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• In 2004, the Rio Cruces wetland, a
Chilean Ramsar site was affected by an
anthropogenic disturbance.

• Swan numbers and weights decreased
drastically across the wetland.

• Swan decrease correlated with abun-
dance of their main food source: the
macrophyte Egeria densa

• Swan hepatic abnormalities were asso-
ciated with increased iron content in
E. densa.

• The swan population and E. densa cover
returned to normal conditions in
8 years.
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In 2004 migration and mortality for unknown reasons of the herbivorous Black necked swan (Cygnus
melancorhyphus (Molina, 1782)) occurred within the Río Cruces wetland (southern Chile), a Ramsar Site and
nature sanctuary. Before 2004, this wetland hosted the largest breeding population of this water bird in the
Neotropic Realm. The concurrent decrease in the spatial occurrence of the aquatic plant Egeria densa Planch.
1849 - the main food source of swans - was proposed as a cause for swan migration and mortality. Additionally,
post-mortem analyses carried out on swans during 2004 showed diminished body weight, high iron loads and
histopathological abnormalities in their livers, suggesting iron storage disease. Various hypotheses were postu-
lated to describe those changes; themost plausible related to variations in water quality after a pulpmill located
upstream the wetland started to operate in February 2004. Those changes cascaded throughout the stands of E.
densawhose remnants had high iron contents in their tissues. Here we present results of a long-termmonitoring
program of the wetland components, which show that swan population abundance, body weights and histolog-
ical liver conditions recovered to pre-disturbance levels in 2012. The recovery of E. densa and iron content in
plants throughout thewetland, also returned to pre-disturbance levels in the same 8-year time period. These re-
sults show the temporal scale over which resilience and natural restoring processes occur inwetland ecosystems
of temperate regions such as southern Chile.
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1. Introduction
Wetlands are areas of marsh, fen, peat land, swamps, wooded wet-
lands, whether natural or artificial, permanent or temporary, with
water that is static or flowing, which may be fresh, brackish or salty, in-
cluding coastal areas of marine water to a depth which at low tide it
does not exceed six meters (www.ramsar.org). Wetlands provide val-
ued ecosystem services to society, including water purification, carbon
storage, trapping of nutrients and pollutants, sediment and flood con-
trol, biodiversity maintenance, fisheries and tourism, among others
(e.g., Zedler and Kercher, 2005). In spite of their importance, wetlands
are frequently degraded by human-induced activities such as land
conversion to agriculture, water extraction and overloads of polluted
waters (e.g., Zedler and Kercher, 2005).

Due the broad degradation of wetland ecosystems, many efforts
have been attempted for their restoration, with different level of suc-
cess, highlighting the importance of integrating resilience in restoration
planning, The latter is now envisioned as a dynamic and adaptive pro-
cess, inwhich natural variability has paramount importance in reducing
risk of population decline and loss of ecosystem services; for instance,
when confronting uncertain climate impacts (e.g., Timpane-Padgham
et al., 2017). Therefore, identifying the spatial and temporal scales of
natural variability in ecosystems will improve decision -taking process-
es in restoration objectives operating at different biodiversity levels (i.e.
individuals, population, and communities; e.g. Naeem and Li, 1997). Re-
silience describes the capacity of an ecosystem to absorb disturbances,
as it reorganizes and retains their dynamical structure through mecha-
nisms such as resistance to and recovery from perturbations (e.g.
Walker et al., 2004). Thus, understanding recovery timescales of wet-
land ecosystem components after a natural or anthropogenic distur-
bance, provide a unique opportunity to estimate resilience in a broad
perspective (Ives, 1995; Neubert and Caswell, 1997).

To date, nearly 14 million hectares in 1600 sites around the world
have been designated aswetlands of international importance; thirteen
of these sites are in Chile (spanning nearly 362.000 ha) (http://www.
ramsar.org). Until 2004, the Río Cruceswetland, a Ramsar Site and a na-
ture sanctuary adjacent to the city of Valdivia (40°S), was the main
breeding site of the charismatic herbivorous Black-necked swan, Cygnus
melancorhyphus (Molina, 1782) (swans hereafter) in the Neotropic
Realm (Schlatter, 1998; Schlatter et al., 2002). This swan is an herbivo-
rous water bird (Corti and Schlatter, 2002) and the only native species
of the genus Cygnus in this biogeographic region (Araya and Millie,
1986; Navas, 1977). Its geographic distribution spans southern Brasil,
Paraguay, Uruguay, Argentina and much of Chile (Casares, 1933;
Schlatter et al., 1991a, 1991b). Data collected from1986 to 2004 showed
that the breeding season of this swan extended from June to September,
with a mean clutch size (all seasons included) close to 3.1 eggs (Silva
et al., 2012). The swan population at the Río Cruces wetland consisted
of ~12,000–14,000 swans in 1994–1996, likely well above carrying ca-
pacity. Between 2000 and 2004, the population declined to around
5000–6000 birds (data from Corporación Nacional Forestal (CONAF),
Chile; www.conaf.cl). At that time, these water birds were primarily
supported by Egeria densa Planch. 1849 (Corti and Schlatter, 2002), an
aquatic macrophyte which used to be the dominant submerged plant
in the wetland (Steubing et al., 1980).

