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Abstract: Coastal wetlands are suffering from anthropogenic alterations worldwide. Aquatic moni-
toring based on macroinvertebrates has been successfully used to assess the ecological condition of
many aquatic systems worldwide. Nonetheless, studies are still insufficient for the coastal wetlands
of the South Pacific. Here, we present a preliminary attempt to select metrics based on aquatic
macroinvertebrates to incorporate into coastal wetlands biomonitoring in the Chilean Mediterranean
ecoregion. We sampled 25 sites in ten coastal wetlands during the austral spring of 2019. We used an
integrated index that considers both human activities at catchment and at local scales to identify sites
less or more disturbed. We tested a total of 70 metrics (either traditional or new metrics) representing
different aspects of community structure/composition, functions and tolerance to pollution. Two
metrics were finally retained: detritivore abundance (traditional metric) and geometric mean body
size (new metric). These metrics were able to detect sites impacted by human activities. Thus, they
might be considered as candidate metrics for the biomonitoring of these systems and to develop
future indices. Moreover, because of their generality, they might also be applicable to coastal wetlands
in other Mediterranean regions, including sites where taxonomic identification is still a challenge.

Keywords: biodiversity; bioindicators; conservation; management; MMI

1. Introduction

Coastal wetlands are dynamic environments between the land and the sea that provide
a wide range of benefits to human wellbeing, e.g., water and food supply, biodiversity sus-
taining and protection from natural events such as storm surge and tsunamis [1]. However,
they have experienced profound alterations due to human activities (e.g., agriculture, ur-
banization), which strongly modified hydrology, water quality and the associated biological
communities [2–5]. Approximately 63% of all coastal wetlands have been lost since 1900 [6];
the remaining wetlands in coastal areas are still suffering extensive modifications, mainly
as a consequence of increases in population and urbanization and massive tourism devel-
opment [7]. Thus, developing tools to assess the ecological condition of coastal wetlands is
critical to support correct and efficient management and conservation strategies.

Biological monitoring using bioindicators is key for detecting and quantifying human
impacts on wetlands [8]. Hundreds of methods have been developed in the last few
decades [9], most based on macroinvertebrates, because they have limited movements and
traits variation and are sensitivity to anthropogenic and natural stressors [9–11]. Biological
monitoring using multimetric indices (MMIs) has become popular worldwide to evaluate
the ecological condition of different types of aquatic ecosystems, including streams, ponds,
wetlands and lagoons, among others [12–16]. This is because MMIs combine various aspects
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of the biological community responsive to human impacts (e.g., richness, diversity, function,
pollution tolerance (see [17])) into a single measure, and MMIs can allow the classification
and identification of the cause of degradation. Nonetheless, only a few MMIs have been
produced for transitional waters such as coastal wetlands [9], although system MMIs seem
more consistent than individual metrics in detecting anthropogenic pressures [18].

There are hundreds of wetlands scattered along the coastline in Chile, but only recently
have they started to receive attention for conservation and biomonitoring [5,19]. Coastal
wetlands in Chile are valuable systems of high social and ecological importance [20].
Nonetheless, many of them have been lost in the past, especially in the Mediterranean zone
of Chile (25–39 ◦S), where ca. 73% of the national population live [5,21], and land uses
(agriculture, livestock production and industries) have had and still have great impacts
on water resources [22,23]. Nonetheless, biomonitoring studies of these systems are still
lacking. Understanding how human activities affect these ecosystems in the Mediterranean
region is therefore a priority for their conservation. This necessitates identifying potential
metrics for biomonitoring that can also be used to develop new tools, such as the MMI, to
identify which wetlands deserve priority for conservation.

With this aim, we studied 10 coastal wetlands in two regions of Mediterranean Chile
(Valparaiso and Coquimbo). The former has suffered more intense urbanization and greater
pressures due to tourism than the latter [24]. This study represents the first attempt to select
and test metrics based on macroinvertebrates for the monitoring of coastal wetlands in the
Chilean Mediterranean ecoregion.

