keywords Mangrove restoration · Abandoned saltworks · Ecological interactions · Brachyuran crabs · Bioturbation · 
Climate change

Introduction

Mangroves are highly productive biological communities 
and one of the most highly affected coastal ecosystem by 
human activities (Diegues 1999; Lugo 2002; Lacerda et al. 
2021), despite their important social and ecological roles 
(Barbier et al. 1997; Alongi 2002; Manson et al. 2005; 

McLeod and Salm 2006). Although mangroves cover around 
137,000  km2 of tropical and subtropical coasts (Worthing-
ton and Spalding 2018; Friess et al. 2019), at least 35% of 
these forests have been destroyed in the past decades due to 
human settlements, wood extraction, shrimp culture, and salt 
production (Valiela et al. 2001). In semiarid environments, 
where few mangrove tree species are able to cope with the 
harsh environmental conditions, these forests are more 
vulnerable to changes caused by both the environment and 
humans. The mangroves in arid-semiarid coasts have been 
underrepresented in global maps and conservation measures, 
although recent conservative accounts estimate an exten-
sion of over 6,000  km2 of these forests (Adame et al. 2021). 
Despite their low productivity and slow growth due to the 
high saline environment and low nutrient input, these man-
groves are one of the few woody ecosystems that grow in 
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hot-arid climates, and they can stock considerable amounts 
of carbon belowground (Adame et al. 2018).

Climatic conditions (high temperatures and evaporation 
rates) in northeast Brazil favor the installation of saltworks in 
estuaries and coasts (Reis-Neto et al. 2013). Salt or aquaculture 
ponds are constructed in the same littoral zone where mangroves 
occur, so the mangrove forest is usually cleared for this purpose. 
After mangrove clearing, shrimp and salt production replaced 
one another in several regions, impairing the return of natural 
hydrological and soil features in occupied lands and leading to 
critical levels of mangrove degradation in the last decades (Fer-
reira and Lacerda 2016; Lacerda et al. 2019). Shrimp culture is 
still the main threat to mangroves around the world. In north-
east Brazil, however, several abandoned saltworks remain and 
the environmental alterations they caused still impair mangrove 
recovery. Several saltworks were established over salt flats or 
‘salinas’, also called ‘apicuns’ in Brazil. ‘Apicuns’ (or ‘apicum’ 
in the singular) are sandy areas adjacent to fully canopied man-
groves that act as buffer areas for forest persistence (Schaeffer-
Novelli 2000; Schmidt et al. 2013). The use of these mangrove-
associated wetlands for salt or shrimp production, livestock 
breeding or human occupation has altered their natural estuary 
dynamics and severely contributed to their degradation. Despite 
this problem, gaps in legislation have not compelled deactivated 
enterprises to restore degraded mangrove or ‘apicum’ areas, or 
remove dams or structures to restore tidal flushing and hydro-
logical connectivity. Impairing tidal flushing prevents the arrival 
of mangrove propagules for ecosystem recuperation, thus delay-
ing recovery by decades (Reis-Neto et al. 2013).

In the Pacoti River (state of Ceará, Brazil), a saltworks was 
installed over an ‘apicum’ area bordered by mangroves at the 
end of the 1960s, and abandoned around the beginning of the 
1980s. Since the abandonment of the saltworks activities in 
this area, only trees of black mangrove Avicennia germinans 
(and very few of white mangrove Laguncularia racemosa) 
have been able to colonize around 30% of the total converted 
area. Avicennia germinans is a common mangrove on Brazil-
ian coasts (Cintrón and Schaeffer-Novelli 1983; Kjerfve and 
Lacerda 1993), occurring alone or together with red mangrove 
Rhizophora spp. and/or L. racemosa. Black mangrove is able 
to establish in higher and dryer portions of littoral habitat and 
can cope better than other mangroves with saline soil and lim-
ited tidal flooding (Soares et al. 2008; Costa et al. 2014; Adame 
et al. 2021); however, their recovery in the saltwork was too 
slow. Therefore, we hypothesized that the limited mangrove 
recovery of the disused saltworks area is caused by hydrologi-
cal limitations and associated low propagule recruitment.

In this paper, we aim to test the ability of native mangrove 
species to develop in an abandoned saltworks through hydro-
logical management and propagule planting. We focused our 
study and based the success of the experiment on whether the 
system restarted some functionalities through i) the develop-
ment of unplanted propagules, both from external or internal 

origin; ii) an increase in sediment organic matter content; and 
iii) the presence of key faunal groups, which are indicatives of 
their ability to self perpetuate (Wyant et al. 1995; Jansen 1997; 
Choi 2004; Lewis 2005). Specifically, Brachyuran crabs are 
a key group of ecosystem engineers, and fiddler crabs play a 
significant role in the composition (grain size, chemistry) and 
topography of mangrove sediments due to their burrowing 
(Kristensen 2008). Therefore, we hypothesize that their abun-
dance and detritivorous habits can be related to changes in the 
sediment features of the restored area after management.

Since the persistence of such abandoned saltworks pro-
motes their occupation and conversion, it is paramount to 
increase the speed of mangrove recovery (Ferreira and Lac-
erda 2016) and, subsequently, mitigate increasing human 
impacts on the Pacoti River estuary. Moreover, this knowl-
edge is important for replication by mangrove restorers, 
especially in terms of mangrove areas converted to saltworks 
and promoting the return of mangrove ecosystems and their 
functionality in semi-arid environments.

Material and Methods

Study Area

The regional climate (Fig. 1) is tropical with an average 
annual rainfall of below 875 mm (Barreto et al. 2012), mainly 
in the wet season from February to June. Although drought in 
northeast Brazil is seasonal, the region is undergoing a period 
of decreasing average rain volumes since the 1990s that has 
intensified in the past decade (Marengo et al. 2017). Tem-
perature ranges from 22 to 34 °C and can reach 40 °C in the 
dry season from July to February. Tides are semidiurnal with 
maximum tidal amplitude of about 3.2 m and a minimum of 
-0.1 m, which is considered a mesotidal regime (Borges et al. 
2017). In around March and September (Fig. 3A), equinox 
high tides increase the input of marine water in the estuar-
ies, reaching high levels in coastal areas and allowing the 
penetration of more water inside the studied saltworks. These 
tides can start in the previous month and extend their influ-
ence after their occurrence, mainly in the second semester, 
when trade winds can increase water input in the estuary 
from July–August to November. Higher rain levels occur in 
the first half of each year, in the rainy season, with higher 
levels in general between February and April (Fig. 3B).