However, the swan population of the Río Cruces wetland decreased
primarily due to emigration starting in mid-2004, with only a couple of
hundred individuals observed during 2005–2006 (Lagos et al., 2008).
This emigration event resulted in higher abundances in wetlands
away from Río Cruces. For example, Ramírez et al. (2006) reported in-
creases in swan abundance after 2004 at the Lago Lanalhue and the
urban lagoons in the city of Concepción (200 and 320 km north of the
Río Cruces wetland, respectively). This emigration event was clearly
not related to major environmental process that operates at inter-
annual timescales such as ENSO events (Schlatter et al., 2002). In addi-
tion to population decreases due to emigration, absence of nest and
chicks and mortality of swans due to previously-unknown causes
were observed (Jaramillo et al., 2007; www.conaf.cl). For example,
nearly 100 dead swans were found during 2004–2005 in the wetland.
Concurrently, a reduction in the spatial occurrence of E. densa was also
observed and water turbidity changed notoriously due to a higher
load of suspended solids, a fact inferred to be caused by the demise of
the natural anchor of sediments by the formerly abundant E. densa
(Lagos et al., 2008). The macrophyte E. densa plays a crucial role in de-
termining the degree of food availability for herbivorous water birds
(Corti and Schlatter, 2002), the functional group that presented stronger
impacts across the wetland as compared with carnivorous birds (Lagos
et al., 2008).

During the spring of 2004, the former National Environmental Com-
mission of Chile (CONAMA) commissioned a study to the Universidad
Austral de Chile (UACh hereafter), to primarily assess the causes of
swan emigration andmortality. Post-mortem analyses showed emacia-
tion, high concentrations of iron and histopathological abnormalities in
their livers. In addition, necrotic patches and higher loads of heavy
metals (mainly iron) in remaining E. densa plants collected within the
wetland as compared with healthy plants collected outside this area,
were also observed (UACh, 2005). Themost plausible hypothesis, stated
that these situations were associated with significant changes in water
quality within the wetland, concomitant with the onset in early 2004
of a new wood pulp mill located 25 km upstream from the wetland
(Escaida et al., 2014). Those changes would have originated in a sudden
short-lived spillage of residual waters from the pulpmill that resulted in
high concentrations of some chemicals in the wetland waters, a fact
subsequently detected by monitoring programs (UACh, 2014). The
abrupt decrease of E. densa was concomitant with those changes in
water quality resulting in the emaciation of swans. In addition, histo-
pathological abnormalities in the livers of dead swans were associated
with high iron contents in remaining E. densa plants (Jaramillo et al.,
2017; submitted). Those results strongly suggest that the wetland was
subjected to the cascading impacts of a disturbance event (Pinochet
et al., 2004; UACh, 2005; Woelfl et al., 2006; Jaramillo et al., 2007;
Lagos et al., 2008; Escaida et al., 2014). A legal procedure was initiated
during 2005 by the State Defense Council of Chile and in July 2013, the
Civil Court of Valdivia ruled that the wood pulp mill was responsible
for the environmental changes described above, supporting conclusions
of an earlier study (UACh, 2005). Consequently, the Civil Court of Valdi-
via ordered a series of measures to mitigate the damage to thewetland,
including evaluation andmonitoring programs. The results showed that
after 2006, concentrations of chemicals in wetland waters are below
thresholds specified by Chilean environmental regulations (UACh,
2014, 2015, 2017).

Since 2004, we have monitored the Río Cruces wetland quantifying
swan population abundances and spatial occurrence of E. densa. In this
study, we assess the resilience of these two ecosystem components, as
well as the current environmental state of the Río Cruces wetland and
its tributary rivers (the wetland hereafter). We evaluated the temporal
variability of the main ecosystem components altered in 2004: i) swan
population abundances, ii) body weights, histopathological conditions
and iron concentrations of hepatic tissues of swans, iii) spatio-
temporal variability of E. densa and iv) water quality within and outside
the wetland.

2. Material and methods

2.1. Study area

The Río Cruces wetland (Fig. 1) includes a nature sanctuary under
Chilean law and the first Neotropical Wetland of International Impor-
tance by the Ramsar Convention, both established in 1981. The sanctu-
ary (4877 ha) and shallow water zones of the tributary rivers of Río
Cruces (i.e. the wetland), originated during May 1960 as a result of
land subsidence caused by the 1960 earthquake, the largest seismic
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Fig. 1. Location of the Río Cruces wetland and its tributaries, north of the city of Valdivia,
southern Chile. The yellow line encloses the Ramsar Site and nature sanctuary. Numbers
denote sites visited to study the spatial occurrence of Egeria densa between 2008 and
2016: black dots indicate sites within the Ramsar area, while red and blue dots are for
sites within the tributaries and outside the wetland, respectively. Number of sites refers
to the eight sectors studied across the Ramsar area, the tributaries and Río Calle Calle.
The orange-framed rectangle shows extent of the 2016 drone flight.

Table 1
Sampling seasons and number of swans examined to compare body weights and number
of analyses (i.e. swans) carried out to evaluate histopathological conditions and iron con-
tents of swan's livers in the study area.

Sampling periods Body
weight

Histopatological
conditions

Iron
contents

Spring 2002 2
Winter 2003 51
Spring & summer 2004–2005 40 40 36
Summer & autumn 2012 42 13 12
Winter 2014 4
Summer 2015 30
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event recorded by modern seismology with a moment magnitude of
9.5° (e.g., Plafker and Savage, 1970; Cisternas et al., 2005). The impor-
tance of this area for swan reproduction, as well as the high diversity
of water birds and aquatic plants (Ramírez et al., 1991; San Martín
et al., 2000), among other reasons justified its inclusion to the Ramsar
Convention.