2. Materials and Methods
2.1. Study Sites

The selected wetlands lie between 29◦49′ S and 33◦45′ S, along the Chilean coast
(Figure 1). This area corresponds to the arid and semi-arid Mediterranean climate of Chile.
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All wetlands showed sand barriers that influence the connections to the sea and
exhibited semidiurnal tides but with variations in frequency and range (see [25] for details).
Of the ten wetlands, five (from Punta Teatinos to Chigualoco) are distributed within the
arid Mediterranean climate, and five (from Quilimarí to Cartagena) are in the semi-arid
Mediterranean climate. The studied wetlands have variable sizes ranging from 4.3 ha
to 27.9 (https://humedaleschile.mma.gob.cl/inventario-humadales/catastro/ (accessed
22 September 2022)) and are either urban or rural [26,27].

The main local threats to these wetlands were visitors, pets, vehicles, and rubbish [27].
Samples were collected once in 2019 during the Austral spring, as this season should

present the best conditions (e.g., water flow, habitat variability) to detect anthropogenic
disturbances in wetlands according to Vadas et al. [16]. Sampling was conducted in three
sites within each wetland: one site closer to the sea, one in the middle and one in the upper
part (see an example on Figure S1)). These sites were selected to ensure gradients of human
usage and habitat variations. Maximum distances between sampling sites ranged from
113 to 1160 m.

2.2. Environmental Data

At each site, we measured water salinity (psu), pH and temperature (◦C) with a YSI
ProDSS multiparameter, and we collected water samples for further laboratory analyses.
Once at the laboratory, the Chlorophyll-a concentration (µlg/L) of each site was determined
using methanol extraction with a spectrophotometer (TECAN 200). Nitrite, phosphate and
silicate (µM) analyses were conducted on a composite sample of each coastal wetland and
determined following EPA [28]; Murphy and Riley [29]; and Strickland and Parson [30].

2.3. Macroinvertebrate Data

Aquatic macroinvertebrate samples were collected using a kick net (250 µm mesh size)
by sweeping on all the microhabitats present (e.g., macrophytes, algae, open water) along
the littoral shore. A total of twenty sweeps of 1 m were carried out at three points (i.e.,
replicate) within each site. Because five sites showed salinity values much higher than
the others (i.e., salinities > 5 psu), we decided to omit them; thus, we analyzed a total of
25 sample sites instead of 30. After collection, samples were preserved in 70% ethanol
until identification. In the laboratory, macroinvertebrates were sorted and identified to the
lowest practical taxonomic level (family/genus/species) following available taxonomic
keys [31–33]. The abundance of each taxon was summed over replicas at each site before
analyses. The list of all taxa is presented in Table S1. After identification, individuals were
measured following the procedure detailed in Coccia et al. [34]. Individuals were first
photographed with a Jenoptik ProgResC5 digital camera coupled with an Olympus SZ61
stereomicroscope, then each individual was measured to the nearest 0.1 mm using the
digital image analysis software Image J (ver. 1.5). Body lengths included the distance from
the head front to the last abdominal segment for Insecta; shell height for Gasteropoda;
and total length for Anellida. Measurements were taken of all collected individuals in
a sampled site if abundance was ≤ than 25 individuals or on 25 random individuals for
abundant taxa (>25 individuals).

Dry mass was estimated using the published length–mass regressions used in
Coccia et al. [34].

2.4. Classifying Wetlands Sites According to Their Human Disturbance

To classify the exposure of each studied site to human disturbance, we used the Inte-
grated Disturbance Index (IDI) following Coccia et al. [34] This index integrates disturbance
at catchment level (CDI) and disturbance at local level through an index that measure the
conservation status of wetlands (ECELS).

The CDI was calculated by summing the three main human land cover types: agricul-
ture, tree plantation and urban, after weighting them according to their potential impacts on

https://humedaleschile.mma.gob.cl/inventario-humadales/catastro/
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the aquatic environment [14,35]. Land cover types were extrapolated from a 1km diameter
buffer centered on each wetland.

The ECELS index is based on 5 components: littoral morphology, human activity,
water characteristics, emergent vegetation and hydrophytic vegetation [36]. The index can
range from 0 to 100, divided into 5 categories: bad (<30), poor (30–49), moderate (50–69),
good (70–89) and high (≥90). Since the values of CDI increase at high disturbance, while the
ECELS indices decreased (or vice versa), we inverted the ECELS values before calculating
the Integrated Disturbance Index (IDI), following Ligeiro et al. [35].

Then, after calculating the mean and standard deviation of the IDI index, we defined
as least disturbed those sites below the mean minus one SD and as most disturbed those
sites above the mean plus one SD. Moderately disturbed sites were those in between the
two categories defined above. Lastly, a principal component analyses (PCA) was used
to identify which environmental variables were associated with each category of human
disturbance. For this analysis, we used all the environmental variables with correlation
values <0.8 (i.e., dissolved oxygen, pH, depth, chlorophyll-a, concentration, phosphate,
nitrate and silicate).

