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ARTICLE INFO ABSTRACT

Keywords: Colored dissolved organic matter (CDOM) is an indicator and optical proxy of terrestrial processes such as land
Land use change use with allochthonous material fluxes, biogeochemical cycles, and water quality in coastal zones influenced by
CDOM

rivers. However, the role of land use changes on the spatial and temporal availability of CDOM has been poorly
explored in Chile. Here, we studied two watersheds with similar climates and contrasting land use patterns in
northern Patagonia considering the sampling of CDOM in their estuarine and adjacent coastal ocean. An
empirical algorithm with the coefficients adjusted to our study areas to estimate CDOM was applied to Landsat 7
and 8 images to examine temporal variability of CDOMest from 2001 to 2011 and 2013-2020. Our results
showed an increasing trend of CDOMest in both areas. Different trends in land use patterns between the two
watersheds showed a significant correlation with CDOMest and contrasting associations with environmental
variables. Higher humification was found in Yaldad in comparison with Colu. In both areas, allochthonous
materials predominated, especially during austral spring according to the low values of the Fluorescence Index
(FI). Our results highlight the potential of CDOMest to parameterize biogeochemical cycling models and to
further understand the dynamics of CDOM in coastal ecosystems.

Interannual variability
Northern Patagonia
Landsat

1. Introduction

Colored dissolved organic matter (CDOM), commonly known as
gelbstoff or yellow substance, is the fraction of aquatic dissolved organic
matter that absorbs radiation from ultraviolet to near-infrared wave-
lengths (Zhao et al., 2018; Bricaud et al., 1981). CDOM is ubiquitous in
aquatic ecosystems and constitutes a complex mixture of substances,

including humic and fulvic acids (Pandi et al., 2021; Zhang et al., 2021;
Fellman et al., 2010; Coble, 2007). Humic acid-like compounds are more
commonly associated with a terrestrial origin and have a higher mo-
lecular weight than fulvic acids, which are more degraded (He et al.,
2021; Fellman et al., 2010; Coble, 2007). To date, most of the literature
emphasizes that the processes influencing the generation, transport, and
transformation of CDOM impact the biogeochemical cycles of water
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bodies, chiefly in photochemically-mediated processes of the water
column (Hu et al., 2017; Zhang et al., 2009). Different studies have
shown that CDOM in coastal waters comes from i) allochthonous sour-
ces, which mostly include degraded organic matter from the surround-
ing terrestrial environment, which is typically exported via river
discharges or sewage into the coastal ocean (Valerio et al., 2021; Ward
et al., 2017; Coble, 2007), and ii) autochthonous sources, which include
the remains of phytoplankton, macrophytes, and bacteria (Roiha et al.,
2016; Zhang et al., 2009, 2013). Studies have also outlined that
photochemical and microbial processes are important for CDOM
degradation (Fasching et al., 2014; Lapierre et al., 2013). By trans-
forming complex molecules into more labile materials (e.g.,
proteins-like), degraded CDOM can be further utilized by phytoplankton
and microorganisms (Grunert et al., 2021; Fasching et al., 2014; Lapierre
et al., 2013).

CDOM has been extensively studied using in situ measurements and
spectrophotometric and spectrofluorometric techniques. Some in-
vestigations have used absorption coefficient at specific wavelengths
(aCDOM(1)), the slope of the CDOM absorption curve (S) and indices (e.
g., fluorescence and humification index) to study the magnitude (Pandi
et al., 2021; Helms et al., 2008) and to distinguish the different origins
and degree of CDOM transformation (Fellman et al., 2010; Huguet et al.,
2009; McKnight et al., 2001). Recently, in situ measurements in com-
bination with satellite estimates (CDOMest, e.g. Drozdova et al., 2021;
Valerio et al., 2021) can be used to monitor CDOM as a proxy indicator
of the export of terrestrial materials to the coastal ocean (Nezlin et al.,
2020; Osburn et al., 2016; Slonecker et al., 2016; Kutser et al., 2015).
Studies highlight the importance of land-ocean interactions, which are
not only affected by climate change (Boyd et al., 2015; Regnier et al.,
2013) but also by anthropogenic activities (e.g., land cover change;
Chen et al., 2021; Wang and Zhang, 2018; Wilson and Xenopoulos,
2009). These activities occur at a global scale, with impacts on the
biogeochemistry of aquatic ecosystems (Ward et al., 2017; Roiha et al.,
2016; Nelson and Siegel, 2013).