2.2. Population abundances of swans

Monthly surveys carried out by Corporación Nacional Forestal
(CONAF, Chile; www.conaf.cl) between January 1987 and December
2016, were used to analyze intra and inter-annual trends in population
abundances of swans. The sampling protocol included two approaches:
fixed censuses at 16 sites distributed across the central wetland and its
tributary rivers, andmobile censuses to count birds usually hidden. Both
censuses were carried out during two full days.

Intra and inter-annual trends in abundance were analyzed using
LOWESS (Locally Weighted Scatterplot Smoothing; cf. Lagos et al.,
2008). The corresponding trend was explored using the f-factor (o ten-
sion) (i.e. the proportion of adjacent data-points used to estimate the
predicted value at the focal point) and selecting those resulting in nor-
mal residuals for the fitted trend (Trexel and Travis, 1993). In general,
an f-factor of 0.2 and 0.4 was selected for inter and intra-annual trends,
which yield significant fits to the corresponding data (inter-annual: r2

= 0.76; intra-annual: r2 = 0.98; p b 0.001 in both cases). ANOVA with
Tukey test as a posteriori comparison between pairs of consecutive
years was performed to assess inter-annual differences in swan
abundances (Zar, 1999). Abundance data were log10 transformed and
no strong deviation from ANOVA assumptions was observed in
assessing normality of residuals using Kolmogorov test and homosce-
dasticity using F-Max test. All these analyses were done using General
Linear Models procedure implemented in MINITAB v14 software
(Minitab Inc., Pennsylvania, USA).

2.3. Post mortem analyses of swans and data analyses

We carried out necropsies in swans to explore their body condition
and causes of mortality. 40 swans were collected from the study area
during October 2004–January 2005; 16 of those birds were dead and
24moribund. Necropsies involved bodyweightmeasurements and pro-
tocols for post mortem examination, including histopathology of liver.
The tissues were embedded on paraffin sections cut at 5 μm intervals
and stained with hematoxylin and eosin (H&E) and Prussian blue
stain (sensitive to iron). Sections of liver from 36 swans were stored
(−20 °C) for later iron content analysis by Flame Atomic Absorption
Spectrometry (FAAS) following the method of Miller-Ihli (1990). Pig-
mentation and histopathological alterations of hepatic tissues were
qualitatively graded on a 0–3 scale (cf. Farina et al., 2005). Due to the
presence of zero's and low frequencies, the grades of histopathological
alterations in livers of swans (counts) collected in the wetland during
2004–2005 and 2012 (see below) were compared using two-tail
Fisher's exact test for a 2 × 4 contingency table.

Swan body weights, histopathological and iron content of liver data
from 2004 to 2005 were compared with equivalent data collected
during 2002, 2003 (Verdugo, 2004), 2012, 2014, 2015 and 2016 (see
Table 1). To examine changes in bodyweight distribution,we compared
the nonparametric probability density estimates across different years.
Body weight probability density distributions, were estimated in the R
environment using the KernSmooth package (Wand and Jones, 1995;
Wand and Ripley, 2015). Since distribution of iron data was not normal
(Sokal and Rohlf, 1995; Zar, 1999), we used the non-parametric
Kruskal-Wallis test. Similarities and inter-annual differences in mean
iron contents were then compared with the a posteriori multiple com-
parison Fisher's LSD test (Fisher, 1935; Saville, 1990).

2.4. Field surveys and remote sensing analyses of the spatial occurrence of E.
densa

Between 2008 and 2016, we visited 36 sites to evaluate the inter-
annual variability of the spatial occurrence of E. densa, concentration
of total suspended solids (TSS) and water transparency in the wetland
(Fig. 1); these visits were carried out during low river flow periods
(late March & early April). We also examined four sites along Calle
Calle river adjacent to the wetland (Fig. 1) and considered as control
sites because here the spatial occurrence of E. densa has not changed
since 2004. The occurrence of E. densawas measured as the percentage
of sites with presence of plants. Water samples were collected with 1 L
plastic bottles at an approximate depth of 20 cm; these samples were
filtered through glass fiber filters of 5 cm diameter and pore size of

http://www.conaf.cl
Image of Fig. 1


294 E. Jaramillo et al. / Science of the Total Environment 628–629 (2018) 291–301
0.48 μm. TSSwas measured as the drymass of particles retained on that
filters after drying it in an oven at 60 °C for 24 h (Strickland and Parsons,
1972).Water transparencywasmeasuredwith a Sechi disk (Lagos et al.,
2008; Lee et al., 2016).

The temporal variability of E. densa's across the wetland was de-
scribed by fitting a logistic regression model to the proportion of cover
as a function of sampling years in all eight zones studied (cf. Fig. 1).
We used a logistic sigmoid model y = a / (1 + exp(−b ∗ (x − c))),
where a corresponds to the function's maximum value, b corresponds
to the function's steepness or maximum rate of increase, and c corre-
sponds to the temporal location of the curve's midpoint. All these
three parameters were estimated from the data using procedure nls in
the R program. We also fitted a linear model, using procedure lm in
the stats library in the R program (Crawley, 2013; R Development
Core Team, 2014). Both the logistic and linear regression models were
ranked according to the Bayesian information criterion (BIC or Schwarz
criterion; Schwarz, 1978). Oncefitted, themodel with theminimumBIC
was selected (Schwarz, 1978). On the other hand, visual inspection of
both TSS and water transparency data across the eight study zones re-
vealed absence of sigmoid trends. Hence, temporal variation in both
TSS and water transparency data across all eight study zones were de-
scribed using linear models, implemented in the R program (R
Development Core Team, 2014).