2.5. Candidate Metrics

We considered 70 candidate metrics (Table S2). Among these, 67 have been widely
used to detect anthropogenic impacts in aquatic systems [13–15], while the remaining three
metrics based on body size (size diversity, geometric mean body size and the slope of the
size spectra) have not yet used in biomonitoring, despite the fact that they can provide
information on ecosystems’ health and alterations [37,38].

These metrics represented community structure (11 metrics), community composi-
tion (36 metrics), tolerance to pollution (8 metrics) and functional traits, including body
size-related metrics (3) and trophic structure (12). The list of the candidate metrics is
presented in Table S1. Pollution tolerance scores were assigned to each taxon following
Figueroa et al. [39]; trophic structure was assigned according to Merrit & Cummins [40],
Fierro et al. [41] and Solis et al. [42] and included five functional feeding groups (FFGs):
detritivores, predators, scrapers, collectors and gatherers (Table S1). Size diversity and
geometric mean were calculated using individual length measurements following Quin-
tana et al. [43,44]. Size diversity is similar to the Shannon diversity index but adapted for
continuous variables such as body size.

We also modeled the biomass size spectrum of the entire community for each sampled
zone, following a binning technique, as described in Coccia et al. [34], using the scripts
available by Edwards et al. [45]. In practice, individuals’ body masses were first grouped
in log2 classes and then normalized by dividing each class by its width. The size spec-
trum slope was obtained after regressing the log10 normalized biomass against the log10
midpoint of each bin.

2.6. Metric Selection

To select which metric best discriminated between the least and most disturbed sites,
first we excluded metrics containing too many zeroes in the dataset [46] (i.e., those with
0 values in more than one-third of the sites). Then we tested the capacity of each metric
to differentiate the least disturbed sites from the most disturbed sites, visually with box-
and-whisker plots or statistically with non-parametric Mann–Whitney U tests (p < 0.05).
Lastly, we examined redundancy between the selected metrics using Spearman correlation
analyses. Pairs of metrics with r > 0.8 were considered redundant; therefore, final core
metric was selected based on its degree of correlation with environmental variables. The
selected metrics were finally tested for correlation with latitude to detect any possible
geographic influence and with salinity, as it is a natural stressor of these habitats (i.e., IDI
did not correlate with salinity r = −0.26; p = 0.21).

All analyses were performed with R version 3.15.1 including functions in the vegan
and HMISC packages.
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3. Results
3.1. Disturbance Classification

The IDI index assigned 4 sites out of the 25 as least disturbed (IDI < 0.76), 15 sites as
moderately disturbed (IDI 0.79–1.49) and 6 sites as most disturbed (IDI > 1.59). See Table
S3 for details on land-use percentages, ECELS and IDI indices of the 25 sampling sites. The
PCA ordination clearly depicted the separation between the most and the least disturbed
sites (Figure 2). The most disturbed sites were associated with higher concentrations of
phosphate, silicate and chlorophyll-a in water and were located on the negative side of
the PC axis 1, which accounted for 29.4% of environmental variance (Figure 2). The least
disturbed sites were associated with higher oxygen and temperature, and most of them
were located on the positive side of the PCA axis 2 (Figure 2), which accounted for 21.9% of
the variation.
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Figure 2. Biplot of the principal component analyses (PCA), representing the association between
physico-chemical variables and sampling sites. Blue = least disturbed sites; gray= intermediated sites;
and red = most disturbed sites, according to the IDI index.

The two axes of the PCA explained together 51.4% of the total variation in all environ-
mental data (Figure 2; Table 1).

