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Abstract: Water uptake by mangrove trees can result in salt accumulation in sediment
around roots, negatively influencing growth. Tidal pumping facilitates salt release and can
be enhanced by crab burrows. Similarly, flushing of burrows by incoming tidal water
decreases sediment salinity. In contrast to burrows with multiple entrances, the role of burrows
with one opening for salinity reduction is largely unknown. In a microcosm experiment we
studied the effect of artificial, burrow-like macro-pores with one opening on the desalting of
mangrove sediment and growth of Rhizophora mangle L. seedlings. Sediment salinity,
seedling leaf area and seedling growth were monitored over six months. Artificial burrows
facilitated salt release from the sediment after six weeks, but seedling growth was not
influenced. To test whether crab burrows with one opening facilitate salt release in mangrove
forests, sediment salinities were measured in areas with and without R. mangle stilt roots in
North Brazil at the beginning and end of the wet season. In addition, burrows of Ucides
cordatus were counted. High crab burrow densities and sediment salinities were associated
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with stilt root occurrence. Precipitation and salt accumulation by tree roots seem to have a
larger effect on sediment salinity than desalting by U. cordatus burrows.
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1. Introduction

Mangrove trees are typically exposed to saline tidal waters. Most mangrove species are able to
exclude salt during water uptake and/or to regulate ion concentration via salt glands [1,2]. The drawback
of excluding salt during water uptake is the consequential accumulation of salt in the sediment
surrounding the roots [3]. Under poorly flushed conditions, the accumulated salt around the roots may
reach concentrations that limit further water uptake, leading, in the worst case, to lethal conditions for
the tree [3]. Moreover, mangrove sediments usually feature a high proportion of clay or silt with low
hydraulic conductivity and low diffusion coefficients for salt [4—6], resulting in low diffusion rates and
thereby a slow removal of accumulated salt by groundwater flow [7].

Salt can be washed out by tidal pumping [8,9] or by tidal flushing of animal burrows [10-12].
Tidal pumping (tidally driven pore or groundwater flow) is the infiltration of seawater into the sediment
during flood tides and the discharge of groundwater during ebb tides [13—15]. During this process,
nutrients, dissolved organic carbon, and salt enter and seep out of the sediment [9,16-21]. The effects of
tidal pumping can be intensified by the presence of animal burrows [8,19,22,23]. During tidal flushing,
tidal waters mix with the water inside the burrows; in the case of burrows with more than one opening,
a tidally driven water circulation through burrows may result [8,24,25].

Burrowing crabs are abundant in mangrove ecosystems [26]; their burrows increase the sediment
surface area [27] where exchange processes with air or water take place [28]. The extent to which these
exchange processes are influenced by the presence of burrows will depend, among others, on the burrow
morphology, which affects, in particular, tidal flushing. Different burrow morphologies are (i) burrows
with one opening (from here on referred to as “simple burrows”), (ii) U-shaped and multiple-looped
burrows with two openings and (iii) complex burrows with more than two openings [10,12,29,30].
The mechanism of tidal flushing in burrows with only one opening under natural conditions is not well
understood. In contrast, to date U-shaped and multiple-looped burrows are the most studied burrow types
in terms of tidal flushing [10-12,24,25]. Tidal flushing of U-shaped and multiple-looped burrows
can facilitate salt release from the sediment as it enhances salt diffusion from salt-enriched sediment
pore water to lower concentrated burrow water. The salt can then be flushed out during the next flood
tide [10—12]. The rate of tidal flushing through U-shaped crab burrows in an Australian mangrove forest
(0.01-0.04 m®> m2 day ') was quantitatively similar to the rate of tidally driven groundwater flow
(0.004-0.04 m* m? day ') indicating that this type of burrow significantly enhances the water flow in
mangrove sediments [15].

The formerly investigated U-shaped and multiple-looped burrows belonged mainly to Sesarmid crabs
from the Indo-West Pacific region. Mangroves of the Atlantic-East Pacific are dominated by Ocypodid
crabs; these crabs build usually burrows with one opening. In Brazil, the abundant large mangrove crab
Ucides cordatus (Ucididae) constructs burrows with mainly one opening to depths of 55-211 cm [31].
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Their average density is 1.7 ind. m ™2 for a Rhizophora mangle L. (Rhizophoraceae) dominated forest in
North Brazil [32], and a maximal carapace width of 10 cm was recorded [33]. Ucides cordatus prefers
to build its burrows close to stilt roots of R. mangle trees, probably because the roots increase sediment
stability and provide shelter against predators [34]. Roots of R. mangle trees can reach depths of
200 cm [2], but the main bulk of living roots is concentrated in the upper sediment layer down to a depth
of 50 cm [35]. Ucides cordatus burrows therefore extend over the whole depth range of the possible root
distribution. Given that U. cordatus constructs its burrows preferably in the vicinity of R. mangle roots,
and thus in the zone of salt accumulation [3], it is an intriguing question whether tidal pumping or
flushing of the crabs’ burrows significantly removes excess salt accumulated by the trees’ root system.
If a significant removal of salt took place, burrowing activity by U. cordatus would be likely to improve
growth conditions for the mangrove trees by maintaining root space salinity at tolerable limits.