In Chile, there are two important economic activities that are
growing exponentially: aquaculture (i.e.: mithilid and salmon farming,
FAO, 2020) and agriculture together with forestry plantations (Pinus and
Eucalyptus spp., Alvarez-Garreton et al., 2019). Although these activities
influence the nearby ecosystems, changes in land use can have a short-to
medium-term impact on aquaculture (Nimptsch et al., 2015; Pérez et al.,
2015; Silva et al., 2011). This is because they can modify the physical
and chemical properties of the soil as well as the composition and
amount of organic matter that flows into water bodies, increasing
turbidity, nutrient inputs, changing biogeochemical cycles, and among
other (Curra-Sanchez et al., 2022; Le6n-Munoz et al., 2021; Pérez et al.,
2015). Land uses and land use changes in river basins can influence the
amount and composition of organic and inorganic matter exported into
the coastal ocean (Razali et al., 2018; Graeber et al., 2015; Pérez et al.,
2015, Shao and Wang, 2020). Several studies suggest a relationship
between terrestrial inputs and the quality of CDOM, differentiating be-
tween natural (e.g., forests, wetlands) and anthropogenic (e.g., urban,
agricultural) inputs (Lambert et al., 2017; Fellman et al., 2010; Wilson
and Xenopoulos, 2009). The potential effects of CDOM on ocean color
and biogeochemistry have been previously described (e.g.,
Sanchez-Pérez et al., 2020; Hu et al., 2017; Coble, 2007). However, the
estimation and distribution of CDOM across estuarine and coastal waters
remains challenging due to the influence of multiple environmental
factors and high temporal variability along the land-ocean interface
(Zhang et al., 2021; Zhao et al.,, 2018). In Chile, and especially in
northern Patagonia where these anthropogenic activities converge,
there are very few studies on their impacts and on the use of CDOM as a
nexus of terrestrial influence (e.g., Curra-Sanchez et al., 2022; Gonzalez
et al., 2019; Nimptsch et al., 2015). In the present study, we evaluated
the relationship of CDOM with different land uses. For this, we
compared two remote and sparsely observed watersheds and their
adjacent coastal zones in northern Patagonia, Chile. Thus, we aim to
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analyze the influence of land use changes on the availability of CDOM in
the river-influenced coastal zones. Considering the application and
relationship of different parameters obtained by optical and fluores-
cence spectroscopy to evaluate the dynamics of CDOM in the contrasting
study areas, together with the application of empirical algorithms
associated with remote sensing, our analyses provide a better under-
standing of the relationship of land use with CDOM in the studied water
bodies.

2. Materials and methods
2.1. Study area

The study region includes the adjacent coastal ocean of two water-
sheds with contrasting land uses in Chiloé Island, Chile (Fig. 1). The Colu
River basin has an area of 77.31 km?> (Fig. 1b) and has been extensively
modified by anthropogenic intervention (Curra-Sanchez et al., 2022).
The Yaldad River basin has an area of 271.06 km? (Fig. 1c) and is
dominated by native forest within a large protected area (Biblioteca del
Congreso Nacional de Chile, www.bcn.cl and Direccion General de
Aguas, www.dga.cl). Both basins are characterized by freshwater flow-
ing towards the Inner Sea of Chiloé (ISC). The climate is temperate
maritime, with a mean annual temperature of 11 °C and year-round
rainfall (between 2000 and 4000 mm) with seasonality of higher pre-
cipitation during fall and austral winter, and extensive cloud cover (Lara
et al., 2018; Subiabre and Rojas, 1994). The bathymetry in the coastal
zones is relatively shallow, reaching maximum depths of ~140 m. The
tidal amplitude is ~5 m, with a semi-diurnal regime throughout the year
(Clasing et al., 1994). Surface salinity fluctuates between 29 and 32 PSU
at Colu and 26 to 33 PSU at Yaldad, with lower values at the river mouth
(Curra-Sanchez et al., 2022). Sea surface temperature fluctuates be-
tween 10-12.5 °C and 13-14.6 °C in Colu and Yaldad, respectively
(Curra-Sanchez et al., 2022; Clasing et al., 1994). In general, the main
economic activities on the Island and Inner Sea of Chiloe are fishing and
agriculture, together with the aquaculture of mussel and salmon (FAO,
2020; SERNAPESCA - Servicio Nacional de Pesca y Acuicultura, 2018).
In the study areas, mussel aquaculture is developed in Yaldad Bay and
salmon farming in the areas near the coastal zone of Colu (SERNAPESCA
- Servicio Nacional de Pesca y Acuicultura, 2018).

2.2. In situ data collection

We collected data during two sampling campaigns in January and
November 2019 (austral summer and spring, respectively) [Supple-
mentary Material (SM), Table S1]. Samples were collected for 2 day at
each of the 8 sampling stations for summer (16) and spring (16) in both
study areas (Colu and Yaldad) with a total of 64 samples. Surface water
samples for CDOM and Fluorescent Dissolved Organic Matter (fDOM)
components were collected during the morning at low tide, along six
stations distributed in the adjacent coastal, and two stations in the
riverine-estuarine area of each study site (Colu coastal zone and in
Yaldad Bay) (Fig. 1b and c). In situ and simultaneous salinity (PSU) and
temperature (°C) profiles were collected using a CTD (SEA-BIRD 19plus
V2 SeaCAT Profiler).

