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ABSTRACT. The sedimentary intertidal surfaces (tidal flats from here on) in coastal wetlands are globally
recognized by their biological diversity and available ecosystem services. In Chile, these environments are
mainly distributed between 30 and 41°S and associated with micro-tidal estuaries. The estuarine Cruces River
Wetland (CRW) was formed by tectonic subsidence caused by the giant 9.5 My Valdivia earthquake in May
1960. The CRW is characterized by relatively uniform water quality conditions and tidal ranges and a significant
increase of discharge and elevation of the water table concurrent with intense winter precipitations. The present
study focuses on the presence and distribution of tidal flats in the CRW. It evaluates the spatio-temporal
variability (April vs. December 2016) of texture and geochemical parameters (pH and ORP (oxidation/reduction
potential, ORP)) of surface sediments in six particular tidal flats located along the main channel of the Cruces
River. Most of the tidal flats are located in the northern and southern sectors of the CRW. Those located in the
middle and southern sectors of the study area exhibit denser coverage with vestigial tree trunks that evidence
the former presence of marsh forests along the flooded shores. The texture of the studied sediments is dominated
by sand (0.063-2 mm), followed by mud grain size fractions (<0.063 mm). The mud fraction is the only grain
size showing significant differences between the studied tidal flats. Both the pH and ORP values vary
significantly between sites and sampling periods. In general, ORP values were lower or negative in samples
with higher mud and total organic matter contents collected mainly during both sampling times. These results
set the first baseline for textural and basic geochemical characteristics of surface sediments from tidal flats in
the Cruces River wetland. The database provides a primary tool for evaluating potential effects of possible
alterations along the margins of the wetland, which is located in an area of the rapid development of forestry
and industrial activities as well as urban expansion.
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INTRODUCTION

The sedimentary intertidal surfaces (tidal flats from
here on) associated with coastal wetlands have been
globally recognized by their great importance for the
conservation of wild fauna and the supply, mainte-
nance, and regulation of multiple ecosystem services
(Miththapala, 2013; Murray et al., 2015). These include
the regulation of carbon sinks (Thom et al., 2001), the
control of flooding during tidal cycles (Healy et al.,
2002), the enrichment of coastal waters via nutrient
supply (Miththapala, 2013), and the availability of
substrate for aquatic macrophytes (Neira et al., 2006)
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and benthic invertebrates that sustain the diet of aquatic
herbivorous and carnivorous birds (Reise, 1985; Reise
et al., 2010). Nonetheless, these tidal flat environments
are highly vulnerable due to the environmental
deterioration generated by urban expansion and asso-
ciated industrial development (Barbier et al., 2011; Koh
& Khim, 2014; Bagdanaviciute et al., 2015).

Most of the tidal flats in Chile are located in coastal
areas between 30 and 41°S and are mainly associated
with micro-tidal estuaries in fluvial plains (Pino, 1994;
Jaramillo et al., 2001). There are approximately 400
wetlands within this latitudinal range. Many of them are
interconnected and directly linked to the characteristics
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and quality of waters that supply and maintain these
shallow water bodies (Niering, 1985; Farifia &
Camafio, 2012).

The Cruces River wetland (CRW) is located at
~40°S and formed by co-seismic continental
subsidence (up to 2.5 m, Plafker & Savage, 1970)
caused by the giant 9.5 Mw Valdivia earthquake in May
1960 (DeMets et al., 1990). As a result, the areas
adjacent to the fluvial channel of the CRW, and
previously occupied by agriculture, stock farming, and
march forests, transformed into shallow-water or
frequently flooded realms. These areas are currently
characterized by the dense occurrence of Schoeno-
plectus californicus (C.A. Mey.) - an aquatic
macrophyte knew as Junco or totora - tidal flats, and
vestigial trunks attesting ancient forests that occupied
the river banks before the subsidence.