Estuarine littoral areas of the Pacoti River are currently 
being subjected to great variability due to the influence of 
climate, rising sea levels, and human intervention such as 
dam construction upstream and conversion to shrimp ponds 
and saltworks (Lacerda and Marins 2002; Lacerda et al. 
2007). Research was conducted at an abandoned saltworks 
on the margins of the Pacoti River, inside a State ‘Permanent 
Protection’ Conservation Unit located in the metropolitan 
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Fig. 1  Satellite image showing the lower part of the Pacoti estuary 
and the mangrove forests along its margins; dune formations can be 
seen in lighter colors. The lower right corner shows an enlarged view 
of the study area. The image also shows mangroves colonizing the 
area from the borders toward the inner part of the area. Black lines 

and white numbers indicate channels constructed for water inlet to the 
area at the restoration stage: three channels in the west border (1 to 3) 
and two channels in the east border (4 and 5). Point with the asterisk 
indicates the control area
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region of the city of Fortaleza, state of Ceará (northeast 
Brazil) (3°49′37–3°50′00 S/38°25′09–38°25′24 W) (Fig. 1). 
Aerial images show that at the end of the 1950s, the study 
area was a salt flat (‘apicum’) with a mangrove forest 
located in the northeastern half. The selected saltworks was 
installed in the 1960s and occupied the salt flat and part of 

the mangrove stand. This and other saltworks operated along 
the river course until the early 1980s, when the ponds were 
abandoned. Cyanophyta and Diatomacea algae blooms are 
periodic in the abandoned saltworks associated with changes 
in hydrological factors (tides, rains), and cover the soil with 
filamentous green mat.

Fig. 2  Abandoned saltwork in the Pacoti River mangrove, Ceará, Bra-
zil. A. Central part of the saltworks; the image was taken at the start 
of mangrove establishment in west channels. B, C. Channels dug to 
bring water into the western limit of the area. D, E. Channels dug to 

bring water directly from the main river course into the eastern side. 
The channel in image E was the only preexistent channel; it runs 
along a patch of Avicennia (Image) and continues through a creek 
between Rhizophora until it reaches the river

Fig. 3  Tide levels (higher 
month tides, in meters) (A) and 
average rainfall, in millimeters 
(B) of the period 2015–2018. 
The horizontal scales are 
bimonthly. Tide levels are maxi-
mum monthly values of high 
tide. Equinox high tides occur in 
two periods, around March and 
around September
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Currently, the selected area is surrounded by mangrove 
forests (Fig. 1) although remains of dykes or barriers con-
structed to enclose salt ponds restricted tidal water intrusion 
into the saltworks for decades by higher spring and equi-
nox tide events. A restricted tidal influence enters through 
the northwestern sector of the experimental area; however, 
their limited coverage has not counteracted the hypersalini-
zation and desiccation of the soil, thus restricting mangrove 
development to Avicennia germinans. Some individuals of 
Laguncularia racemosa had already colonized and sparsely 
established in the marginal areas of the saltworks in recent 
years, but no individuals of Rhizophora mangle were estab-
lished inside the saltworks, which remains restricted to river 
and creek coasts. Since local mangrove genera are mono-
specific, species will henceforth only be referred by genus.

Restoration and Management

Hydrological Restoration

Field monitoring and tests were conducted in 2016 to under-
stand the hydrology and other physical and biological charac-
teristics of the selected areas. Soil salinity in the areas reached 
91 ppt in previous survey, when observations of tagged seed-
lings showed that the natural development of Avicennia in the 
saltworks progressed through periods of seedling mortality 
in dry season and pulses of seedling growth in wet seasons 
and/or equinox tides. Although slow, the growth of Avicen-
nia seedlings occurs over the influence of tides and rains 
(Moncunill 2006) and by the ecological facilitation of nurse 
herbaceous plants such as Batis maritima, Sesuvium portulac-
astrum, and Eleocharis sp. In contrast, the absence of natu-
ral Rhizophora and Laguncularia propagules was associated 
with the inability to cope with hard environmental conditions 
such as high salinity, temperature and hydrological limita-
tions (Elster 2000), thus revealing that these mangroves need 
measures of hydrological restoration to develop and recover.

In 2017, five channels were dug perpendicular to the river 
course (0.5–1 m wide/0.3–0.5 m deep) towards the central 
part of the saltworks to promote mangrove development in the 
experimental areas and allow estuarine water influx and circula-
tion (Fig. 1, Fig. 2A). Channels allow input of tidal water flux 
and propagules from mangrove forests adjacent to the saltworks 
area. Three (3) channels were excavated from a densely veg-
etated mangrove creek that borders the western side of the salt-
works (Fig. 2B, C) and two (2) channels were excavated directly 
from the main river course in the eastern limit (Fig. 2D, E). The 
three channels on the west side (channels 1–3) were constructed 
relatively close to one another to detect changes in mangrove 
development in a spatial microscale. The channels constructed 
on the east side, on the river coast (channels 4 and 5), were at 
a 150 m distance from each other. Channel 5, which already 
existed, crosses a patch of Avicennia and forms a creek between 

developed Rhizophora trees in their final portion that opens to 
the river. This channel has a high concentration of Avicennia 
roots that prevented soil collection and hindered fiddler crab 
burrowing, making the ecological characteristics of this channel 
different from those of the other channels. Red mangrove was 
planted at this location to determine whether Black mangrove 
prevents the development of Rhizophora. A flat bare area on 
the northern side of the saltworks (Fig. 1) with similar soil and 
level to the area chosen for restoration was selected as a con-
trol. Given the similarity of channel 4 to the western channels, 
this channel was joined to the others to compare changes in 
the restored area with the control area. The rain and tide levels 
throughout the experiment period appear in Fig. 3.