Besides U. cordatus, Ocypodid fiddler crabs (Uca spp.) are also abundant in Brazilian mangrove
forests (28—105 burrows m 2, own data). Fiddler crabs construct shallower burrows than U. cordatus,
but likewise with one opening (e.g., Uca maracoani constructs burrows of 20-40 cm depth, [36]).
As fiddler crabs feed on microphytobenthos and microheterotrophs [37—40], they prefer areas with a less
dense canopy. Therefore, they are not as closely associated with roots as U. cordatus burrows, hence,
those crabs were not considered further in this study.

The objective of this study was to investigate the effect of artificial crab burrows with one opening
on the desalting of the sediment and a possible positive effect of the desalting on seedling growth.
Therefore, we established a greenhouse microcosm experiment growing R. mangle seedlings under
simulated, regular tidal inundation, monitoring sediment salinity and plant development in treatments
with and without artificial macro-pores modeled after crab burrows. The hypotheses of this study are that
(a) artificial burrows decrease salt accumulation resulting in lower sediment salinities and (b) desalting
of sediment would increase seedling growth measured as increase of total leaf area and of shoot length
and dry biomass of leaves, stem/branches and roots between the first and the last sampling date. Further,
sediment salinities and U. cordatus burrow density in rooted areas (high concentration of R. mangle stilt
roots) and non-rooted gaps (between trees) were determined in a R. mangle forest to study the desalting
effect of burrows. It was hypothesized that (c) areas with high burrow densities presented lower sediment
salinities than areas with low burrow densities.

2. Experimental Section
2.1. Study Area

The microcosm experiment was conducted in a greenhouse on the campus of the Federal University
of Par4d (UFPA), Braganca, Paré state, North Brazil (Figure 1). Field work was conducted in the Caeté
estuary, approximately 30 km northwest of the city of Braganca, in an intertidal mangrove forest near
the tidal channel Furo Grande (46°38" W 0°50" S, Figure 1B). The mangrove forest is dominated by
R. mangle trees [41]. Tides are semidiurnal and tidal amplitude ranges between 3 and 5 m. Most of the
Caeté mangrove forest, including the sampling site, is located in the high intertidal zone and is therefore
not flooded during neap high tides. Mean annual temperature and precipitation for 2010-2012 recorded at
the weather station of Tracuateua, 50 km from the study area, were 26.4 °C and 2054 mm, respectively [42].
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Rainfall is seasonal, with a wet season from January to August and a dry season (monthly precipitation
<100 mm) from September to December [42].
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Figure 1. Study area (46°38" W 0°50’ S) in Northern Brazil (A) near the city of Braganga on
the Ajuruteua peninsula on the western bank of the Caeté estuary (area within the black dot).
The study site is marked by a black dot and lies at the tidal channel Furo Grande (B).

2.2. Microcosm Experiment

Rooted R. mangle seedlings with 3 to 4 pairs of leaves were collected from a mangrove forest next to
the tidal channel Furo Grande in November 2012. To minimize damage to the root system, care was
taken to extract and transport the plants with intact root balls (diameter about 25 cm) surrounded by
natural substrate. In the greenhouse, the seedlings were carefully replanted into perforated plant containers
with 23 cm high and 40 cm wide; the diameter of perforations was 3 cm. Intertidal surface sediment
excavated from a depth of up to 30 cm (collected at a neighboring channel close to Furo Grande) was
added around the root ball.

Plant containers were wrapped from the outside with a 0.5 cm thick felt layer and a 3 cm thick open
cell foam sheet to prevent the sediment within the containers from being washed out through the
perforations. Plant containers were placed into 60 x 60 cm open tanks with 30 cm height. Each tank was
connected to the main water reservoir with an adjustable water inlet, a spillway tube and an adjustable
water outflow. The water reservoir was filled with natural seawater (salinity 32 ppt) from Furo Grande;
its pH was stabilized by establishing a bicarbonate buffering system with marble stone fragments in the
reservoir. During periods of tidal inundation, electrical centrifugal aquarium pumps slowly circulated
the seawater between the tanks and the water reservoir (Figure 2). A timer regulated the flooding of the
tanks. Using the height of the spillway tube, four different tidal inundation levels were regulated during
the experiment (described below). Tanks were shaded with perforated gauze (experimental design
adapted from [43]).



J. Mar. Sci. Eng. 2015, 3 543

Figure 2. Schematic drawing of one section of the experimental microcosm setting with
(1) an experimental seedling in its container, placed into (2) a tank. Altogether there were
18 tanks. Tanks had (3) an adjustable water inlet, (4) a spillway tube and (5) an adjustable
water outflow. The adjustable water outflow regulated the artificial tiding between spring
tide (as shown in drawing: 25 cm, 3 days), intermediate level 2 (18.5 cm, 2 days), intermediate
level 1 (12 cm, 2 days) and neap tide (5.5 cm, 3 days). Water was pumped to the tanks with
(6) electrical centrifugal aquarium pumps from (7) a water reservoir filled with natural
seawater (salinity: 32 ppt).