The heterogeneous environment resulting from this
major geomorphological transformation and subse-
quent reconversion of riparian habitats favored the
occurrence of a great variety of macrophytes and
aquatic birds (Ramirez et al., 1991; Schlatter et al.,
1991, 2002; San Martin et al., 1993). These circums-
tances were fundamentally behind the incorporation of
the wetland in 1981 into the list of internationally
important wetlands entitled by the Ramsar Convention
(www.ramsar.org), an international organization created
to promote the conservation and sustainability of wetland
environments around the globe. Nonetheless, the CRW
has not stayed immune against anthropologically
induced environmental perturbations. It is crowned by
the 2004 environmental changes associated with the
industrial activity of a pulp mill plant located in the
wetland catchment area (Escaida et al., 2014). Most
studies related to the CRW realm ecology are focused
on ecosystem components that were notoriously
affected by changes, for example, in water quality
(Woelfl et al., 2006; Lagos et al., 2008; Schaefer &
Einax, 2010), aquatic macrophytes (Pinochet et al.,
2005; Ramirez et al., 2006; Jaramillo et al., 2007,
Marin et al., 2009; Palma et al., 2013), and water birds
(Jaramillo et al., 2007; Lagos et al., 2008; Gonzdlez &
Farifia, 2013). Those research lines arose from the
occurrence of those environmental changes, not as a
particular intention to obtain integral knowledge about
the physicochemical and biological structure of the
wetland. The tidal flats appear as a particularly
important component due to the great variety of
ecosystem services they provide. Given these facts, the
present study's main objectives are to analyze the
occurrence and distribution of tidal flats in the CRW
and to evaluate the spatio-temporal variability of the
texture and essential geochemical characteristics (pH
and oxidation/reduction potential, ORP) of sediments.

In case of environmental changes of global or regional
character, our results will contribute to the gathering of
basic knowledge in order to develop useful tools for
future management strategies, including the manipu-
lation, conservation, or restoration of tidal flats located
in south-central Chile.

MATERIALS AND METHODS

Study area

The Cruces River wetland (CRW) is located just north
of the city of Valdivia in southern Chile (ca. 40°S) (Fig.
1) and encompasses shallow-water bodies and
pronounced river channels with a total surface area of
~4,892 ha. The central axis of the wetland is defined by
the main channel of the Cruces River, which is
straddled by seven tributary streams affected by tidal
variability - the Nanihue, Cudico, Santa Maria, Pichoy,
Cayumapu, Tambillo and San Ramén (Fig. 1). The
maximum reach of mixo-oligohaline waters (0,5-5 of
salinity; Venice System, 1959) into the study area has
been estimated to be at the confluence between Cruces
River and the Cau Cau tidal channel, nearly 26 km
upstream the outlet of the estuarine complex of the
Valdivia River (Pino, 2008) (Fig. 1). The upstream area
between this confluence and San Luis (SL) in the
northern part of the wetland, is affected by tidal effects
varying ca. 0.4-0.8 m (Pino, 2008; UACh, 2015). The
CRW is characterized by relatively uniform values of
the basic water characteristics (temperature, conduc-
tivity, pH and dissolved oxygen) (UACh, 2015) and by
a notorious seasonal increase of water discharge and
elevation of the water level concurrent with intense
winter precipitation (Mufioz-Pedreros, 2003; UACh,
2015). The seasonal trends of precipitation, water
discharge, and water levels indicate slightly higher
values for these hydro-meteorological parameters
during this study (2016) compared to historical
averages derived from the compilation of time series of
daily: precipitation data according to the meteorolo-
gical station of Universidad Austral for the period 1960-
2016, Meteorological Survey of Chile (meteorological
station at Pichoy Airport, Valdivia, 1970-2016;
www.meteochile.cl); water discharge and water table
levels according to the electronic database of the
General Water Management (Direcciéon General de
Aguas; DGA; www.dga.cl) for the Rucaco station
located 30 km northeast from the San Luis area (Fig. 1).