3.2. Metric Selection

A total of 4 metrics among the 70 candidates were finally selected for biomonitoring.
Eight metrics were excluded because they showed many zero values. Among the remaining
62 metrics, only 7 were efficient at discriminating between least and most disturbed sites
after Mann–Whitney U tests (p < 0.05) and box-and-whisker plots (see Table S2; Figure 3).
However, six of these metrics showed high correlation values (r > 0.8) with each other (Ta-
ble S5). Therefore, if metrics represent similar aspects of the macroinvertebrate community
(e.g., % of detritivores and abundance of detritivores; number of legless taxa and number
of non-insect taxa), we selected those with the highest correlation to some environmental
variables. These were the number of legless taxa, detritivore abundance, abundance of
chironomidae plus oligochaeta and the geometric mean of body size (Table S6). These
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four metrics were not strongly correlated between themselves (coefficient r < 0.8) nor to
latitude (r < 0.3). However, the number of legless taxa and chironomids + oligochaetes
showed correlation with salinity and were thus excluded (Table S6). Among the remain-
ing two metrics, the abundance of detritivores was positively correlated with phosphate
(r = 0.82; p < 0.005) and the geometric mean body size was positively correlated with water
temperature (r = 0.77; p < 0.01).

Table 1. Mean values and range (in parenthesis) of the environmental variables in the least disturbed,
intermediate disturbed and most disturbed sites, classified according to the IDI index. In the case of
pH, the values represent the median. N = number of sites within each IDI category.

Environmental Variables Least Disturbed
N = 4

Intermediate
N = 15

Most Disturbed
N = 6

Temperature (◦C) 18.5
(15.2–23.6)

18.4
(12.0–22.8)

15.7
(12.2–17.6)

Dissolved oxygen (mg/L) 10.6
(9.3–11.3)

10.0
(5.3–17.1)

6.1
(2.2–10.0)

pH 10.1
(7.9–11.4)

8.9
(7.5–11.6)

8.1
(7.7–9.1)

Chlorophyll-a (µg/L) 4.1
(0.7–6.7)

6.5
(1.5–16.0)

12.2
(1.3–29.6)

Depth (cm) 31.5
(20.0–45.4)

38.6
(22.4–67.0)

34.5
(16.2–53.8)

Phosphates (µM) 1.5
(0.7–2.6)

1.2
(0.3–2.6)

3.2
(2.8–3.6)

Silicates (µM) 158.8
(103.1–200.4)

116.7
(75.5–200.4)

190.5
(173.0–208.0)

Nitrates (µM) 3.3
(1.9–6.5)

16.9
(0.2–77.7)

5.4
(0.1–10.7)
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4. Discussion

In this study, we combined traditional macroinvertebrate metrics with new size-
based metrics to identify those useful to biomonitoring coastal wetlands in the Chilean
Mediterranean ecoregion, and that can also be considered for the development of a future
multimetric index that will evaluate the health of these systems. Aquatic macroinvertebrates
have been used in the biomonitoring of many aquatic systems, because they have clear
responses to human disturbance [10,47]. However, to our knowledge, this is the first
attempt to test macroinvertebrate metrics able to detect the anthropogenic impacts on
Chilean coastal wetlands.

Among all the metrics evaluated, only two of them (detritivore abundance (traditional
metric) and the mean body size (new metric)) were selected. These metrics reflected aspects
of the macroinvertebrate community related to structure and functions that effectively
discriminated most disturbed sites from least disturbed sites. This result is in line with
other studies showing that traditional metrics alone are not sufficient to detect human
disturbance in aquatic systems and that alternative metrics should be considered [48,49].

Detritivores have been frequently used (mostly as percentage) in biomonitoring and
for the development of MMI in other aquatic systems, including coastal wetlands, where
they also showed time consistency [50,51]. Here, we confirm the utility for coastal wetlands
in Chile, but we recommend using them as abundances rather than percentages. Instead,
the geometric mean of body size, i.e., the mean size of all organisms present at each site,
has not yet been used in biomonitoring, specifically for MMI development. This metric
has been successful at detecting human alterations in terrestrial invertebrates i.e. mean
size reduction at community level has been observed with nutrient enrichment [52]. Thus,
we strongly recommend it, as it seems better than conventional biomonitoring metrics to
evaluate the ecological condition of these aquatic ecosystems.

Our results showed that the most disturbed sites, according to the IDI index, with
predominantly urban land uses, had a greater association with phosphate and silicate
concentration in water and chlorophyll-a content (Figure 2). The most disturbed sites also
seem to be the most eutrophic [53]. This probably reflects the great alterations due to
increasing agriculture and urbanization suffered by Mediterranean wetlands ecosystems
in Mediterranean Chile [54]. These activities usually increase inputs of nutrients such as
phosphate, nitrate and silicate (which emanate from fertilizers, organic manure and wastes)
into coastal wetlands by surface runoff and ground water drainage [55,56]. Excessive
nutrient loading can increase phytoplankton growth and promote eutrophication, which, by
altering macroinvertebrate taxonomic composition (i.e., passing from pollution-intolerant to
tolerant species), can have dramatic consequences on the stability and functioning of these
ecosystems. Indeed the most disturbed sites had also higher abundances of detritivores as
they were positively correlated with phosphates.