To estimate a Habitat Suitability Index (HSI), we fit an ecological
niche model to the E. densa data. Thus, Maximum Entropy Species Dis-
tribution Modelling software v.3.3 (MaxEnt) was used. This software
uses information on spatial occurrences andGIS layers or features to cal-
culate a probability function that describes the chances of observing a
presence across the study area (Phillips et al., 2004, 2006; Phillips and
Dudík, 2008; Elith et al., 2011). Several studies have shown that this
method performs better in relation to similar ones (e.g. Elith et al.,
2006; Ortega-Huerta and Peterson, 2008), being particularly effective
even in situations where the sample size is small (Pearson et al., 2007;
Papes and Gaubert, 2007; Wisz et al., 2008). It has been pointed out
that fitting maximum entropy model is equivalent to maximizing the
likelihood function of a spatial inhomogeneous Poisson point process
(Aarts et al., 2012; Fithian and Hastie, 2013; Renner and Warton,
2013). Hence, its output can be interpreted as providing relative density
estimates across space (Aarts et al., 2012; Renner and Warton, 2013),
providing a measure of environmental habitat suitability (HSI) for the
species under study.

To obtain geo-referenced occurrences of pure stands of this plant,
field sampling was conducted during the spring-summer season of
2014–2015, recording large dominant or mono specific patches of E.
densa (30 m diameter or larger) The patch coordinates at the center
were registered using a WSG84 coordinate system with a UTM datum
(18S zone). These points of occurrences were used together with a set
of remote sensing GIS layers. Remote sensing layers were extracted
from a Landsat 8 operational land imager (OLI) image. The OLI image
used was recorded on location 233/88 of the path/row of Worldwide

Reference System 2 (WRS-2). This WRS-2 path/row location is cen-
tered at 40°19′20″ S, 72°51′00″W, and encompasses the entirewetland.
The image used to describe the 2014–2015 summer season was cap-
tured on January 28, 2015 (see Supplementary Table S1). To extract
the predictor GIS layers, bands 2 through 7 of the OLI image were proc-
essed following Lagos et al. (2008). Thus, each bandwas radio metrical-
ly calibrated using Landsat 8 radiance rescaling factors provided in the
image metadata file, to calculate top of atmosphere spectral radiance
values (Lλ, W·(m2·sr·μm)−1). These Lλ values were then transformed
to top-of-atmosphere reflectance percentages (RTOA) (Chander and
Markham, 2003), and further corrected by applying an atmospheric cor-
rection for Case-2 turbidwaters, using the path extractionmethod (Ahn
et al., 2004; Lagos et al., 2008). In addition, after calibration and process-
ing, we calculated the blue/green ratio (Band 1/Band 2), as a proxy for
chlorophyll content in the water. Also, bands 4 and 5 were used to esti-
mate the normalized difference vegetation index (NDVI) and the
enhanced vegetation index (EVI). NDVI was calculated (Masek et al.,
2006) as: NDVI = (Band 5 − Band 4) / (Band 5 + Band 4), EVI = 2.5
× ((Band 5 − Band 4) / (Band 5 + 6 × Band 4–7.5 × Band 2 + 1)).
Also, in order to identify openwater sections corresponding to the rivers
and wetland, the modified normalized water difference index (Xu,
2006) was calculated as: MNDWI = (Band 2 − Band 6) / (Band 2
+ Band 6), where Band 2 and 6 correspond to green and short wave in-
frared or middle infrared radiation (Xu, 2006). This yielded a set of 10
GIS layers corresponding to 5 top-of-atmosphere reflectance percent-
ages (Bands 2 through 7) and four indexes (NDVI, EVI, blue/green
ratio and MNDWI).

Once processed, all 10 GIS layers were used to fit an ecological niche
model for E. densa across the wetland. To fit the MaxEnt ENM for this
macrophyte, we used a 6-fold cross-validation scheme, thus allowing
every occurrence data point to be used as part of the training and eval-
uation data sets (Phillips et al., 2004, 2006; Phillips and Dudík, 2008;
Elith et al., 2006; Elith et al., 2011). This yielded a spatially explicit esti-
mation of HSI values for E. densa across the wetland in the 2014–2015
spring-summer season. To estimate historical variation in HSI values
for E. densa, the MaxEnt model fitted on the 2014–2015 occurrences
and remote sensing data was transferred or projected using remote
sensing images from previous summer seasons to hind cast the spatial
distribution of habitat suitability for E. densa in previous years. This cor-
responds to a retrospective projection based on the fitted ecological
niche model (Elith and Leathwick, 2009). To this end, we used the
model to predict expected HSI values across the wetland, using Landsat
5 thematicmapper (TM) remote sensing images for previous years. Spe-
cifically, TM images for WRS-2 location 233/88 were downloaded for
the spring-summer seasons of 1999–2000, 2004–2005 and 2009–2010
(see Supplementary Table S1 for details on the Landsat images used).
All these three TM images were processed in the same manner as de-
scribed previously for the Landsat 8 OLI image, obtaining the same 10
layers for each of these temporal samples. These three sets of GIS layers
were used together with the 2014–2015 fittedMaxEntmodel to predict
the expected HSI values across the wetland for those three spring-
summer seasons (1999–2000, 2004–2005 and 2009–2010). This
yielded a time series set of four spatially explicit estimates of HSI values
across the wetland.
3. Results and discussion