Distribution and characterization of studied tidal
flats

The inventory of tidal flats in the area of the CRW was
performed on March 19-20™ of 2015. The spatial distri-
bution indicates higher densities and larger surface
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Figure 1. Location of the Cruces River wetland (CRW) in south-central Chile and the location of the most important
tributary streams. The white dashed squares delimit the northern (n), central (c), and southern (s) sectors of the CRW. The
red circles indicate tidal flats along the wetland, and white circles show the locations of the six studied sites (SL: San Luis,
SM: Santa Maria, Ca: Cayumapu, Ch: Chorocamayo, LD: La Dehesa, Pu: Punucapa). The green star indicates the maximum
reach of mixo-oligohaline waters (0.5-5 of salinity; Venice System, 1959) into the wetland. Zenith view aerial photographs
obtained from unmanned aerial vehicles and used for the general characterization of surface and marginal environments of
the studied tidal flats are presented at the right side of this figure.

areas of tidal flats in the wetland's northern and
southern sectors (Fig. 1). This exploratory activity
allowed us to sectorize the area in three sectors
according to the grouping of tidal flats along the
wetland. Later on, we choose two of them for each
sector, basically in terms of landscape similarities and
the absence of recent disturbances, such as the presence
of artisanal docks and the influence of human activity.

Six tidal flats were randomly selected along the
main Cruces River fluvial channel between San Luis in
the north and Punucapa in the south (Fig. 1). From north
to south, the six sites were denominated, measured, and
georeferenced as follows: i) northern sector with SL =
Cruces River, San Luis (4,165 m% 39°36'52,17"S,
73°09'32,71"W) and SM = Cruces River, Santa Maria
(1,284 m?; 39°40'14,72"S, 73°10'40,58"W), ii) central
sector with Ca = confluence of Cayumapu River with
Chorocamayo River (491 m%  39°43'14,66"S,

73°11'19,94"W) and Ch = Chorocamayo River (4,100
m?; 39°43'43,16"S, 73°13'52,39"W), and iii) southern
sector with LD = Cruces River, La Dehesa (9,746 m?;
39°44'05,97"S, 73°15'01,29"W) and Pu = Cruces River,
Punucapa (1,123 m?% 39°46'14,57"S, 73°15'29,64"W)
(Fig. 1b). Panoramic images were obtained in
December 2015 with conventional cameras and
unmanned aerial vehicles (drone Dji Inspire 1) to get
the general features of sites, including general margin
conditions and surface dimensions of tidal flats.

Texture and total content of organic matter in
surface sediments

On April 8-9™ and December 11", 2016 four replicate
surface sediment samples were collected at randomly
selected locations -in terms of location of sampling
points- along a 4 m strip located in the center of each
site to analyze the texture (i.e., grain size fractions;
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Folk, 1974) and total organic matter content of the
sediments. The analyzed material was collected from
the upper surface area (ca. 2 cm) and packed in labeled
plastic bags, which were cold-stored for further
laboratory analysis. The sediment texture analysis was
performed according to wet sieving procedures
established by Anderson et al. (1981). Portions of
sediment of approximately 5 g each were wet sieved at
2 and 0.063 mm to separate the grain size fractions
gravel (>2 mm), sand and biogenic aggregates (2-0.063
mm), and mud (<0.063 mm) (grain size according to
Folk, 1974). The biogenic aggregates were mainly
represented by fecal remnants and parts of mineralized
tubes from annelid worms. The sand and biogenic
aggregates were treated with ultrasound for 30 min and
sieved at 0.063 mm to separate the sand fraction from
the biogenic material, which is mainly composed of
particles <0.063 mm in diameter (Anderson et al.,
1981). Subsequently, the grain size fractions were dried
(60°C for 24 h) and incinerated (550°C for 6 h) to
estimate the total content of organic matter in each
sample (organic carboniferous or combustible matter)
based on differences in weight before and after
incineration (Byers et al., 1978). The colloidal
suspension of mud particles (<0.063 mm) obtained
from the second sieving step was left for decantation
and subsequently leveled in 1-L test glasses. The
mixture was homogenized by vertical agitation before
the extraction of 20 mL samples with a pipette
immersed at 20 cm from the surface. These aliquots
were dried at 60°C for 24 h and subsequently
incinerated at 550°C for 6 h.