Plants were acclimated for three months. Within this time period, plant containers were maintained
completely flooded (inundation level: 25 cm) from 6 am to 6 pm (light phase) to wash excess salt from
the sediment and to prevent evaporation at the sediment surface. Water was released overnight to let the
sediment dry without the influence of desiccation by the sun.

To simulate spring and neap tides, tanks were flooded to a height of 25 cm and 5.5 cm above the tank
floor, respectively. To better simulate natural flooding conditions, two intermediate tidal levels were
implemented between spring and neap tide with water heights of 12 cm (intermediate level 1) and 18.5 cm
(intermediate level 2).

Water salinity, pH and temperature in the water reservoir were measured daily in the evening using
a WTW TetraCon 325 and a WTW Sentix 41 pH-electrode connected to a WTW portable meter (Multi
3401, Geotech, Weilheim, Germany), respectively. Water pH ranged between 7.7 and 8.3 and water
temperature varied between 26 °C and 33 °C. Prior to the first sampling, seawater (salinity: 32 ppt) was
added to the reservoir. During the experiment fresh water from the tap or seawater was added when
salinity was higher or lower than 32 ppt, respectively. Higher amounts of seawater were also regularly
(daily to weekly) added to the water reservoir when significant amounts of water had evaporated. The large
size of the water reservoir (3000 L), the frequent addition of fresh sea- or tap water and the relatively
short duration of the experiment (6 months) minimized the risk of nutrient depletion.

2.3. Microcosm Sampling

After three months of acclimation, plant containers (n = 18) were randomly assigned to one of two
treatments (burrow and control) to test the effect of artificial macro-pore (“crab burrows”) on sediment
salinity and R. mangle seedling growth. By using artificial burrows, we were able to maintain constant
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burrow dimension and position across replicates. For the burrow treatment, four vertical holes (3.5 cm
diameter, 20 cm depth) were cored into the substrate with a plastic tube. The selected burrow size is
smaller than that of average burrows of adult U. cordatus crabs and was chosen as a compromise between
realistically simulating the field conditions and maintaining the size of the microcosm within technically
feasible dimensions. The four holes were regularly distributed in a circle around the seedlings at a distance
of 10 cm from the stem. Holes were re-cored weekly to simulate maintenance by the crab. No holes were
cored in the sediment of the control treatment.

Plant containers were flooded for 6 hours twice a day simulating high and low tide. To simulate natural
tidal conditions one spring-neap tide cycle was set to last 14 days and included the following:
(1) Intermediate level 1 for two days, (2) neap tide level for three days, (3) intermediate level 1 for two days,
(4) intermediate level 2 for two days, (5) spring tide level for three days and (6) intermediate level 2 for
two days.

The first sampling of the sediment salinity and the growth parameters was performed immediately
before establishing the artificial burrows (20 February 2013). The second sampling took place 14 days
later. The remaining samplings until the last sampling (21 August 2013) were conducted every 28 days.

Due to the high clay content in the sediment [32], no pore water extraction was possible for salinity
determinations. Instead sediment salinity was measured as follows: Samples for the sediment salinity
were taken with plastic tubes (diameter of 2.9 cm, 20 cm length), maintaining a distance of 10 cm from
the stem of the seedling to minimize root damage. The minimum distance to the artificial burrows was
4 cm. Five grams of sediment were extracted from each plant container in sediment depths of 5, 10, and
15 cm. Samples were stored below 0 °C until further processing. The holes resulting from the sediment
extraction were refilled with substrate from the same source as described above; substrate used for refilling
was rinsed with seawater to remove excess salt. Each sediment sample was homogenized and divided
into two parts. One portion was used to gravimetrically determine its water content through weight loss
by drying at 104 °C. Two grams of the second portion were mixed with 10 mL of distilled water and
shaken for 24 h on a mechanical shaker (MA136, Marconi, Piracicaba, Brazil) before measuring the
salinity of the extract with a WTW TetraCon 325 connected to a WTW portable meter (Multi 3401).
Salinity was measured using the Practical Salinity Scale (ppt). Sediment salinity was then calculated
based on the previously measured original water content and the salinity of the extract [44].

To monitor seedling growth, the number of leaves and the length and width of each leaf were
measured at each sampling date. At the first and last sampling dates, the length of all branches of the
seedling and its stem height were measured and summed up to total shoot length. After the last sampling,
all experimental plants were carefully dug out and the dry biomass of their roots, stem/branches and
leaves determined after drying the constant weight at 104 °C. Leaves of the seedling were scanned before
the drying process and their area estimated with the program ImageJ (Version 1.32, Rasband, 1997-2013).

Dry biomass increment of the different parts of the experimental seedlings (roots, stem/branches,
leaves) could only be indirectly assessed because the seedlings’ dry biomass before the first sampling
could not be determined without destroying the plants. Instead, roots, stems/branches and leaves from
30 additional seedlings (6—8 leaves) were collected at the same sampling site one week after extraction
of the plants used in the microcosm experiment. Stem height and length, width and area of leaves of
these seedlings were measured and the dry mass of the different components determined as described
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above. Estimates for the initial dry weight of the seedlings in the experiment were then obtained by
regression with data from the additionally sampled plants (see below).