3.1. Temporal variability in population abundances of swans

Swan abundance varied significantly among years (ANOVA: F
(29.356)= 64.87: p b 0.001). The comparisons carried out between se-
quential pairs of years, indicate the occurrence of temporal milestones
with significant changes in populations abundances between pair of
years; in particular, between the years 1988–1989, 1993–1994,
2004–2005 and 2011–2012 (Tukey test, p b 0.05; asterisks in Fig. 2a).

These inter-annual changes in swan abundances were also associat-
ed with differences in the intra-annual fluctuations (colored bars in
Fig. 2a). For instance, during 1987 and 1988, population abundances
were relatively low and stable, but a significant increase in swan abun-
dance was observed from 1989 to 1993, concomitant with regular cy-
cling or intra-annual fluctuations (i.e. periods i and ii, Fig. 2b). A third
period is recognizable from 1993 to 2004, associated with a sustained
increase in swan abundance and large intra-annual fluctuations (i.e. pe-
riod iii, Fig. 2b). The period 2004–2011 was characterized by an abrupt
decrease to low and stable abundances at both inter as intra-annual
scales (i.e. period iv, Fig. 2b). In 2012–2013, a significant increase in
the abundance of swans indicated the start of a recovery period, with
regular intra-annual fluctuations (i.e. period v, Fig. 2b). The population
continued to recover during 2014–2016, with increased intra-annual
fluctuations, and averaged annual abundances, similar to those occur-
ring during the period 1994–2004.
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Variability in swan abundance at the intra-annual scale may result
from seasonal reproduction and breeding. Those processes interplay
with ecological factors such as productivity, habitat availability and
weather (e.g. Schlatter et al., 1991a, 1991b; Frederick and Ogden,
2001; Lagos et al., 2008; Skagen and Adams, 2012). Inter-annual fluctu-
ations in population abundance have been ascribed to changes in
hydrologic conditions and water quality in the region (Lagos et al.,
2008), as well as large-scale, periodic perturbations attributed to
ENSO (El Niño Southern Oscillation) cycles which promote changes in
distribution and colonization of wetlands across central and southern
Chile (e.g. Vilina et al., 2002). These drivers of intra and inter-annual
fluctuations may explain patterns recorded in the abundance of swans
in theRío Cruceswetland. For instance, reducedmating andnesting suc-
cess may explain low abundance during 1988 to 1993; increased vari-
ability observed from 1994 to 2004 may reflect increased success in
breeding within years and fluctuations from year to year may reflect
changes in habitat quality that influences productivity (Vilina et al.,
2002). The long term-effects of the disturbance on water quality, and
thus on breeding and colonization patterns are evident in the low and
stable abundances recorded from 2004 to 2011 as showed by our previ-
ous studies (Jaramillo et al., 2007; Lagos et al., 2008); in contrast, for the
recovery period, a gradually increasing inter and intra-variability reflect
return to normal conditions and regular population dynamics. Similar
patterns have been described for population dynamics of wetland
birds showing strong temporalfluctuation in response to natural chang-
es in ecological conditions in the Everglades (e.g., Frederick and Ogden,
2001; Frederick et al., 2009).

Only few examples of anthropogenic impacts on swan population
abundances and on the return times have been studied. During the
early 1900’s, the trumpeter swan (Cygnus buccinator Richardson) was
heavily impacted by the fur trade and by European settlement in
north America, which reduced its numbers and distribution to only 69
birds registered in 1932, and breeding populations found only in Alaska
until 1954 (Travsky and Beauvais, 2004). Following the conservation ef-
forts in the 1960's, swan populations increased in abundance, but have
not yet returned to their original size and distribution across North
America (McIntyre, 2015). Studies on artificial wetland ecosystems
indicate that the time scale required for avian communities to reach
similar compositions to natural systems may take a decade or more
(Snell-Rood and Cristol, 2003).

A recent study conducted between 2000 and 2010 suggested that
both the dynamics and distribution of black-necked swan population
showed distinctive patterns when comparing before and after the envi-
ronmental changes occurring in 2004 (e.g. Gonzalez and Fariña, 2013).
Similar results were previously reported by studies performed early
after the abrupt environmental changes (e.g. Lagos et al., 2008). The
temporal scales of these early and following studies do not allow the as-
sessment of the recovery time of the black-necked swan population.
Thus, although establishing protected areas may be effective, (e.g.
Gonzalez and Fariña, 2013), they may be unnecessary given the ob-
served ecosystem resilience as a buffer that protects the ecosystem
from management actions based upon incomplete ecological
understanding.
3.2. Body weight of swans, iron contents and histopathology of hepatic
tissues

Changes in swan body weights throughout the study period are
shown in Fig. 3a. In addition to the decrease in population abundance,
the swans presented a sharp decrease in mean body weight during
the spring and summer 2004–2005 as compared to the data collected
previously (winter 2003). Body weights recovered by summer & au-
tumn 2012 and presented a subsequent increase by the summer 2015
and throughout autumn 2016. Thus, body weight probability distribu-
tions (Fig. 3a) show that swan body condition has recovered

Image of Fig. 2


Fig. 3. a) Inter annual variability in the body weights of swans. The lines correspond to
swans studied during winter 2003 (blue line), spring & summer 2004–2005 (dashed
black line), summer & autumn 2012 (green line), summer 2015 (yellow line) and
autumn 2016 (red line). b) Inter-annual variability in the iron contents of swan´s livers.
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substantially after the observed decrease following the decrease of E.
densa across the wetland during 2004.