pH and oxidation/reduction potential of surface
sediments

The pH and oxidation/reduction potential (ORP) of
surface sediments (i.e., upper 2 cm) were estimated on
four replicate samples from each tidal flat. The
replicates were sampled in plastic (PVC) cylinders with
4.5 mm of diameter, inserted into the sediment to
approximately 10 cm depth during ebb tide, i.e., during
subaerial exposure of those environments. After
extraction, the cylinders were covered with lids and
transported towards the sampling boat, where
measurements were directly performed on an Orion
Star A321 device equipped with pH and ORP sensors.

Statistical analyses

The spatial and temporal variability of sediment
characteristics were analyzed with a permutational
multivariate analysis of variance based on Euclidian
distance (PERMANOVA; Anderson, 2001). This
statistical method allows for the direct additive
partitioning of variation, enabling tests of multivariable

interactions in complex experimental setups. The
statistical test - the pseudo-F parameter and its
respective probability p (perm.) - are calculated from a
symmetric dissimilarity matrix. We calculated a
distance similarity matrix from the normalized data by
using dissimilarity measurements based on Euclidian
distance. The PERMANOVA analysis was performed
with 4999 permutations to obtain meaningful p (perm.)
values without leaving data unprocessed (Anderson,
2001). The tidal flats (six levels: SL, SM, Ca, Ch, LD,
and Pu) and the period (two levels: April and
December) were considered as fixed and orthogonal
factors (n = 4). The approximation was executed via
permutations, as most of the data is not normally
distributed, even after respective transformations
(Anderson, 2001); only significant (P < 0.05) effects
were tested via multiple paired comparisons, consi-
dering appropriate requisites suggested by the model
(Anderson et al., 2008). We analyzed their distributions
and the correlation matrix between sedimentological
descriptors on the Draftsman plot (Anderson et al.,
2008) to track collinearity between the applied
variables. Environmental descriptors with high
correlation (r > 0.5) were excluded to avoid an
excessive adjustment of variables and reduce confusion
arising from associated over-estimations.

A non-metric multidimensional scaling analysis
(nMDS) was used to produce two-dimensional ordination
plots using Euclidian distance-based matrices of the
normalized data to graphically visualize multivariate
patterns among the selected sedimentological variables
(mud content, pH, ORP). The comparison between
sedimentological variables in tidal flats (SL, SM, Ca,
Ch, LD, and Pu) and months (April and December
2016) was realized with a one-way analysis of
similarities (ANOSIM, Clarke, 1993). A simple
regression analysis (Sokal & Rohlf, 1995) was used to
evaluate potential correlations between the average
contents of mud and total organic matter and ORP
values. All multivariable analyses were executed with
the Primer 6.1.6. Software for statistical analysis,
including the complementary package PERMANOVA.
The simple regression analyses were performed with
SigmaPlot 11, including the corresponding statistical
extension.