2.4. Field Sampling

Sediment salinity data for rooted areas and non-rooted gaps between trees were measured to investigate
whether these areas coincide with high or low U. cordatus burrow densities. Sediment salinity in a high
intertidal R. mangle forest next to Furo Grande was measured once at the beginning of the wet season in
February 2013 and once at the end of the wet season in August 2013 during daytime neap tides. Sediment
cores were taken with a peat sampler (Eijkelkamp, Giesbeek, The Netherlands) of 50 cm length and
6 cm diameter in seven sites within the study area. Distances between sites varied between 20 to 300 m.
Sites were characterized by a mostly canopy free gap (minimum 5 m in diameter) surrounded by
R. mangle trees with a high density of stilt roots. No aerial roots were observed in the gap areas, thus, it
was assumed that the extent of living below ground root biomass was minimal. At each site, three
replicate cores were randomly taken in the gaps (gap area) and in the area with high stilt root density
(rooted area). Sediment samples were taken from the core at 1, 5, 10, 20, 30, 40 and 50 cm depth
and stored in plastic vials at 0 °C until processing. Samples were analyzed for sediment salinity as
described above.

To determine U. cordatus burrow density, open and closed burrows of this species were counted
in 1.5 m? plots at the same sites and times as the previous samplings of the sediment cores resulting
in three replicates per site for each area type (gap and rooted area). Ucides cordatus burrows were recognized
by their size, because Uca spp. crab burrows are smaller, and by the excavated sediment in front of
their openings. Closed, but inhabited U. cordatus burrows were recognized by freshly bioturbated
sediment mounds.

2.5. Statistical Analyses

All analyses were performed with the statistical programming environment R (version 2.15.2, R Core
Team, 2012) with the packages “nlme” [45] and “ggplot2” [46]. The protocol for data exploration and
analysis by Zuur et al. [47,48] were followed. Data were checked for outliers and collinearity between
explanatory variables prior to analysis.

For the data obtained by the microcosm experiment, differences in sediment salinity in plant
containers between the two treatments (burrow, control) and sediment depths over time and all
corresponding interaction terms, were analyzed with a linear mixed effects (LME) model. A LME model
was used, allowing the integration of the factor plant container as a random factor to account for the
repeated measurements [48,49]. To find the optimal set of fixed terms, a backwards model selection was
used based on the maximum likelihood ratio test. Model validity was checked by examination of
diagnostic plots of residual versus fitted values or covariates. Independence was examined by plotting
residuals versus time. The final models (see Appendix) were presented with the restricted maximum
likelihood estimation method. All following LME models were analyzed in the previously described way.

Total shoot length of each plant from the first sampling was subtracted from the respective value from
the last sampling and divided by the initial shoot length to estimate the relative growth increment (%).
Differences in relative growth increments between treatments were analyzed with a #-test.
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The areas of all individual leaves (seedlings from the microcosm experiment and additionally
collected seedlings) were fitted against the product of the corresponding length and width values by
linear least-squared regression. The resulting regression parameters were used to calculate estimates of
the total leaf area of each seedling from the length and width measurements of living leaves determined
from different sampling dates. A LME model was applied to analyze the differences of total leaf area
among treatments over time and their corresponding interaction term. Values for total leaf area were log
transformed, because residuals were heterogeneously distributed. The model allowed for variance
heterogeneity among single plants [48,49].

The total leaf area of the 18 experimental and the 30 additionally collected seedlings were fitted
against the dry biomass of each plant part (roots, stem/branches, leaves) by a linear least-squared
regression. Estimations of dry biomass of roots, stem/branches and leaves at the time of the first sampling
were obtained from the regression parameters. To estimate biomass increment (%) of the experimental
plants for root, stem and leaf dry biomass over time, values of the first sampling were subtracted from
the values of the last sampling and then divided by the initial dry weight. Relative growth increment of
each plant part was analyzed with a #-test for differences between treatments.

The ratio between aboveground (leaves and stem) and belowground (roots) dry biomass was calculated
and analyzed with a LME model for differences between treatments and time (first and last sampling).

For the field data a LME model was used to analyze differences in sediment salinity between area
types (gap and rooted area), sediment depths, season (beginning and end of wet season) and corresponding
interaction terms. The random part of the LME model allowed for heterogeneity among individual
sediment cores and different sampling sites. A variance function was applied to account for variance in
heterogeneity between sediment depth levels [48]. Differences in burrow density between area types,
season and the respective interaction term were tested with a LME model. The random part of the model
allowed for heterogeneity among sampling sites. All values are shown as mean =+ standard error (SE).