Mangrove Plantings

For planting, we selected Rhizophora mangle, a species com-
monly found in the estuary, due to its rapid growth, low preda-
tion and high primary production, which allows the early return 
of forest and key faunal groups such as Brachyuran crabs (Fer-
reira et al. 2015, 2019a, b), and for its ability in retain mangrove 
propagules between their roots. Healthy 973 propagules were 
planted at 30 cm distances inside the channels in the wet sea-
son, in late March 2017, using the methodology of Ferreira et al 
(2007). Growth and number of planted Rhizophora were meas-
ured annually in dry season (8, 20 and 32 months after plant-
ing). Since Laguncularia is an opportunist species able to colo-
nize impacted areas, it was allowed to colonize the area freely, 
together with Avicennia. Data on density and growth of naturally 
established seedlings of Laguncularia and Avicennia in the first 
2 years could not be collected, due to the continuous process of 
loss and replacement of these small seedlings, and also by the 
difficulty to measure them when covered by algae mats or during 
flooding periods of several days. Therefore, the measurements 
were focused in the Rhizophora seedlings’ growth, since, due 
to their rapid development and easy measurability, is the most 
suitable species to indicate restoration success.

Counting and Surveying of Carcinofauna

Populations of Minuca rapax and Leptuca leptodactyla in 
the edge of the channels and in the bare control area were 
surveyed by counting their burrows between 2017 and 2018, 
to compare the changes in their abundance and eventual rela-
tionships with soil changes and mangrove development in 
the channel area. Burrows were counted at randomly posi-
tioned square plots in the control area. In the channel area, 
counting was not performed inside the channels because 
water coverage leads the crabs to remain in the burrows cov-
ered by mud. Instead, they were counted by positioning plots 
randomly along the edge of the channels. Permanent faunal 
surveys were performed to follow the ecological succession 
in the recovering forest.
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Soil Surveying

Sampled Areas

Prior to channel construction (wet season, 2017), sediment was also 
collected and analyzed, and further sediment samplings from the 
border of the channels were performed in the next dry season (also 
in 2017,  8th month), and every six months, namely in the wet season 
of 2018  (14th month) and in the dry season of 2018  (20th month). 
Soil samples in the control area were collected in the same periods 
as those of the channel area. The biotic variable abundance of fid-
dler crabs, was measured together with the soil abiotic variables.

Sediment Analyses

Soil penetrability (i.e. substrate softness) was measured by ver-
tically releasing a steel centimeter measuring rod of 45 cm in 
length, 1.3 cm in diameter, and 370 g in weight, from a height of 
1.2 m (Ferreira et al. 2013). The average penetrating depth of three 
releases was calculated for each point. Then, sediment was sam-
pled with a core (∅ 10 cm), and packaged in plastic bags for phys-
icochemical analysis. Three random replicates from each channel 
were collected and further mixed as one sample for each channel, 
and a similar procedure (three replicates) was performed in the 
control area. Samples were taken to the laboratory, where they 
were dried for organic matter and particle size analyses. Salinity 
was measured from percolated water after core extraction with an 
optical refractometer. When this was not possible, measurements 
were taken from laboratory centrifuged samples. To measure sedi-
ment particle size, samples previously dried at 60 °C were weighed 
in triplicates of 100 g each and washed in a 0.062 mm mesh sieve 
to separate the sand from the silt–clay fraction. The sand retained 
in the sieve was removed, dried at 60 °C, and weighed. The weight 
was deducted from the initial 100 g and the silt–clay percentages 
were calculated (Colares and Melo 2013). To determine sediment 
organic matter content, the method of weight loss on ignition, 
described by Schulte and Hopkins (1996), was used (Colares and 
Melo 2013). When necessary, a 100 g subsample of the sampled 
sediment was centrifuged at 10,000 g for 20 min to remove inter-
stitial water and to measure salinity.

Statistical Procedure

A Spearman’s correlation was performed to explore the cor-
relation between abiotic (salinity, penetrability, fine sedi-
ment content, organic matter content) and biotic (fiddler crab 
abundance) variables before the first experiment setting.

To explore the relationship among the populations of fiddler 
crabs and behavior of abiotic variables after channel construction in 
the restored area, the response variable fiddler crab abundance and 
the explanatory variables (fix effect – all standardized by z-scores 
according to Marquardt 1980) salinity, organic matter, silt + clay, 
sand, penetrability, sample period (wet’17, dry ‘17, wet ‘18, and 

dry’18), channel (considering ‘without’ in wet’17, and ‘with’ in 
the remaining seasons), and season (wet, dry) were related using 
generalized linear mixed models (GLMM). The channels (1 to 4) 
analyzed throughout the study periods (months 1, 8, 14, and 20) 
were introduced in the model as random effect. For the GLMM, 
the variable fiddler crab abundance, which is a discrete quantita-
tive variable, was modeled from Poisson type error distribution 
and the ‘log’ link function. Before model formulation, exploratory 
analyses examined the collinearity of the variance inflation factor 
(VIF), hence removing the more collinear fix effect variables (sand, 
season, and channel) (Zuur et al. 2010). Several models were devel-
oped and reduced to the lower value of the Akaike information cri-
terion (AIC) and Bayesian information criterion (BIC). The model 
analyses were conducted in function ‘glmer’, from the lme4 pack-
age (Bates et al. 2018), and (z-score) explanatory variables were 
standardized with the ‘decostand’ function (Oksanen et al. 2019) 
in R software (R Development Core Team 2018). The variances of 
model residuals were considered homogeneous. The distribution 
of residuals was Poisson-type, verified with the ‘descdist’ function 
of the fitdistrplus package (Delignette-Muller and Dutang 2015).

Next, to determine whether management procedures reached 
the criteria for restoration success, counteracting stressing condi-
tions and promoting organic matter retention and the presence 
of key faunal groups, the relationship of the variables salinity, 
organic matter content, silt + clay percentage, sand percent-
age, penetrability and fiddler crab abundance, as well as time 
in months (response explanatory variables) was established 
through simple linear regression (LM) for each explanatory 
variable. The models were performed for the individual chan-
nels (1–4) and control area. The time variable was converted to 
‘month’, starting at 1 and ending in 20, during the 2-year sam-
pling period. The assumptions required for the LM were verified 
(temporal autocorrelation, normality, and homoscedasticity of 
the residuals). The regression model was developed using the 
‘lm’ function, the temporal autocorrelation was verified with the 
‘dwtest’ function, of the lmtest package (Zeileis and Horthorn 
2002), and normality and homoscedasticity were verified using 
residuals plots from the regression model. Since channel 5 have 
no fiddler crabs populations, we did not include it in the models 
exploring relationship among biotic and abiotic variables.