RESULTS

General characteristics of tidal flats

The surface areas and outlines of tidal flats in the
Cruces River wetland (CRW) are somewhat variable
and generally characterized by higher frequency and
larger surface areas in the northern (upstream) and
southern (downstream) sectors of the wetland (Fig. 1).
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The surface area of the studied tidal flats varies between
491 and 9,756 m?(Ca and LD, respectively; Fig. 1). The
SL, Ca, and Pu surfaces exhibit an oval shape oriented
parallel to the adjacent main water channel. The SM,
Ch, and LD surfaces have somewhat irregular,
trapezoid-like shapes with their base oriented parallel
to the water channel (Fig. 1). All tidal flats (except SL
site) are associated with/surrounded by totora
(Schoenoplectus californicus), which is the dominant
macrophyte in the study region and occupies extensive
(~70%) areas along their subaerial (ebb tide) perimeter
(Fig. 1). The tidal flat margins verging on water
channels host other widely distributed aquatic
macrophytes, such as luchecillo (Egeria densa), as well
as the spatially less frequent brown and green luche
(Potamogeton spp.). Surface structures of biologic
origin are represented by vestigial tree trunks, which
are more prevalent towards the southern sector of the
wetland (i.e., Ch and LD tidal flats; Fig. 1). All surfaces
show micro-topographic variations, such as small
trenches due to biological activity produced by wading
birds and fishes and freshwater bivalves and micro-
grooves due to local hydraulic processes (flow and
outflow currents).

Texture, total organic matter content, and pH/ORP
conditions in surface sediments

General aspects

The textural features (grain size) and total organic
matter contents of the analyzed sediments are
summarized in Table 1 and Figures 2 and 3. The sand
grain size fraction is dominant and varies between
22.2% (LD in April) and 72.0% (SL in December;
Table 1, Fig. 2), followed by the mud fraction between
10.6-11.7% (SL, April and December 2016,
respectively) and 44.0% (LD, April 2016) (Table 1,
Fig. 2). The average percental values for biogenic
aggregates vary between 17.6-33.6% and 13.7-21.3%
(April and December 2016, respectively). The
lowermost values (around 13%) were estimated in
December 2016 at the LD tidal flat, whereas the
maxima around 30% correspond to measurements in
April 2016 at the Ch and LD surfaces (Table 1, Fig. 2).
The total organic matter contents lack clear trends for
both sampling periods. The respective values fluctuate
between 6.5 and 15.0% in April, and 7.7 and 14.1% in
December 2016 (Table 1, Fig. 3).

The pH and ORP values of surface sediments
estimated in April and December 2016 demonstrate
significant variability for most of the sites. For
example, the pH wvalues for April/December are
below/above the overall average (SL and SM tidal flats;
Fig. 4, Table 2). The general trend of all ORP values
and those estimated for individual sites varies signifi-

cantly between April and December. Furthermore, the
variability between different sites was less strong and
with positive values (increased oxidation conditions in
the sediment) in April. December yielded most of the
ORP negative values (SM and Ch sediments; Fig. 4).

Due to the high correlation between textural
variables (grain size) and the total organic matter
content (Draftsman plot; Anderson et al., 2008), the
multivariable statistical analysis was restricted to the
mud fraction, along with the pH and ORP factors. Table
3 summarizes the variance analyses via permutations
(PERMANOVA; Anderson et al., 2008) for mud, pH,
and ORP between and within the different tidal flats.
The comparison of mud contents between surfaces (P)
yielded showed significant differences (P < 0.05). In
contrast, the temporal variability (M, April vs.
December) of this grain size fraction, as well as the
interaction between its percental fraction among
different tidal flats and months (P x M), were
nonsignificant (P > 0.05). In turn, the evaluation of
potential differences in pH values between tidal flats
and sampling months yielded significant differences (P
< 0.05) only for the source of interactions between
these factors (P x M). Finally, the ORP analysis
indicates significant differences (P < 0.05) between
tidal flats and months, as well as for the interaction
between these factors (Table 3). The spatial variability
of the ORP vs. the content of mud and total organic
matter demonstrates significantly lower or negative
ORP values in samples with a higher content of mud
and organic matter (Fig. 5).