3. Results
3.1. Microcosm
3.1.1. Sediment Salinity

The final model indicates that the pattern of sediment salinity over time in the plant containers
differed between the two treatments (with or without artificial burrows). Sediment salinity in both
treatments increased. However, in the plant containers without artificial burrows, salinity had a higher
increase over time (e.g., from 34 to 40 ppt at 10 cm sediment depth) compared with values for the burrow
treatment, which had lower salinity values from the 3rd sampling onwards (e.g., values varied between
34 and 35 ppt at 10 cm sediment depth, Figure 3). A stepwise backwards model selection was applied
using a likelihood ratio test including at the beginning sediment depth, treatment and time and their
interactions. The interaction term between treatment and time was significant (L. Ratio = 20.9, df = 1,
p-value < 0.001, Appendix A1) indicating that the salinity in the control treatment increased more over
time than the burrow treatment. Also the interaction term treatment and sediment depth was significant
(L. Ratio= 5.1, df = 1, p-value = 0.02, Appendix A1). Thus, mostly due to the differences in treatments over
time, the depth-salinity curves differ at each sampling point, e.g., are shallower for the control.
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In addition, the model with the interaction term between sediment depth and time was significant
(L. Ratio= 6.1, df = 1, p-value = 0.01, Appendix A1) resulting in different depth-salinity curves for each
sampling date (Figure 3).
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Figure 3. Mean sediment salinity (n = 9 for each treatment) inside the plant containers for
three sediment depths (5, 10, and 15 cm) from the first sampling (21 February 2013) to the
last sampling (21 August 2013). Treatments are indicated by different point and line types.
Error bars represent the standard error (SE).

3.1.2. Seedling Growth

The growth increment for the total shoot length of seedlings was similar for both treatments
(t-value = 0.5, df = 15, p-value = 0.6, 150.6 + 12.1%, n = 18).

Log transformed total leaf area increased over time, but did not differ between plant containers with
or without artificial crab burrows (Figure 4 showing untransformed data) as indicated by the LME model
selection. To select the final model for the log transformed total leaf area data, a model with the
interaction term between treatment and time and a model without the interaction term were compared.
The interaction term was not significant (L. Ratio = 0.9, df = 1, p-value = 0.4, Appendix A2). Further, the
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main term treatment was not significant (L. Ratio = 0.9, df = 1, p-value = 0.3, Appendix A2). Only the
main term time was significantly term (L. Ratio = 395.2, df = 1, p-value < 0.001, Appendix A2).
The leaf area of the experimental seedlings at each sampling date was calculated with the following

regression equation considering the product of leaf length and width:
Leaf area = ((leaf length x leaf width) — 0.3)/1.3, (R*> = 0.95, n = 957)

To estimate the initial dry biomass data for roots, stem/branches and leaves of the experimental
seedlings, the regression parameters from Table 1a were used. Growth increments of roots, stem/branches
and leaves did not differ significantly between treatments (Table 1b, Figure 5).
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Figure 4. Mean total leaf area (cm? n = 9 for each treatment) from the first sampling
(21 February 2013) to the last sampling (21 August 2013). Treatments are indicated by
different point and line types. Error bars represent the standard error (SE).
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Figure 5. Mean increment in biomass (%, n = 9 for each treatment) of all plant parts (total)
and each single plant part (roots, leaves and stem) between the first sampling (21 February
2013) and the last sampling (21 August 2013). Error bars represent the standard error (SE).

The model for the ratio between above- and belowground biomass with the interaction between
treatment and time was not significant (L. Ratio = 3.7, df = 1, p-value = 0.054, Appendix A3). The main
term treatment was also not significant (L. Ratio = 0.0002, df = 1, p-value = 1, Appendix A3). However,
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a model with the main term time was significant (L. Ratio =27.4, df = 1, p-value <0.001, Appendix A3)

indicating that the ratio between above- and belowground biomass decreased over time.

Table 1. (a) Regression parameters for dry biomass (DB in g) of each plant part (roots,

stem/branches, leaves) against total leaf area (TLA) of each plant listed with the corresponding

R? value and the sample size (n). The regression parameters were used to calculate the DB
of each plant part for the first sampling referring to its TLA; (b) Results of #-tests (z-value,

df-Degree of freedom and p-value) for the growth increment of each plant part between

treatments (burrow, control).

Plant Part Analyses
(a) Regression Parameter R?
Roots DB =—0.51 + TLA x 0.01 0.91
Stem/branches DB =3.86 + TLA x 0.02  0.88
* Leaves DB =0+ TLA x 0.02 0.99
(b) Plant Part t-Value Df  p-Value
roots 1.9 13 0.07
stem/branches -0.4 12 0.72
leaves —0.2 16 0.84

* Original regression resulted in negative DB values for the first sampling. Therefore, the regression line was

set to cross through the origin.
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Figure 6. Mean sediment salinity (n = 21 for each area type) plotted against sediment depth

(1,5, 10, 20, 30, 40 and 50 cm) in gap and rooted areas for the beginning and end of the wet

season. Error bars represent the standard error (SE).