Fig. 3b shows that themean iron content in hepatic tissues of swans
collected during the spring & summer 2004–2005, was significantly
higher than mean iron contents estimated for swan's livers during
2002, 2012 and 2014 (Fig. 3b). Thus, the mean estimate for
2004–2005 (~15.430 Femg/kg dryweight of hepatic tissues)was nearly
4.7–13.3 times higher, than the mean values estimated for previous or
post 2004–2005 data.

During post-mortem analyses we observed a coppery color of the
liver of most swans and the following microscopic abnormalities of
the hepatic tissue: hepatocytes strongly positives to Prussian blue
stain, deposits of hemosiderin in the Kupfer cells, periportal inflamma-
tion, perivascular fibrosis, proliferation of bile ducts, nuclear enlarge-
ment, double nucleus and necrosis in some hepatocytes. Swans
showed significant differences between 2004 and 2005 and 2012, in
terms of grading of the liver histopathological abnormalities (χ2; p b

0.05, Table 2). For the 2004–2005 period, there was higher occurrence
Table 2
Grading of histopathological alterations in livers of swans (counts) collected in the wetland dur
collectedduring 2004–2005 precluded the analyses of histopathological characteristicswith cou
= severe (see Material and methods). Also compare with Fig. S1.

Histologic characteristics Grading of histopathological alteration

2004–2005

n 0 + ++

Hepatocytes positives to Prussian blue stain 40 0 2 14
Hemosiderin deposits in Kupfer cells 38 0 17 18
Periportal inflammation 40 0 10 26
Perivascular fibrosis 40 8 15 14
Proliferation of bile ducts 38 7 13 17
Nuclear enlargement in hepatocytes 37 3 17 16
Double nucleus in hepatocytes 37 5 23 9
Necrosis in hepatocytes 37 16 17 4
of swans evidencingmild and severe liver alterations related to hepato-
cytes positives to Prussian blue stain (due to increased iron concentra-
tion), hemosiderin deposits in Kupfer cells, and periportal
inflammation (Table 2 and Fig. S1). Although, for the 2012 period,
these histopathological alterations still occurred in the swans, these
were classified as slight or mild grading, with severe alterations occur-
ring only in one of the analyzed birds.

Since hepatocytes of many of the dead swans examined during
2004–2005 showed severe positive staining to Prussian blue stain (an
iron specific stain) and that iron contents of hepatic tissues of these
swans were significantly higher, we concluded that this situation was
compatible with iron storage disease associated with histopathological
alterations - technically known as hemochromatosis (cf. Lowenstine
and Munson, 1999; Klopfleisch and Olias, 2012; Lowenstine and
Stasiak, 2015). This pathological situation has been documented for
birds in captivity (Mynah birds, birds of paradise, toucans and tanagers)
and is related to the high iron content of the offered food (Gosselin and
Kramer, 1983; Kincaid and Stoskopf, 1987; Ward et al., 1988; Cork,
2000; Mete et al., 2001, 2003; Klasing et al., 2012), which may cause
toxic effects, including fibrosis and cirrhosis in parenchymal organs
such as the liver (cf. Lowenstine and Munson, 1999; Mete et al., 2003).
Although the original definition of hemochromatosis corresponds to a
hereditary disease in humans, where the high absorption of iron occurs
in the intestine (Mete et al., 2003; Farina et al., 2005; Klopfleisch and
Olias, 2012), the case studied here likely corresponds to a secondary he-
mochromatosis due to the consumption of iron-enriched E. densa
plants. Iron content in plants collected during 2004–2005 within the
wetland had significantly higher, ~4-fold, concentrations of iron than
plants collected from outside the wetland (~30,000 vs. 8300 mg Fe/kg
dry weight of plants; Jaramillo et al., 2017; Jaramillo et al., 2018; in
review); consequently, the 3.6-fold increase of iron concentration mea-
sured in E. densa fromwithin thewetlandwould explain the higher iron
content in swan's livers collected from the wetland area during
2004–2005, as compared with samples collected from swans studied
during 2012 and 2014 (Fig. 3b).