The nmMDS analysis was performed to graphically
visualize possible group patterns between replicate
samples according to variable mud contents, pH, and
ORP conditions, and considering a general division of
the CRW in northern, central, and southern sector (Fig.
6). A notorious spatial clustering was observed for
April 2016 between replicate samples from tidal flats in
the northern CRW sector (i.e., SL. and SM). This pattern
differs from the larger graphical distance between
replicate samples within each sector during December
2016 (Fig. 6). The stress values from each analysis
(<0.1) indicate good-to-acceptable graphical represen-
tation (Kruskal, 1964) of the differences and simila-
rities between the studied tidal flats.

DISCUSSION

The 1960 Valdivia earthquake generated co-seismic
continental subsidence, which caused the widening and
deepening of extensive areas around the mainstream
channel of the Cruces River. Wide areas along the river
banks transformed into shallow-water bodies with
reduced bottom slope, which are frequently influenced
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Table 1. Average percentage values for sand, mud, biogenic aggregates, and total organic matter contents in surface sediments
on the studied tidal flats (Fig. 1) during April and December 2016. The average/error is based on four replicate samples and their
standard deviation SL: San Luis, SM: Santa Maria, Ca: Cayumapu, Ch: Chorocamayo, LD: La Dehesa, Pu: Punucapa.

Sit Sand Mud Biogenic aggregates Total organic matter
1es April December April December April December April December
SL 68.7(6.8)  72.0(8.7) 10.6(3.9) 11.7(2.8) 19.8(5.1) 16.4(6.7) 79(1.7) 93@3.2)
SM  46.9(25.9) 47.6(11.7) 24.1(13.6) 31.0(9.2) 28.9(13.4) 21.3(7.5) 129(44) 14.1(1.6)
Ca 473 (14.1) 60.4(12.9) 247(54) 22.8(44) 27.7(11.5) 15.4(84) 10.3(2.3) 8.0(1.2)
Ch 35.8(8.8) 53.2(6.3) 306(5.2) 31.7(4.7) 33.6(45) 15.1(22) 10.6(3.0)  9.1(0.7)
LD  222(65) 57.5(11.4) 44.0(1.7)  28.7(6.3) 33.6(54) 13.7(6.0) 15.0(1.0) 7.7(1.2)
Pu 63.1(17.8) 61.1(16.5) 19.2(104) 23.6(94) 17.6(74)  15.1(7.3) 6.5(2.7) 10.0(34)
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Figure 2. Spatial-temporal (April and December 2016) variability of sediment texture for the six studied tidal flats (see Fig.
1).The white rectangles display the total average values (stippled black line) based on measurements from all tidal flats.

— by tidal currents. These environmental characteristics
likely promoted the processes and dynamics of
sedimentation and evolution of the present tidal flats in
the wetland. Similar circumstances have been reported
5 4 from nearby areas, such as the estuaries of the rivers
Lingue and Queule located approximately 50 km to the
north of CRW (Saint Amand, 1961; Pino & Mulsow,
20 - 1983; Pino et al., 1999).

The tidal flat surfaces in CRW are characterized by
considerable variability considering their shape and
size. They are generally associated with extensive areas
covered with Schoenoplectus californicus (totora) and
Spartina densiflora (commonly known as espartina),
which are assigned a major ecological value, because
of their fundamental role as environmental engineers.

Percentage of total organic matter (mean + SD)

SL SM Ca Ch LD Pu
Studied sites

® April 2016 O December 2016

Figure 3. Spatial-temporal (April and December 2016)
variability of total organic matter contents for the six
studied tidal flats (see Fig. 1). The white rectangles display
the total average values (stippled black line) based on
measurements from all tidal flats.

These macrophyte species, model and stabilize the
wetland shores against external hydraulic stress factors
(Valdovinos et al., 2010), and capture suspended
material in their canopy structures (Madsen et al., 2001;
Bouma et al., 2005; Leonard & Croft, 2006; Anthony,
2008; Ma et al., 2014). Therefore, the occurrence and
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Figure 4. Spatial-temporal (April and December 2016) variability of pH and ORP (mV) values for the six studied tidal flats
(Fig. 1). The white rectangles display the total average values (stippled black line) based on measurements from all tidal

flats.