3.2. Field Experiment

The LME model results suggest that area type (rooted and gap areas), sediment depth and season

were factors influencing sediment salinity. This can be inferred from the fact that the model with a
three-way interaction term was the best model (L. Ratio = 32.1, df = 1, p-value <0.001, Appendix A4). The
interaction resulted in different shapes of the depth-salinity curve for gap and rooted areas and for
different sampling dates (Figure 6). At the beginning and at the end of the wet season, sediment salinity
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was generally higher in rooted areas compared with gap areas. However, at the beginning of the wet
season, sediment salinities of rooted and gap areas were similar for 1 and 5 cm sediment depths.
Sediment salinities increased with sediment depths and from 10 cm depth onwards they were higher in
rooted areas (Figure 6).

Crab burrow density was significantly higher in rooted areas for the beginning of wet season with
7.6 £ 0.5 burrows m 2 (n = 21) and the end of wet season with 8.2 £ 0.4 burrows m 2 (n = 21) than in
gaps for the beginning of wet season with 2.4 + 0.4 burrows m 2 (n = 21) and the end of wet season with
3.0 £ 0.7 burrows m 2 (n = 21). The interaction between area type and season was not significant
(L. Ratio = 0.001, df = 1, p-value = 1, Appendix AS). Additionally, including the main term season into
the model, did not yield a better result (L. Ratio = 1.8, df = 1, p-value = 0.2, Appendix AS5). However,
taking into account the main term area type resulted in a significantly better model (L. Ratio = 75.4,
df =1, p-value < 0.001, Appendix AS).

4. Discussion
4.1. Microcosm Experiment

Macro-pores modeled after crab burrows with one opening facilitated the release of salt accumulating
around mangrove tree roots from the sediment under controlled microcosm conditions. Sediment salinity
increased over time under both treatments at all three depths. However, the increase was significantly
stronger in the control than in the burrow treatment. Sediment salinity decreased with increasing sediment
depth, most likely because salt accumulated not exclusively around the roots of the mangrove seedlings,
but also near the sediment surface due to evaporation during exposition to air.

Possible mechanisms leading to the desalting of sediment are tidal pumping and flushing. First, tidal
pumping is considered. Xin et al. [23] simulated the influence of simple burrows of Uca arcuata on the
pore and groundwater flow through sediments of salt marshes: During flood tide, ground water dwelled
up into burrows and during ebb tide water from higher sediment layers drained through burrows.
The authors suggested that these processes improved the pore and groundwater flow and increased the
solute exchange between the sediment and tidal water (e.g., diffusion of salt accumulated around roots
to burrow water). Results of our microcosm experiment confirm the simulations of Xin et al. [23] by
showing that simple burrows indeed reduce the concentrations of solutes in the sediment. In U-shaped,
multiple-looped and complex burrows the topographical slope of the sediment can create a pressure
difference between the two or more openings. Thus, when the incoming tide arrives and enters first at
one opening, a water flow can evolve between the former and the remaining openings [10,24,25].
No such flux is expected for simple burrows like those of U. cordatus; however, sudden influx of water
spilling over the edge of the burrow openings at high tide and turbulence caused by surface flow passing
over already flooded burrow openings will certainly enhance mixing with water accumulated in the
burrow. Thus, a combination of macro-pore enhanced tidal pumping, flushing and increased contact
between the sediment surface and water most likely favored release of solutes from sediment in the
microcosm experiment. Our experiment and the available simulation models provide a starting point for
future studies of the role of simple burrows in the field. Some factors to consider in future studies to
identify the importance of these mechanisms under natural conditions are (1) the structure and depth of
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a burrow, which may influence the amount and velocity of water flow [10,24,25], (2) the difference in
water densities between surface and burrow water, which influences the mixing efficiency between those
two water bodies [11] and (3) active irrigation by inhabitants of burrows which may enhance mixing of
tidal with burrow water [10]. Another aspect to consider is whether burrow entrances are closed or open
during flood tides. In the microcosm experiment the artificial burrows were always open, which is not
always the case under natural conditions as for example U. cordatus can close its burrows [50].

In this microcosm experiment, seedling growth did not differ between treatments, although sediment
salinities differed. Leaf area growth appeared to be higher for control plants (Figure 4), but variance
between seedlings was high and statistical results did not confirm this trend. Experiments testing the
growth of Rhizophora seedlings under different salinity conditions have shown that growth is generally
enhanced at lower salinities [51-54] and seems to be at its optimum at salinities of 8 and 18 for different
Rhizophora species [51-53]. Krauss & Allen [53] studied the growth of R. mangle seedlings in salinities
of 2, 10, and 32 ppt. Although the relative growth rate (measured by total biomass) was significantly
higher at a salinity of 10 ppt, other growth parameters (leaf area, seedling height) did not significantly
differ between salinity levels. They concluded that, within the range tested in their experiment, salinity
is of minor importance for the growth of R. mangle [53]. Experiments testing seedling growth in salinities
of up to 60 ppt showed that seedlings can survive and grow in sediments with such high salinities.
However, for salinities higher than the optimum growth range, growth rates significantly decreased and
above a salinity of 45 ppt even leaf necrosis (“burn marks”) appeared [51,52]. Salinities in our experiment
ranged from 31 to 46 ppt, thus, according to the studies mentioned above, seedlings did not experience
optimum growth conditions. However, necrosis of leaves did not occur during the experiment, indicating
that seedlings may have sustained limited growth, but did not suffer severe damage.