It is well-known that phosphate enrichment can change the trophic composition of
macroinvertebrates, increasing detritivore abundances (e.g., polychaetes) [57–60]). This can
reflect alterations in resource quality and microhabitat due to enrichment [61]. In this study,
deposit-feeding detritus consumers, usually known as detritivores, mostly included the
anellids Oligochaeta and Polychaeta (mostly Capitellidae and Spionidae). Both taxa are
opportunistic feeders, well-adapted to degraded aquatic habitats, such as estuaries and
lagoons [62,63], due to organic pollution or eutrophication [61,64,65].

Mean body size decreased with increasing disturbance, as macroinvertebrates as-
semblages become smaller at the most disturbed sites. Small size species are expected in
naturally unstable systems, such as coastal wetlands where small size allows more appro-
priate response to disturbances (e.g. due to short life cycle, fast development), conferring
ecosystem resistance/resilience to environmental change [66]. Our results indicate that in
our system anthropogenic activities (i.e. agriculture and urbanization) impose additional
stresses on their inhabitants that benefit smaller sized organisms, as already observed in
other studies on aquatic habitats [67,68].



Water 2022, 14, 3449 8 of 11

Interestingly, we found a positive correlation between body size and temperature.
The link between body size and temperature was not unexpected, but typically smaller
body sizes are associated with warmer conditions (i.e., the third universal response to
warming sensu Gardner et al. [69]. Converse size clines can be possible in regions with
strong seasonal variability, such as the Mediterranean climate, if samples were taken at the
end of the season [70]. However, our study was conducted in the middle of spring, which
suggests that temperature effects reflected differences in the timing of the sampling.

We recognize some limitations of our study that must be considered. For example, the
small number of sample sites prevented us from considering the effects of natural variability,
which has been recommended in other studies [50]. In addition, other human and natural
stressors should be considered (e.g., cattle grazing, alien species, mining, droughts, water
extraction, earthquake uplift) given their effects on wetlands biodiversity. Moreover, since
synergistic and antagonistic interactions between stressors can affect coastal wetlands
invertebrates [34], the combined effects of these should also be considered. Lastly, we were
not able to capture natural seasonal variation in biological composition, since we sampled
only once, and while it should be useful, assessing weather sampling in seasons with lower
diversity (e.g., autumn or winter [71]) would bring different results. Since biomonitoring
suggests including metrics that are independent of space and time [72], we recommend
implementing these aspects in further studies.

5. Conclusions

Mediterranean coastal wetlands continue to suffer multiple pressures of human origin
(e.g., land conversion, deforestation, water extraction) and they will be further impacted by
climate change [73]. Assessing the ecological conditions of coastal wetlands in the Mediter-
ranean zone is essential to predict their ability to resist/recover from multiple stressors and
to identify actions able to ensure their functioning. In this regard, macroinvertebrate-based
biomonitoring of aquatic ecosystems has been widely used worldwide, being considered
one of the most effective methods [50]. Nonetheless, it has not yet been implemented in
Chilean coastal wetlands. Therefore, the purpose of this study has been to identify metrics
that could serve for biomonitoring and as a basis for the development of future indices.

We demonstrated that one traditional metric (detritivore abundance) and one new
metric (geometric body size) were highly responsive to some types of anthropogenic
stressors. So, these metrics can be used in the biomonitoring of coastal wetlands in the
Mediterranean region of Chile and elsewhere, and to develop biomonitoring metrics such
as MMI that can help protect them. Nonetheless, we recommend sampling more sites in
time and space, also including wetlands affected by other types of stressors, to reduce
potential biases and improve the accuracy of the biomonitoring of these aquatic ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14213449/s1, Figure S1: Example of the sampled sites within
a wetland, Table: S1: List of the collected taxa in the 25 sites, Table S2: List of candidate metrics
and their response to impairment, Table S3: Percentage of the main land-use coverage within 1 km
buffer around each wetland, Table S4: Physico-chemical parameters of the 25 sampled sites, Table S5:
Spearman correlation matrix between the core metrics, Table S6: Spearman correlation matrix between
the core metrics and the physico-chemical variables.
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