Table 2. Average values of pH and oxidation/reduction
potential (ORP in mV) of surface sediments on the studied
tidal flats during April and December (see Fig. 1). The
average values/errors are based on four replicate samples

and their standard deviation.

. pH ORP (mV)
Sites April December April December
SL 68+0.1 78%04 7.6+13.1 7.0+14.8
SM 6.6+0.1 73%03 126 +9.5 928+7.7
Ca 73+£04 69£0.2 17.8 £22.5 0.6 +7.7
Ch 74+£04 71£02 7.0+9.7 -123.7 £26.4
LD 76+03 68+0.1 -24.6 £36.3 10.4+£4.9
Pu 73+00 68+0.1 435+93 -40.8 £18.4

spatial distribution of totora might be favoring the
formation and maintenance of tidal flats in the wetland
as well.

The majority and largest tidal flat environments are
concentrated in the northern and southern sectors of the
CRW. This spatial distribution might be the result of
differential co-seismic subsidence during the 1960
earthquake, controlled by the location and different
orientation of geological fault structures (SERNA-
GEOMIN, 2004) responsible non-uniform block
movements (Illies, 1970). This scenario would imply
differential subsidence and spatially variable
magnitudes of sediment accumulation. The non-
uniform distribution of tidal flats might also be
determined by the variable occurrence of aquatic
macrophytes such as luchecillo (Egeria densa) -a

species that colonizes shallow-water environments and
promotes the stabilization and catching of suspended
particles from the water column (Yarrow et al., 2009;
Redekop et al., 2016).

The sediments of the studied tidal flats sediments
are characterized by the high concentrations of sand
particles, a situation probably linked to the high
concentration of suspended material in the water
column related to higher velocities of the tidal currents
during the inflow of the tidal wave into shallow waters.
The resulting flow increase of the rising tide is then an
order of magnitude higher than the flow generated by
the natural drainage of the Cruces River (UACh, 2015).
The sand/mud textural ratio observed in this study is
coherent with results obtained from similar
environments in the estuaries of Lingue River and
Queule River, which host wetlands of similar tectonic
origin to CRW (see, for example, Bertrdn, 1984;
Richter, 1985: Quijén & Jaramillo, 1996; Pino et al.,
1999; Jaramillo et al., 2001).

The fraction of mud content varies significantly (P
< 0.05) between tidal flats, but less so between
sampling periods. During the early-fall sampling (April
2016), the surface sediments showed greater varia-
bility, with strikingly high mud contents in the La
Dehesa surface. The latter might be related to the
increased density of vestigial tree trunks in this particular
tidal flat, which might potentially modify the local
hydrodynamic conditions and the deposition of fine
sediments. In turn, sampling during the spring of 2016,
indicated higher textural, between sediments from
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Table 3. Summary of two-way PERMANOVA analysis to evaluate possible differences in the mud grain size fraction, pH,
and ORP values in tidal flat sediments. The bold p (perm.) values are significant (P < 0.05) for each test. dl: degree of

freedom, SC: sum of squares, MS: mean squares.

Parameter Source dl SC MS  pseudo-F p (perm.)
Mud Tidal flat (T) 5 25.81 5.16 11.62 0.0002
Month (M) 1 0.04 0.04 0.09 0.7696
TxM 5 5.16 1.03 2.32 0.0686
Error 36 1599 0.44
Total 47 47
pH Tidal flat (T) 5 3.34  0.67 1.88 0.1242
Month (M) 1 037 0.37 1.05 0.3118
TxM 5 3054 6.11 17.24 0.0002
Error 36 12.75 0.35
Total 47 47
ORP Tidal flat (T) 5 12.63 2.53 20.39 0.0002
Month (M) 1 1254 1254 101.24 0.0002
TxM 5 17.38 348 28.06 0.0002
Error 36 446 0.13
Total 47 47
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Figure 5. Variability of ORP values against mud and total organic matter contents in the sediments studied (samples from

all tidal flats are included).