It is important to note that the size and patched structure 
of the saltworks posed practical limitations concerning chan-
nels location and delimitation of control and management 
areas. Conversely, however, it allowed to observe microscale 
changes in restoration processes that can be replicated at 
larger scales. The monitoring of abiotic/biotic soil variables 
and plant growth/number are partially decoupled, since soil 
variables surveys were performed around every six months 
after planting (wet and dry seasons: 0, 8, 14 and 20 months), 
but planted seedlings measurements were made annually in 
dry seasons until the third year (8, 20 and 32 months). This 
impaired identification of more accurate cause-effect rela-
tionships between soil features and seedlings development.
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Results

Propagule Development

After planting, the survival of Rhizophora seedlings was high. 
In one month, propagules were growing and sprouting. Con-
sidering all the channels, in the dry season  (8th month) [Fig. 4, 
Table 3 (Appendix)], around 91% of propagules were alive, 
with several pairs of leaves, and growing. Survival was high in 
the western channels (channels 1–3) and in the eastern chan-
nel 4, ranging from 93.51% (channel 4) to 98.8% (channel 3), 
and at around 70% in channel 5. Near the end of the first year, 
Laguncularia seedlings established in channels 1 to 3, colo-
nizing from the beginning towards the middle portion of the 
channels, and grew relatively fast compared to natural seedlings 
observed elsewhere in the river. Avicennia seedlings established 
all along the channels, but growth was low. Few individuals of 
Laguncularia and Avicennia colonized channel 4.

Around the end of the wet season of 2018 (approximately 
15 months from experiment onset), Rhizophora individuals 
in the western channels were infected by an insect that mostly 
attacked terminal buds, thus promoting apical bifurcation and 
decreasing growth averages. Towards the end of the second year 
(2018, 20 months), an average of 51.47% (± 32.43) of the planted 
propagules were alive, mainly in channels 3 and 4 (81.5% and 
90%, respectively) [Fig. 4, Table 3 (Appendix], with an average 
height close to 60 cm. Survival was intermediate in channels 5 
and 2 (56.5% and 62%, respectively). In channel 5, 54% of the 
planted propagules developed, 23.7% withered or were uprooted 
by water flow, and 22.3% disappeared or were partially seized, 
among which around 70% were cut close to their base, damage 
likely caused by Ucides cordatus crabs. Seedlings of Avicennia 
also established in this channel between the adult conspecific 
trees, together with a few individuals of Laguncularia.

Further surveying performed in the  3rd year (at the end of 
2019, 32 months) [Fig. 4, Table 3 (Appendix)] revealed low 
plant survival in some western channels (1 and 2, 0% and 15.7%, 
respectively) and relatively high survival in channel 3 and chan-
nel 4 (68.45% and 78.7%, respectively), while in channel 5 sur-
vival was intermediate (52.69%). Naturally established seedlings 
and saplings of Avicennia and Laguncularia that colonized the 
western channels surpassed in height and number the planted 
red mangroves. In 32 months, 290 saplings of Laguncularia and 
463 of Avicennia were established. Differential levels of plant 
survival in channels 1 to 4 were observed in 3 years, and in the 
channel with the highest survival of Rhizophora and Lagun-
cularia, the survival of Avicennia was lower (channel 3) and 
vice-versa (channel 1). All the planted Rhizophora in channel 1 
died in the  3rd year [Fig. 4, Table 3 (Appendix)] but developed 
prop roots in all the other channels. All Laguncularia individuals 
in channel 5 and several in the western channels surpassed 2 m 
in height, but they were not measured by operative limitations.

Soil Abiotic Variables and Crab Populations

Table 1 shows abiotic and biotic parameters for both the 
channels and the control area before (wet season in the first 
year) and after hydrological restoration.

According to results of the Akaike information criterion 
(AIC) and Bayesian information criterion (BIC), model 5 with 
salinity, silt + clay, and period as variables reached a low value 
(AIC = 87.9 and BIC = 91.8) (Table 4, Appendix). The survey 
period obtained a higher coefficient, followed by silt + clay and 
salinity. After the channels were dug, the survey period (i.e. time) 
(two dry seasons and two wet seasons), fine sediment content 
(silt + clay), and salinity were significantly correlated with fid-
dler crab abundance. Salinity and fiddler crab abundance were 
positively related among them and to dry periods. No significant 
differences were observed among closely located channels 1 to 
3 in terms of biotic and abiotic sediment variables. Spearman’s 

Fig. 4  Growth of planted and naturally established propagules in zero 
time (planting), and 8, 20 and 32 months in channels 1 to 5 (1–3 west 
channels, 4–5 east channels). In red Rhizophora, green Avicennia, and 
yellow Laguncularia. Top figure, the height of seedlings by channel 
in 8, 20 and 32  months (x-axis); the Laguncularia trees in channel 
5 appear as an average size 2,5 m bar. Down figure, the number of 
planted (Rhizophora) and naturally established Avicennia and Lagun-
cularia seedlings in the different channels. The Laguncularia trees in 
channel 5 was not included, since were nor measured
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test showed correlations of 0.52 to 0.63 between organic matter 
and fine sediment, salinity and fiddler crab abundance (Fig. 6).

Comparing the LM models for the restored and control area 
(Fig. 5), it was observed that organic matter content, penetrabil-
ity, and fiddler crab density increased with time in the restored 
area, as shown in the relationship between month and OM 
(ANOVA;  F1,14 = 8.47; p = 0.01), Penet (ANOVA;  F1,14 = 3.47; 
p = 0.08), and fiddler crab density (ANOVA;  F1,14 = 5.65; 
p = 0.03), according to Table 2. There was no relationship 
between month and the explanatory variables for the control 
area. Salinity showed great amplitude in time (seasonal), with 
no homoscedasticity, which hindered modeling.

Minuca rapax and Leptuca leptodactyla populations increased 
in the channel areas in two years, with less fluctuation in number 
than in the control area (Table 1, Fig. 5). Small individuals of 
another fiddler crab, Leptuca cumulanta (a species that lives close 
to mangrove trees), were established in the initial portion of the 
west channels. After the first semester, burrows and individuals of 
Callinectes danae and C. exasperatus became more common in 
and around the channels, but only when flooded. Populations of 
Sesarma rectum also increased at the borders of the east channels.