3.3. Inter annual variability in spatial occurrence of E. densa and water
quality

Fig. 4 shows the variability in spatial occurrence of E. densa, aswell as
mean concentrations of TSS and mean water transparency across wet-
land sectors and years. Overall, the mean spatial occurrence of E. densa
within thewetland increased through the study period, either in a linear
fashion, or in a gradual sigmoid pattern (Table 3); on the other hand, the
spatial occurrence of E. densa did not show any variation in sites located
outside the wetland (Table 3, Fig. 4a). While all sectors across the wet-
land showed decreasing trends of TSS through time (Table 4, Fig. 4b);
only sectors 4, 6 and 7 showed significant temporal trends (p b 0.05)
(Table 4). Thus, sectors located along the central axis of the wetland
(1, 2 and 3) did not show any significant temporal changes in TSS,
ing 2004–2005 (n=40) and 2012 (n=13). Autolysis or cell destruction in liver of swans
nt lower than 40 individuals. Grades are: absence=0;+=slight,++=mild, and+++

s Fisher's exact test

2012

+++ n 0 + ++ +++ P-value

24 13 2 8 2 1 0.0006
3 13 3 10 0 0 0.0001
4 13 1 9 3 0 0.0045
3 13 13 0 0 0 0.0001
1 13 7 5 1 0 0.0221
1 13 7 4 2 0 0.0049
0 13 9 4 0 0 0.0005
0 13 12 1 0 0 0.0094

Image of Fig. 3


Fig. 4. Spatial occurrence (%) of E. densa (a),mean concentrations of Total Suspended Solids (TSS) (b) andwater transparency (c) across sectors andyears (cf. Fig. 1). Color of lines represent
the different sectors studied across the wetland: black lines are for sectors located along the central axis of the wetland (1–3), red lines correspond to sectors located in tributaries (4–7),
while blue lines correspond to the sites located outside thewetland (sector 8) (cf. Fig. 1). For the spatial occurrence of E. densa, model selectionwas carried out to choose between a logistic
and linear model, while for TSS and water transparency, linear model functions are shown.

Table 3
Model selection for the spatial variation in the spatial occurrence of E. densa across the
wetlandduring the study period. The table shows thefitted parameter values for the linear
and sigmoid logistic models across studied sectors. The best model for each zone is
highlighted in bold letters and with an asterisk. The coefficient of determination (R2)
and Bayesian Information Criterion (BIC) are also shown. The best model for each sector
was shown by minimizing the BIC value and is highlighted in bold letters and asterisks.

Model Sectors Parameters R2 BIC

a b c

Linear 1 −29,621.25 14.74 0.64 209.99
Linear 2 −29,967.59 14.92 0.64 5.51E + 02
Linear 3 −23,467.00 11.69 0.37 376.97*
Linear 4 −28,120.10 14.01 0.65 312.00
Linear 5 −26,287.52 13.09 0.48 258.58
Linear 6 −24,695.91 12.30 0.45 247.05
Linear 7 −20,071.43 10.00 0.79 61.01*
Linear 8 −888.74 0.48 −0.17 5.43
Logistic 1 100.53 1.69 2012.54 0.737 207.65*
Logistic 2 97.29 2.08 2011.998 0.720 542.79*
Logistic 3 160.47 0.39 2014.72 0.394 380.05
Logistic 4 100.00 13.16 2011.00 0.855 288.50*
Logistic 5 98.34 0.84 2012.79 0.509 261.33*
Logistic 6 108.87 0.73 2011.55 0.496 249.37*
Logistic 7 113.50 0.66 2012.50 0.857 84.85
Logistic 8 114.37 0.55 2011.57 0.044 8.30

Table 4
Linearmodel fitting for the spatial variation in TSS andwater transparency across thewet-
land during the study period. The Table shows the fitted parameter values for the linear
model, as well as the significance value for the model slope and the determination coeffi-
cient (R2). Significant models are highlighted in bold and asterisks.

Variable Sectors Coefficients p values R2

a b

TSS 1 798.41 −0.39 0.437 0.12
TSS 2 4844.57 −2.40 0.055 0.55
TSS 3 5208.00 −2.58 0.288 0.22
TSS 4 6129.74 −3.04 0.041 0.60*
TSS 5 3995.61 −1.98 0.195 0.31
TSS 6 4598.40 −2.28 0.028 0.65*
TSS 7 3126.00 −1.55 0.034 0.63*
TSS 8 177.50 −0.09 0.534 0.08
Water transparency 1 −448.03 0.22 0.061 0.62
Water transparency 2 −862.03 0.43 0.049 0.66*
Water transparency 3 −733.40 0.37 0.050 0.66*
Water transparency 4 −779.17 0.39 0.024 0.76*
Water transparency 5 −562.00 0.28 0.088 0.56
Water transparency 6 −972.03 0.48 0.030 0.73*
Water transparency 7 −768.40 0.38 0.019 0.78*
Water transparency 8 −73.30 0.04 0.843 0.01

297E. Jaramillo et al. / Science of the Total Environment 628–629 (2018) 291–301

Image of Fig. 4


298 E. Jaramillo et al. / Science of the Total Environment 628–629 (2018) 291–301
while those representing the tributaries Nanihue & Cudico (sector 4),
Cayumapu (sector 6) and San Ramón (sector 7) presented significant
trends towards decreasing values of TSS (Table 4). This suggests that
the whole basin can be regarded as heterogeneous regarding the input
of suspended particles, with tributary rivers to the wetland presenting
improved levels of water quality throughout time, probably as a result
of the input of fresh water with lower sediment loads. Water transpar-
ency showed some general significant improvements throughout the
wetland, with sectors 1 and 5 (upper area of the wetland and Pichoy
river, respectively) failing to show significant trends (p N 0.05) (Fig. 4c
and Table 4). Thus, most sectors studied show clear trends towards im-
proved water transparency throughout time. On the other hand, for the
study sites located outside thewetland (i.e. sampling sites within sector
8), both TSS and water transparency did not show any significant tem-
poral trend (Fig. 4c and Table 4). Hence, sites outside the wetland have
not been impacted during the study period.