different tidal flats that could be related to higher fluvial
channel discharge during winter (due to intense
precipitation), which is then expected to affect the local
distribution and characteristics of surface sediments
(Rojas, 1984; Bertrdan, 1989; Jaramillo et al., 2001).
This hypothesis is also coherent with the increased

fraction of sandy material on all studied tidal flats. The
seasonal variability of fluvial discharge might also be
correlated with the observed low concentration of
biogenic aggregates in December, which are expected
to be more easily destroyed by physical perturbations
such as stronger tidal currents (Bertrdn, 1984; Richter,
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Figure 6. Graphical representation of results from the
nMDS analysis based on normalized Euclidean distance
and representing the spatial (between tidal flats; Fig. 1)
and temporal (April and December 2016) variability of
mud contents and pH/ORP values.

1985: Quijén & Jaramillo, 1996; Pino et al., 1999;
Jaramillo et al., 2001).

Nonetheless, the total content of organic matter in
the sediments is not correlated with seasonal
fluctuations of fluvial discharge. They showed similar
values during both sampling periods and between
studied tidal flats. Similarly, pH conditions of surface
sediments were close to neutral (~7), both before and
after the intense winter precipitations, and are not
affected by those.

The spatio-temporal variability of ORP conditions
is coupled to the contents of mud and total organic
matter in the sediments (i.e., total organic matter;
Madsen et al., 2001; Atapaththu et al., 2017). In turn, it
might be associated with the seasonal climatic
variability indicated by slightly positive values in April
vs. December 2016. This ORP variability might be
attributed to the biological activity of the generally
abundant macro-infauna in the intertidal environment
of the studied surfaces (Quijon & Jaramillo, 1993,

1996). Various studies have demonstrated the capacity
of numerous invertebrate species representing the
macro-infauna of tidal flats to modify the grain size of
sediments and produce bioturbation on the surfaces of
this type of coastal environments (Anderson, 1983;
Perillo, 2003; Satish & Bhawanisingh, 2009).

These results, combined with the graphical analyses
(nMDS), indicate notoriously different surface sediments
features from the northern sector for the fall sampling
period, compared to the rest of the CRW (i.e., San Luis
and Santa Marfa. In turn, spring sampling indicates
only minor differential group patterns between sites or
sectors, which show a rather uniform distribution of
mud contents and pH conditions. This more uniform
distribution might be assigned to the physical effects of
increased water discharge during the winter, which is
expected to influence spatial distribution and
characteristics of surface sediments (Rojas, 1984;
Bertran, 1989; Jaramillo et al., 2001). Such homogeni-
zation is typical for other coastal sedimentary
environments exposed to periodic physical perturbations,
such as swells, tidal waves, or punctual events such as
tsunamis (Sasaki et al., 1995; Jaramillo et al., 2012;
Abe et al., 2016).

CONCLUSIONS

Although sedimentary features of the Cruces River
wetland's tidal flats show seasonal variability, the
texture of sediments and organic matter content
remained quite similar along the study period, with
sand particles (63-2,000 u) as the dominant fraction.
Since our results are the first ones for this Ramsar site,
the same should be considered as a primary tool for
further scientific studies, dealing, for example, with
temporal variability of sedimentary features associated
with climate change. As such, those results will be
useful to design management strategies aimed to cope
not only with future risk scenarios linked to that
environmental forcing, but also with an increased
modification of wetland margins by urban expansion,
forestry, and industrial activities, which could modify
sediment structure along with the water-land interface.
Thus, this study's outcome could be further imple-
mented into the public policy-making related to the
strategic management of coastal wetlands in south-
central Chile.
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