Discussion

Mangrove Recovery in the Pacoti Saltworks

The Pacoti saltworks was installed in an area with a mangrove 
forest and a salt flat (‘apicum’) and later deactivated. ‘Apicuns’ 
have restricted tidal flooding and high evaporation that gener-
ally lead to hypersaline soil maintained by further geochemi-
cal processes such as sulfidization (Albuquerque et al. 2014). 
After deactivation, the saltworks remained as a near-enclosed 

system due to the permanence of dams that surround the salt 
ponds. Since topography and hydroperiod are important drivers 
of mangrove development, mainly in the seedling and juvenile 
stages, hydrological restoration was recognized as a primary 
management measure to promote mangrove recovery in the 
degraded sites (McKee 1995; Lewis 2005; Flores-Verdugo et al. 
2007, 2015; Pérez-Ceballos et al. 2017).

Hydrological management created a more frequently flooded 
area in and around the channels (Fig. 7A, B) and enabled the 
survival of more than 90% of the planted seedlings of Rhiz-
ophora in the first semester (Fig. 8C, D, E, F, G). In one year, 
the development of Rhizophora was still high (Fig. 9A), despite 
the infestation by a lepidopteran insect that decreased growth 
levels (Fig. 7D), and in the  20th month (second year), 51.47% of 
Rhizophora saplings were still alive, several of which with prop 
roots (Fig. 9D, E, F, H). The Rhizophora propagules planted in 
the east channel 4 were able to develop in a dry and herbaceous 
environment due to the close input of estuarine water, while the 
propagules planted in the previously existent east channel 5 
among Avicennia trees were the most developed, showing that 
preexistent Avicennia trees did not impair the development of 
red mangrove and can be used together in restoration projects. 
As expected, Rhizophora seedlings contributed in retaining 
other propagules in the channels, thus allowing their rooting.

Although mangrove regeneration is poor in dry regions with 
limited tidal flux (Toledo et al. 2001), the conditions generated 
by the west channels greatly improved the establishment of Avi-
cennia and Laguncularia seedlings in and around the channels. 
After the management measures, in three years, several Avicen-
nia trees reached the size of trees established more than a dec-
ade before. After channel digging, seedlings of Laguncularia 
colonized the channels gradually from their openings to their 
end in the center of the saltworks (Figs. 8H, 9B, C, G), and many 

Table 1  Abiotic variables 
of soil and abundance of 
fiddler crabs in the two years 
of restoration experiment 
(2017–2018) in the west 
channels (1 to 3), east channels 
(4 and 5), and Control area 
in Pacoti saltworks. S‰, 
salinity (ppm); %OM, organic 
matter percentage; %Si + CI, 
fine sediments (Silt + Clay) 
percentage; %sand, sand 
percentage; Penet, penetrability 
(cm) (soil softness); crb/m2, 
fiddler crab density (burrows 
per m2). No fiddler crabs were 
observed in channel 5. * first 
year's wet season data prior to 
channeling

2017
S‰ %OM %Si + Ci %sand Penet. crb/m2

Season Wet* Dry Wet* Dry Wet* Dry Wet* Dry Wet* Dry Wet* Dry
Ch. 1 5 55 0.77 1.13 18.25 18.51 81.73 81.33 5.9 6.8 14.8 22.8
Ch. 2 7 57 1.01 1.35 24.69 22.04 75.25 77.96 5.6 5.4 13.6 23.2
Ch. 3 5 69 1.24 1.06 24.32 21.46 75.63 78.52 6.2 5.9 15.8 19.6
Ch. 4 10 72 0.81 1.42 14.66 14.37 85.24 85.60 6.1 21.6 84
Ch. 5 6 46 1.58 2.00 22.78 21.21 77.16 78.71 5.0 4.1 – –
Cont. 7  > 100 0.78 1.01 15.21 14.69 84.69 85.12 5.7 4.2 17.37 42
2018

S‰ %OM %Si + Ci %sand Penet. crb/m2

Season Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry
Ch. 1 12 92 1.80 1.66 20.39 26.45 79.61 73.53 11.9 9.7 29.2 68.8
Ch. 2 12 90 0.87 2.19 19.81 25.43 80.06 74.57 10.1 9.6 23.4 56.8
Ch. 3 10 77 1.27 2.14 21.72 26.57 78.27 73.39 12.0 8.8 21.2 57.6
Ch. 4 2 67 0.94 1.10 12.04 21.19 87.89 78.80 6.2 3.0 121.6 56
Ch. 5 2 56 1.04 1.24 23.60 20.21 76.26 79.09 5.6 4.0 – –
Cont. 23  > 100 0.94 1.09 14.11 20.03 85.85 79.70 6.5 3.0 6.2 22
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Fig. 5  Changes in organic 
matter (OM) content, sand, 
silt + clay (SC), Penetrability 
and fiddler crab (Uca) density 
(y axes) in the experimental 
rehabilitated areas (channels) 
(top graphs, red line) and con-
trol area (bottom graphs, blue 
line) in the Pacoti saltworks. 
The time scale (x axis) are the 
24 months (2 years) of monitor-
ing, with the variables measured 
in 4 moments: before channel 
digging (wet season, month 
1), and then around every six 
months in following dry season 
2017, wet season 2018 and dry 
season 2018
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propagules produced by these plants are growing in the channels. 
Moreover, the seedlings grew and developed far more canopy than 
Rhizophora (Figs. 9G, 10E), contributing to primary production 
through the release of leaves. One channel exhibited the highest 
density of Avicennia but the lowest colonization of Laguncularia 
and survival of planted Rhizophora, which all died. Since none 
of the abiotic variables showed significant difference among the 

channels to explain such low survival in Rhizophora seedlings, we 
hypothesize a synergic effect of lepidopteran infection and a fre-
quent covering of seedlings by algal mat fragments (Kodikara et al. 
2017), which can include potential toxin releasing Cianophyta), 
considering these factors were more intense in this channel. Since 
no significant differences were observed among channels 1 to 3 
in terms of biotic and abiotic sediment variables, the variability in 

Table 2  Changes of abiotic and biotic variables along time in restored 
(Rest) and control (Cont.) areas. Variables organic matter and Fiddler 
crab density (p < 0.0S) and penetrability at a lower significance level 
(p < 0.1) increased significantly with time (Months) in restored area, 

showed by their positive signal. Adjusted  R2 shows the variation (in 
percentage) of the each abiotic and biotic variables explained by the 
Time (Month). Salinity showed great amplitude in time (seasons), 
showing no homoscedasticity and hindering their modelling

-p < 0.1 *p < 0.05 **p < 0.01 ***p < 0.001

OM% Si + Cl% Sand% Penet (cm) Fiddler crabs (b/
m2)

Area Rest. Cont. Rest. Cont. Rest. Cont. Rest. Cont. Rest. Cont.