The above results are consistent with the observed inter-annual var-
iability in HSI for E. densa within the wetland (Fig. 5). Spatial variation
for this index in the spring-summer seasons of 1999–2000 was higher
than that observed for the spring- summer season of 2004–2005
(Fig. 5). On the other hand, much higher values of HSI were estimated
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Fig. 5. Inter annual variability in habitat suitability index (HSI) for E. densawithin the wetland.
2004–2005, 2009–2010 and 2014–2015. The coordinates shown correspond to WSG84 UTM z
for the spring-summer periods of 2009–2010 and 2014–2015 (Fig. 5).
Thus, the projected HSI values - based on the 2014–2015 data - are con-
sistent with the recorded decrease of E. densa and its subsequent recov-
ery within the wetland following the year 2004. Based on the observed
HSI values, important spatial heterogeneity is detected across the north-
ern and central areas of the wetland (Fig. 5). It is likely that observed
spatial variation in HSI reflects local differences in river depth and
water flow, as well as in TSS and water transparency (see Lagos et al.,
2008). As an important caveat, it must be noted that competitive inter-
actions with other aquatic plants may also determine empirical distri-
bution of E. densa across the wetland, thus modifying the observed
pattern inHSI. Further spatial field studiesmay provide additional infor-
mation to describe and model the potential effects of biotic interactions
on the spatial distribution and variability of this aquatic macrophyte in
the wetland.

Changes in the spatial occurrence of E. densa may be also inferred
from the interpretation of historical aerial imagery, collected during
summer months at two areas of the upper reach of the Río Cruces wet-
land. Figs. 6 and 7 show the comparison of imagery collected in the
years 1995, 2005, 2010with a high-resolution (10 cm) drone photomo-
saic collected in 2016. The interpretation of E. densa stands in the drone
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The figures show the spatial variation in HSI for the spring summer seasons of 1999–2000,
one 18S.
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Fig. 6. Aerial photomosaic from the upper wetland area obtained with an Ebee drone in February 2016 (see Fig. 1 for location). Rectangles show locations of areas in Fig. 7.

299E. Jaramillo et al. / Science of the Total Environment 628–629 (2018) 291–301
image was based on field observations. The 1995 image shows abun-
dant cover of plants in sedimentary tidal flats with discrete channels
(Fig. 7); in turn, the images of 2005 and 2010 show that these channels
had been covered by sediments without clear evidence of spatial occur-
rence of E. densa. The cover of tidal channels by sediments observed in
historical aerial images in 2005may be interpreted as a result of the de-
crease of E. densa (Escaida et al., 2014) and root detachment from the
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Fig. 7. Time series of aerial imaginary from the upperwetland (see Figs. 1 and 6 for location). c=
that the area covered by plants in 1995 was covered by sediments in 2005 (after the pulse dis
visible in 1994 and 2016 were mostly filled by sediments in the 2005 images (see text for deta
sedimentary substrate, causing extensive suspension of iron-rich sedi-
ments throughout the wetland. The channels visible in 1995 are again
clearly distinguishable in the 2016 drone image, together with abun-
dant plants (cf. Figs. 6 and 7).

Our results show that different hierarchical levels affected by a sud-
den short lived spillage from the pulp mill in 2004, recovered over time
in a similar time scale. While the immediate mechanisms of this
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disturbance differed across the components affected (i.e. Egeria densa
and herbivorous water birds), the population recovery of E. densa
seems to have governed the concomitant recovery of herbivorous
swans. Thus, after the response to acute xenobiotic exposure, the
ecosystem's response seems to have been modulated by the demo-
graphic response of the affected primary producer, highlighting the
role of an ecosystem engineer placed at the base of the trophic chain.
Furthermore, any other sudden disturbance impacting this species
over a similar spatial and temporal extent would likely require similar
recovery times (between 8 and 10 years). These could include distur-
bances whichmay not necessarily be anthropic in origin, such as volca-
nic ash deposits or alterations in the aquatic regime that may impact E.
densa. On the other hand, either chronic or periodic exposures to pollu-
tion disturbance would likely result in different ecotoxicological re-
sponses and a less favorable scenario for ecosystem restoration efforts.
In this regard, we have documented the ecosystem response of a wet-
land that ismodulated by a dominant primary producer. Further studies
are required to compare whether resilience times in ecosystems where
autotrophic ecosystem engineers are like those in ecosystems where
consumer's species have been affected.

4. Conclusions

Our surveys of the black necked swan population carried out from
1987 to 2016 in the Río Cruces wetland in southern Chile, shows differ-
ent dynamic phases with inter and intra-annual fluctuations,
interrupted by sudden environmental changes in 2004. After this
event, swan population abundances, body weight and overall health
conditions recovered in the following eight years back to pre-2004
states. This recovery phase was concomitant with changes in the spatial
occurrence of E. densa as well as with the decrease of iron content in
plant tissues and the improvement of water quality (i.e. decreased TSS
and increased water transparency) across the wetland. The results of
this study show the resilience capacity of important components of a
temperate wetland after anthropogenic disturbances. These results
have critical implications on the understanding of temporal scales
over which conservation and management efforts in southern Chilean
wetland ecosystems should be considered.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.01.333.
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