Salinity differences between treatments were small when compared with the range in which seedlings
can potentially grow. For example at the last sampling the salinity difference between treatments was
approximately 4 ppt in 10 cm sediment depth (Figure 3). Therefore, it is assumed that these differences
between treatments did not influence the seedling growth considerably, because the plants can cope with
much higher salinity differences. Moreover, above mentioned growth experiments found differences in
growth due to different salinities within a time period of 3—9 months [52—-54]. Thus, it seems unlikely
that the time span of the experiment of this study (6 months) was too short for growth differences to
evolve, indicating again that the salinity difference may not have been pronounced enough to be relevant
for plant growth.

Although the seedlings experienced similar water salinities and light intensities during the experiment,
the increment in total shoot length, dry biomass of different plant parts and total leaf area strongly
differed between individual seedlings within treatments. This may be due to genetic differences or internal
reserves of the seedlings masking growth differences between treatments [55]. Since the size of the
propagule from which the seedling developed could not be determined until the end of the experiment,
when plants were dug out, it was unclear how much internal reserves each seedling had at the onset of
the experiment.

Another parameter to evaluate seedling growth is the ratio between above- and belowground dry biomass.
Mangrove tree seedlings may react to elevated salinities by increasing their root versus above-ground
biomass (e.g., [56,57]). No such effect was detected in our microcosm experiment. Again, salinity differences
between treatments might have been insufficiently large to trigger the expected response. At any rate,
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the belowground/aboveground ratio may be subject to shifts dependent on developmental stage [58]
which could not be analyzed in our experimental setup.

4.2. Mangrove Sediment Salinity

In the Caeté estuary, densely rooted sediment with distinctly elevated sediment salinities coincided
with high U. cordatus burrow densities, whereas the salinity was lower in sediment with no or few roots
and low burrow densities. Similarly, Smith III [59] measured higher salinities in rooted sediment (57.5 ppt)
compared with sparsely rooted forest gaps (55.2 ppt) in a high intertidal North Australian mangrove
forest, but the author does not provide corresponding data on crab burrow density. At first glance, these
results contradicts our initial hypothesis that burrows facilitate the removal of accumulated salt. However,
salt accumulation by mangrove trees may mask the desalting effect of burrows, because a much larger
quantity of salt may be accumulated in rooted sediment areas than can be removed by burrows resulting
in a net increase in sediment salinity. In an Australian Rhizophora forest, burrow water conductivity
(as proxy for salinity) of a Sesarma sp. burrow was monitored at 70 cm depth over 15 days [60]. The
burrows of these crabs are multiple-looped and/or complex with more than one opening [12]. During
spring high tides when tidal flushing occurred, burrow water conductivity was similar to tidal water
conductivity and during periods of rainfall, burrow water conductivity decreased. These results clearly
show the influence of rainfall and tidal flushing on the water accumulated within the burrow. However,
during days without tidal flushing or rainfall, conductivity increased monotonically over time, indicating
a diffusion process of salt from the sediment into the burrow water [60]. The results by Stieglitz et al. [60]
and from our microcosm experiment strongly indicate that burrows facilitate desalting of the sediment
and that results in the field study are masked by a much higher salt accumulation by tree roots or desalting
by precipitation. Additionally, U. cordatus burrows are not always open [50], thus, the desalting process
may be stopped or less efficient when burrows are closed.

Sediment salinity generally decreased from the first sampling at the beginning of the wet season
until the second sampling at the end of the wet season for both area types, indicating that precipitation
has an important role in regulating sediment salinities, as also seen in other studies [9,61]. The
precipitation-related changes in sediment salinity influence the growth and phenology of R. mangle trees
(in the study area: [62,63]).

The shape of the salinity-depth curve from the initial phase of the rainy season indicates that rainwater
had already reduced the salt concentration at the surface, whereas salt accumulated in deeper sediment
layers during the previous dry season was still present. With the continuing rainfalls, salt concentrations
had been reduced in the deeper layers when we sampled again at the end of the wet season. This reduction
of solute concentrations was more pronounced in the areas without stilt roots, where salt accumulation
by the trees should be negligible. However, surface salinity in the areas with stilt roots was even slightly
higher than at the beginning of the rainy season, indicating that the diminishing rainfall was no longer
able to compensate the salt accumulation by evaporation at the sediment surface.

To study the influence of single factors on the desalting of sediment under natural conditions is
difficult, due to many confounding factors such as sediment salinity, precipitation, evaporation, burrow
density, root biomass and sediment characteristics (e.g., salt lenses or grain size). A possible method to
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indirectly estimate the influence of crab burrows on the salt release may be the exclusion of crabs from
experimental plots and thereby a reduction of burrows.