Predictors Estimates
Intercept 0.81*** 0.77* 18.47*** 13.42* 81.46*** 86.50** 538*** 5.99 10.68 25.64
Months 0.04* 0.01 0.17 0.20 -0.17 -0.20 0.16 -0.09 2.26 * -0.28
Observations 16 4 16 4 16 4 16 4 16 4
R2 /  R2 adjusted 0.377/

0.333
0.747/
0.620

0.083/
0.017

0.346/
0.019

0.081/
0.016

0.343/
0.015

0.199/
0.141

0.203/
-0.195

0.288/
0.237

0.024/
-0.464

Fig. 6  Spearman’s correlation 
test plot. Positive correlations 
are showed among organic 
matter content and Silt + Clay, 
Salinity and fiddler crab abun-
dance, and among fiddler crab 
abundance and salinity
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mangrove development among them may be related to other fac-
tors not measured, such as seed properties (viable period, dispersal, 
buoyancy, size, susceptibility to burial by sediment), micro-topog-
raphy (influenced by burrowing crabs), facilitation/competition 
among mangroves, and other ecological processes (Rabinowitz 
1978; Vogt et al. 2018; Ferreira et al. 2019a, b).

Abiotic and Biotic Changes Associated 
with Restoration

A decrease in soil saline levels caused by water flux from the 
channels in two years was expected, but analyses could not 
detect such a trend, probably because of the extreme seasonal 
variations of this parameter and higher resilience of saline con-
ditions due to the historical use of the area. The model built 
to explore the relationship between the populations of fiddler 
crabs and behavior of abiotic variables in the restored area 
revealed a positive correlation between salinity and fiddler crab 
abundance and between fiddler crabs and fine sediment content 
after channel digging. The positive correlation between salinity 
and dry seasons was expected, while the correlation of salin-
ity with fiddler crab abundance can be due to organic carbon 
food flocculation promoted by high soil salinity (Kida et al. 
2017). The increase in fine sediment fractions (silt and clay) is 
probably responsible for the increase in fiddler crab abundance, 
since fine sediments can contain more organic matter to serve 
as food for these detritivores.

In two years, the digging of channels promoted a signifi-
cant increase in organic matter content, in sediment softness 
(penetrability), and in fiddler crab density in comparison to 

the unmanaged area. Evidence suggests that the rapid growth 
of mangroves in restored area can be attributed to input and 
retention of plant matter and detritus brought by the chan-
nels, mainly on the western side. Increased sediment soft-
ness is likely the consequence of the bioturbation of fiddler 
crabs (Botto and Iribarne 2000; Gutiérrez and Jones 2006) 
(Figs. 9C, 10D, E, F). Since these crabs are important regula-
tors of sediment organic matter content (Kristensen 2008), 
results suggest that the two variables, fiddler crab density and 
organic matter content, are linked by the higher amount of 
fine sediment (Ferreira et al. 2019b). Notably, the periodical 
growth of algal mats in the saltworks, which fiddler crabs feed 
on, could have also influenced crab patchiness and density.

In essence, hydrological restoration allowed the rapid 
development of mangroves, with higher diversity and 
growth of trees than in the decades prior to our management 
measures. Conversely, the control area have no established 
mangroves to this day. It was not possible to clearly separate 
the effect of herbivore infestation and sediment biotic/abi-
otic factors on the survival/mortality of planted seedlings. 
Nevertheless, the results confirm the reach of restoration 
criteria, shown by the positive effects of management over 
mangrove recovery and growth, increased organic matter, 
and the increase of key Brachyuran populations that are 
important for mangrove functionality (Dahdouh-Guebas and 
Cannicci 2021), even in the arid realm of the saltworks. 
Moreover, the management applied here showed that 
these areas of ‘apicuns’ can rapidly recover, initially with 
Laguncularia and Avicennia, when tides and water-borne 
propagules reach the areas. Furthermore, the management 

Fig. 7  A. The Pacoti saltworks 
before the construction of 
channels and planting (y. 2016); 
B. Developed mangrove in the 
channel constructed in the same 
point after management (y. 
2020). C. Avicennia growing 
outward and into patches of 
Sesuvium portulacastrum and 
Batis maritima. D. Damage 
in an apical bud caused by a 
lepidopteran infestation; in the 
lower right corner, a detailed 
image of the damage in the api-
cal part of the sapling
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confirmed the effect of Rhizophora seedlings in retaining 
propagules and increasing their recruitment in the chan-
nels. In natural conditions, mangrove roots and stems facili-
tate stranding and, hence, the rapid rooting of propagules 
(Toledo et al. 2001; Vogt et al. 2018). Our experiment also 
shows that salt flats are part of mangrove ecosystems and 
offer a suitable environment for mangrove refuge and per-
petuation in the presence of rising sea levels, thus revealing 
pathways of mangrove resilience to climate change.

The Role of Biota before and after Restoration

The conversion of the studied area from ‘apicum’ and 
mangrove ecosystem to a saltworks, its subsequent deac-
tivation, and the ongoing mangrove recovery altered the 
dynamics and ecological features of the ecosystem. The 
environmental conditions created in the saltworks after 
it was abandoned are not only influenced by climatic 
and other abiotic factors, but also by increasing biotic 

Fig. 8  Experimental area in the 
Pacoti saltworks (west channels) 
in the initial year of manage-
ment (2017). In the bottom 
of all images are visible the 
predominant Avicennia forests 
in the saltworks. A, B. Soil pre-
vious to channel construction, 
showing Cyanophyta biofilms 
(A). C, D. Planted Rhizophora 
seedlings in channels at time 0 
(March). E, F. Same seedlings 
in the  4th month (July). G. 
Rhizophora seedlings in the  7th 
month (October). H. Naturally 
established Laguncularia colo-
nizing a channel
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interactions between the flora and fauna, such as facilita-
tion and herbivory, visible even in the short time of the 
experiment.

After the saltworks was deactivated, the settlement and 
development of Avicennia propagules were facilitated 
by patches of herbaceous plants, such as Batis maritima, 
Sesuvium portulacastrum, and Eleocharis sp. (Fig. 7C). 
This facilitation proceeds through sediment desalination, 
decreasing temperature, and propagule retention (Mil-
brandt and Tinsley 2006; McKee et al. 2007; Peterson and 

Bell 2012; Donnelly and Walters 2014; Teutli-Hernández 
et al. 2019). The seedlings that grow outside the nurse plant 
patches (Fig. 7C) exhibited densodependence when they are 
clumped, suggesting competition between these seedlings; 
furthermore, competition between herbaceous patches and 
mangrove saplings has been reported (Bracho et al. unpub-
lished). The roots of planted Rhizophora also facilitated the 
development of other mangroves.

Algae are extremely conspicuous in the studied saltworks, 
even after channel digging. They grow as extended mats or 

Fig. 9  Experimental area in the 
Pacoti saltworks (west channels) 
in the first (2017) and second 
(2018) year of management. A. 
Seedlings of planted Rhiz-
ophora (1 year). B. Naturally 
established Laguncularia 
(1 year). C. Seedlings of natu-
rally established Laguncularia 
 (17th month, August 2018). 
D. Planted Rhizophora  (17th 
month). E, F. Planted Rhiz-
ophora (20.th month, November 
2018). G. Saplings of naturally 
established Laguncularia 
(2 years). H. planted Rhiz-
ophora (2 years)
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biofilms of variable thickness (millimeters) in the soil in 
flooding periods (Fig. 8A). Cyanophyta algae are common 
in active or inactive saltworks environments, and Lyngbya 
spp. and Coleofasciculus spp. were identified in the saltworks. 
Bacillariophyta (Diatoms), such as Melosira spp. and Entomo-
neis spp., in fewer numbers, were also found. In dry periods, 
these films dry out and form leather-like crusts over soil, after 
which they decay and disappear in a few weeks. Since tidal 
flux in the saltworks before management was irregular, the 
life-death cycles of these algae were similar. Furthermore, 

these algae are associated with hypersaline soil conditions 
(Oren 2015; Vogt et al. 2018). Since some can release toxic 
compounds, they can cause the underdevelopment of man-
groves in the bare central areas, where these algae develop 
more frequently, and the mortality of planted seedlings.

Brachyuran crabs are ‘ecosystem engineers’ of mangroves 
and play significant roles in the topography and biogeochemistry 
of the sediment and in plant diversity, structure, and biomass 
through herbivory and bioturbation (Ferreira et al. 2019b). The 
two fiddler crab species observed in the present study, namely 

Fig. 10  A. Two propagules of 
Rhizophora truncated close to 
the ground, between Avicennia 
pneumatophores. B. A collapsed 
burrow of a Portunid crab Cal-
linectes spp. between fiddler 
crab burrows close to planted 
seedlings. C. Grapsoid Sesarma 
rectum at the border of east 
channel 4. D, E. Bioturbation of 
soil by fiddler crabs burrow-
ing at channel sides. F. Fiddler 
crab Minuca rapax (Ocypo-
doidea), feeding in algae biofilm 
(greenish-dark soil at the center 
of the image). G. A close-up 
of M. rapax. H. Grapsoid 
Goniopsis cruentata feeding in 
a Rhizophora propagule
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Minuca rapax (Fig. 10F, G )and Leptuca leptodactyla, inhabit 
sandier and more sun exposed substrates than other fiddler crab 
species (Bezerra et al. 2006). Moreover, they are able to tolerate 
the high thermohaline stress posed by the saltworks environment 
by digging burrows (Ferreira et al. 2019b). After the restoration 
measures, populations of M. rapax and L. leptodactyla increased 
and remained dense around the channels (Figs. 9C, 10D,E), 
while maintained seasonal fluctuations in the control area. Crab 
bioturbation, in turn, can promote an increase in the diversity 
of sediment meiofauna (Citadin et al. 2016). M. rapax feeds on 
microalgal mats, which probably constitute a food source that 
influences the population dynamics (density and patchiness) of 
these detritivore crabs in the bare areas of the saltworks.

Sesarma rectum crab populations along the borders of the 
east channels increased significantly (Fig. 10C) and, together 
with Goniopsis cruentata, can increase the consumption of 
Avicennia and Laguncularia propagules, thus influencing their 
recruitment (Ferreira et al. 2013). Also, burrows of swimming 
crabs Callinectes danae and C. exasperatus became more 
common when the experimental area was flooded, revealing 
a diversification in the food chain since these crabs are fish 
and mollusc predators and increased sediment bioturbation 
(Fig. 10B). Leptuca cumulanta, a fiddler crab species that lives 
close to mangrove trees, established in the initial portion of 
the western channels. Marks in leaves of Laguncularia can 
indicate the presence of the arboreal herbivorous crab Aratus 
pisonii. Herbivory on Rhizophora propagules was significant 
in channel 5, where more than 22% of experimentally planted 
propagules were consumed. Characteristics of the propagule 
cuts close to the soil surface (Fig. 10A) suggest that they were 
made by the large mangrove crab Ucides cordatus, while Goni-
opsis cruentata, another locally abundant propagule consumer, 
cannot manage with firmly standing Rhizophora propagules 
(Ferreira et al. 2007, 2013) (Fig. 10H).

The lepidopteran infestation caused great apical bud dam-
age in planted Rhizophora seedlings in the western channels 
(Fig. 7D), thus decreasing their vertical growth. This uncommon 
event partly explains the differential growth of seedlings among 
the channels. Close to 48% of red mangrove seedlings died in 
20 months by insect infestation and likely also by thermo-haline 
stress. The main effect of the parasite on saplings was observed 
in apical buds and resulted in the falling of dried stipules and 
leaves; moreover, this effect of the parasite promotes pre-apical 
bifurcation of the stem. Unfortunately, it was not possible to 
identify the Lepidopteran, and we could not determine whether 
it inhabits the mangrove or if it is an introduced species. The 
damage was very similar to the one described for the moth Ecdy-
tolopha sp. in the Caribbean (Onuf et al. 1977; Feller and Cham-
berlain 2007). Significant herbivory on Rhizophora mangroves 
is rare due to their high tannin content; however, the young age 
of the saplings and the stressful environment conditions likely 
decreased their defenses, thus allowing the massive infestation. 
Since similar infestations were previously observed causing 

massive defoliation in northeast Brazil, the present findings 
suggest that their effects can be more deleterious in stressful 
environments and on small trees, and thus can have a significant 
effect in young plantations. Increase in temperature due to global 
warming can influence herbivore insects assemblages, and these 
defoliation events could intensify.