5. Conclusions

This study is the first to show that artificial crab burrows with one opening facilitated salt release
from rooted sediment in a microcosm experiment. However, the amount of salt released was not high
enough to increase seedling growth. In addition to the microcosm results, field data from a R. mangle
mangrove forest showed that high sediment salinity was associated with the presence of stilt roots.
These areas are also the preferred habitat of U. cordatus; the high burrow density of this crab species in
well-rooted areas does, nevertheless, not result in a net decrease of sediment salinity. The desalting effect
of burrows appears to be masked by the salt accumulation of tree roots or by frequent salt wash outs
during heavy rainfalls in the wet season. Future research should investigate the desalting by simple
burrows also in the dry season to reveal whether the crabs’ functional role regarding this important
ecosystem process differs seasonally. The results of this study further show how experimental and
observational studies can complement each other. Although in the field study the desalting effect was
likely masked by other confounding parameter, the microcosm experiment clearly shows that artificial
burrows with one opening facilitate desalting. Merely a field study would not be able to identify this
process by itself, thus, investigating single processes within an experimental setting may help understand
ecosystem processes better.
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Appendix
Appendix Al

The final optimal model was selected after a stepwise backwards model selection using the likelihood
ratio test.

Sediment salinityip ~ o + Sediment depthip + Treatmentip + Timeip + Sediment
depthip x Treatmentip + Sediment depthip x Timeip + Treatmentip x Timeip + ap +
€ip,
gip ~ N(0,6?)

Sediment salinityip is the sediment salinity of observation i for plant p, where p runs from 1 to 18, and
i is the observation for each plant that ranges from 1 to 8 (the number of samplings over time). The final
model above means that sediment salinity is modeled as a function of sediment depth, treatment, time
and all their two way interaction terms. Treatment is a categorical covariate and sediment depth and time
a continuous. The term aj is the random effect representing the between-plant variation and is significant
(L. Ratio = 51.8, df = 1, p-value < 0.001). The unexplained variance € is assumed to be normally
distributed with mean 0 and variance 6. The intercept of the model is represented with a.

Appendix A2

The final optimal model was selected after a stepwise backwards model selection using the likelihood
ratio test.

log(total leaf area)ip ~ o+ Timeip + ap + €ip, &ip ~ N(0,6?)

Log transformed total leaf areaip is the observation 7 for plant p, where p runs from 1 to 18, and i is
the observation for each plant that ranges from 1 to 8 (the number of samplings over time). The final
model above means that log transformed total leaf areas is modeled as a function of time. Time is a
continuous covariate. The term ap is the random effect representing the between-plant variation and is
significant (L. Ratio = 211.7, df = 1, p-value < 0.001). The unexplained variance ¢ is assumed to be
normally distributed with mean 0 and variance o°. The intercept of the model is represented with o.

Appendix A3

The final optimal model was selected after a stepwise backwards model selection with the likelihood
ratio test.

Above: below ground ratioip ~ o + Timeip + ap + &ip, €ip ~ N(0,6°)

Above to below ground ratioip is the observation i for plant p, where p runs from 1 to 18, and i is the
observation for each plant that ranges from 1 to 2 (first and last sampling). The final model above means
that above to below ground ratio is modeled as a function of time. Time is a continuous covariate. The
term ap is the random effect representing the between-plant variation and is significant (L. Ratio = 9.5,
df =1, p-value = 0.002). The unexplained variance ¢ is assumed to be normally distributed with mean 0
and variance o®. The intercept of the model is represented with a.
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Appendix A4

The final optimal model was selected after a stepwise backwards model selection using the likelihood
ratio test.

Sediment salinityics ~ o + Sediment depthics + Area typeics + Seasonics +
Sediment depthics X Area typeics + Sediment depthics X Seasonics + Area typeics X
Seasonics + Sediment depthics X Area typeics X Seasonicst as + ac/s + Eics, Eies ~
N(0,64%)

Sediment salinityics is the observation i for each sediment core ¢ at each sampling site s, where ¢ runs
from 1 to 3, s from 1 to 7 and i is the observation for each core at the different sites that ranges from 1
to 2 (the number of samplings). The final model above means that sediment salinity is modeled as a
function of sediment depth, area type, season and all their two and three way interactions. Season
and area type are categorical covariates. The terms as and acs are random effects representing the
between-sampling site and between-core variation and are significant (L. Ratio = 11.7, df = 1,
p-value < 0.001, nested term: L. Ratio = 64.4, df = 1, p-value < 0.001). The unexplained variance €ics is
assumed to be normally distributed with mean 0 and variance o where d takes 7 different values
according to each sediment depth level. The intercept of the model is represented with a.

Appendix A5

The final optimal model was selected after a stepwise backwards model selection using the likelihood
ratio test:

Burrow densityis ~ o + Area typeis + Seasonis + Area typeis X Seasonis + as + &is,
&is ~ N(0,6%)

Burrow densityis is the observation i for each sampling site s, where s runs from 1 to 7 and i is the
observation at the different sites that ranges from 1 to 2 (the number of samplings). The final model
above means that burrow density is modeled as a function of area type, season and their interaction.
Season and area type are categorical covariates. The term as is a random effect representing the
between-sampling site variation and is significant (L. Ratio = 7.1, df = 1, p-value = 0.008). The unexplained
variance &is is assumed to be normally distributed with mean 0 and variance 2.
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