Perspectives of Mangrove Restoration in Semiarid 
Coasts

In terms of minimizing the severe environmental and social 
effects of global warming, mangrove reforestation is known to 
promote atmospheric carbon fixing and other benefits (Ferreira 
et al. 2019a; Hoegh-Guldberg et al. 2019). Although semiarid 
mangroves are undervalued in global maps due to their low height 
and low carbon stock aboveground, they contribute to carbon fixa-
tion and reduce warming in this realm (Adame et al. 2018; Ditt-
mann et al. 2019). Since mangroves in northeast Brazil represent 
only 10% of the mangroves nationwide and they are pressured by 
the semiarid climate, degraded stands must be rehabilitated and 
restored as soon as possible since other factors, such as grow-
ing urbanization and livestock breeding (cattle, goats, pigs), can 
strongly hinder the return of these forests and their essential eco-
system goods and services (Alongi 2002; Lugo 2002; Manson 
et al. 2005; McLeod and Salm 2006; Ferreira and Lacerda 2016).

We showed that mangrove restoration can recuperate forest 
areas converted from saltworks and shrimp ponds in semiarid 
coasts. According to the specific conditions of each location, 
hydrological rebuilding can be an effective measure to acceler-
ate mangrove recovery, either by the most suitable tree spe-
cies for drought conditions or by a wider range of mangrove 
species present in the regional realm. It could also be applied 
at a higher scale to recuperate larger areas. Furthermore, our 
results indicate that the current fast sea-level rise (Strauss et al. 
2021; Ward and Lacerda 2021) could have the same effect of 
our hydrological restoration, allowing mangroves to establish 
in new ‘apicuns’ and sedimentary grounds, thus supporting that 
the conservation of salt flats will provide refuge for mangroves 
to avoid increased flood of intertidal areas. The self-recovery 
of degraded areas can be a low-cost solution for mangrove res-
toration (Ferreira et al. 2015), although recuperation is slow 
(Reis-Neto et al. 2013). In stands in dry environments, addi-
tional management measures may be necessary to restore the 
mangrove ecosystem, like hydrological management.

Finally, this study reveals the urgent need for a legal 
framework that forces deactivating shrimp and salt enter-
prises to fully remove barriers and enclosures that prevent 
estuarine water flux in these converted/degraded areas (Fer-
reira and Lacerda 2016). Until the expected institutional res-
toration policies are not established, the partial removal of 
barriers can help increase the rates of forest self-recovery 
in several regions, contributing in increase rates of carbon 
sequestration.
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Appendix

Tables 3, 4

Table 3  Average and standard deviation (± SD) of height (h)(in cm) 
of mangrove saplings in the channels in three years, November 2017, 
November 2018, and November 2019, i.e. 8, 20 and 32 months (m) 
respectively after restoration. n, number of alive seedlings/saplings. 
Zero in the first column (Year) corresponds to planting. The initial 

Rhizophora propagule size was 25 ± 2 cm. The number of Avicennia 
in channel 5 was not surveyed (ns) since it was predominant before 
planting. Seedlings of Laguncularia did not develop in channel 4. 
Channel 5 is the preexistent channel

Channel

West East

1 2 3 4 5

Year,
months

Sp n h (cm) n h (cm) n h (cm) n h (cm) n h (cm)

0 Rh 164 25 ± 2.0 281 25 ± 2.0 168 25 ± 2.0 108 25 ± 2.0 260 25 ± 2.0
1,
8 m

Rh 155 37,49
 ± 8,79

275 43,66
 ± 9,35

166 41,62
 ± 9,41

101 39,69
 ± 8,29

183 41,17
 ± 13,94

2,
20 m

Rh 11 59,27
 ± 13,73

174 57,60
 ± 13,67

137 57,58
 ± 14,77

97 50,72
 ± 13,23

147 61,28
 ± 23,56

3,
32 m

Rh 0 – 44 66.81
 ± 14.47

115 71.10
 ± 15.37

85 58.33
 ± 15.82

137 80.80
 ± 35.46

Av 182 85.60
 ± 23.20

154 87.17
 ± 25.90

127 110.64
 ± 30.65

0 – ns ns

Lag 43 110.91
 ± 40.03

65 113.03
 ± 32.84

182 157.42
 ± 43.91

0 – ns  > 200

Table 4  Selection of GLMM 
(generalized linear mixed 
models) used to relate a 
dependent variable (fiddler crab 
abundance) and explanatory 
variable (salinity, organic 
matter, silt + clay, penetrability, 
channel 1–4, dry–wet season, 
and period)

The full model was fiddler crab abundance—salinity + organic matter + silt + clay + penetrability + chan-
nel (1–4) + season (dry–wet) + period (4) + (1|channels). Fiddler crab abundance was the response variable 
while (1|Channels) was a random effect (presented in the 5 models)
*p < 1, **p < 0.1, ***p < 0.01

Dependent variable

Fiddler crab abundance

Model (1) (2) (3) (4) (5)

Salinity 1.088 0.844* 0.144 0.243** 0.298***

(0.677) (0.441) (0.146) (0.107) (0.101)
Organic Matter 0.294* 0.264* 0.261* 0.156

(0.170) (0.158) (0.158) (0.117)
Silt + Clay -0.514*** -0.581*** -0.573*** -0.606*** -0.555***

(0.170) (0.102) (0.104) (0.100) (0.093)
Penetrability -0.372 -0.260* -0.129

(0.278) (0.151) (0.129)
Channel (1–4) 0.434

(0.900)
Season (dry–wet) -2.131 -1.457*

(1.661) (0.873)
Period (4) 0.379 0.511*** 0.547*** 0.552*** 0.589***

(0.293) (0.114) (0.115) (0.119) (0.113)
Constant 2.574*** 2.560*** 1.829*** 1.818*** 1.826***

(0.449) (0.441) (0.100) (0.101) (0.100)
Observations 16 16 16 16 16
Log Likelihood -35.996 -36.113 -37.562 -38.069 -38.962
Akaike Inf. Crit 89.992 88.225 89.125 88.139 87.924
Bayesian Inf. Crit 96.945 94.406 94.533 92.774 91.787
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