Surface samples for CDOM analyses were collected and filtered by
swinex with 0.2 pm polyethersulfone membrane filters (Millex-GP
Millipore-Express (PES), sterile), previously conditioned in the field
with 100 mL of chromatographic water or ultra-pure water in triplicate
and stored in 40 mL amber vials, previously acid washed (HCI 10%) and
pre-combusted for 7-8 h at 480 °C. Samples were stored (maximum 72
h) at a temperature of 4 °C until their analysis in the Laboratory of
Applied Limnology, Instituto de Ciencias Marinas y Limnologicas, Fac-
ultad de Ciencias, Universidad Austral de Chile, Valdivia, Chile
(Nimptsch et al., 2014, 2015). CDOM absorption coefficient (aCDOM
(1)) was calculated from absorbance measurements using the following
equation:
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Fig. 1. (a) Study area in Chiloé Island, northern Patagonia, Chile. Sampling stations for in situ CDOM analysis in water samples are shown in red in (b) and (c). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

aCDOM (\) = 2.303*A(\) / L (@]

where A()) is the absorbance of the filtered seawater sample at the
specific wavelength A and L is the optical pathway of the quartz cell (5
cm). The absorbance of aCDOM () was determined by a CADAS200 UV/
VIS spectrum of absorbance (Dr. Lange, Germany) within a wavelength
range 190-800 nm and corrected for internal backscatter measured at
700 nm (Bricaud et al., 1981). The absorption coefficient was measured
at room temperature (25 °C). This measurement was converted to CDOM
absorption coefficient (m ') according to the methodology proposed by
the American Public Health Association (APHA, 2005; Bricaud et al.,
1981). The absorption coefficient of 440 nm (aCDOM (440)) was used in
this study to describe the amount of CDOM in the water and as a
wavelength complement for use in remote sensing (Miller, 1981). The
fraction of CDOM that emits radiation such as fluorescence is called
Fluorescent Dissolved Organic Matter (fDOM) and its composition was
determined by fluorescence spectroscopy with an Agilent Cary Eclipse
fluorescence spectrophotometer and expressed in Raman units (R.U)
(Lawaetz and Stedmon, 2009). The size of the cuvettes used for the
measurements was 1 cm for fDOM (R.U) and 5 cm for aCDOM (m™h
components. Fluorescence was taken at excitation wavelengths from
240 to 450 nm (5 nm steps) and emission wavelengths from 300 to 600
nm (2 nm steps) with a slit width of 5 nm. The composition and potential
sources of CDOM and fDOM were estimated using a Parallel Factor
Analysis Model (PARAFAC). The PARAFAC analysis identified five
components (SM Table S2). These five components were classified

according to Coble et al. (1998) and Fellman et al. (2010): humic acids
UVC (H.A UVC), humic acids UVA (H.A UVA), fulvic acids (F.A),
protein-like and tyrosine. These components were validated in halves
(SM Figs. S1 and S2), and the best fit of the model was established by
random initialization (Stedmon and Bro, 2008).

From the absorption coefficient spectra of CDOM in the UV domain,
spectral slope indices were calculated for 275-295 nm (5275-295),
350-400 nm (S350-400) and the ratio of the two slopes (SR = §275-295/
$350-400). Spectral slopes provide information on the composition,
origin, molecular weight, and bioavailability of CDOM (Fichot and
Benner, 2012; Helms et al., 2008). Higher S275-295 values are often
associated with increased photochemical degradation of DOM (Zhang
et al., 2009; Helms et al., 2008). While lower values of $275-295 and SR
are related to compounds of higher molecular weight and lower
degradation (e.g., Valerio et al., 2018; Vantrepotte et al., 2015; Nelson
and Siegel, 2013; Romera-Castillo et al., 2013; Helms et al., 2008).

We used two indices to distinguish the different origins and the de-
gree of transformation of CDOM in this study. First, the fluorescence
index (FI), calculated as the ratio between the intensities 450/500 for an
excitation wavelength of 370 nm (McKnight et al., 2001). Second, the
humification index (HIX), calculated as the ratio between the fluores-
cence emission spectra (300 and 480 nm) and an excitation wavelength
of 254 nm (Huguet et al., 2009). Fluorescence index allowed the char-
acterization of the CDOM source. Its values ranged from 0 to 2. High FI
values (greater 1.8) generally indicate an autochthonous and microbial
fluorescence character, while a low FI (1.4) suggests an allochthonous
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and terrestrial fluorescence character. Intermediate FI values are found
in CDOM waters from mixed sources (Shafiquzzaman et al., 2020;
Cawley et al., 2012). The humification index (HIX) estimates the degree
of transformation of organic matter in the water (Huguet et al., 2009).
There is no universal set of reference values for the HIX index in the
scientific community, as these may vary according to the type of sample
and environmental conditions. However, a consensus has been reached
that a higher HIX value indicates a higher degree of humification with
organic matter that has been transformed or aged. In contrast, a lower
value indicates a higher proportion of fresh or less transformed organic
matter (Shang et al., 2019; Chen et al., 2011).

2.3. Image collection and processing

40 satellite images from Landsat 7 and 8 were used for both study
areas (Colu coastal zone and Yaldad Bay). A period of 18 years
(2001-2011 and 2013-2020) was used in the analysis of CDOM,
whereas 20 years (2000-2020) covered the analysis of land use change.
Satellite images for the years 2000 and 2012 were not considered due to
the high percentage of cloud cover. For both sites (Path: 233 and Rows:
89 Colu/90 Yaldad), we used satellite images for austral summer as
cloud-free images were not available during other seasons (SM
Table S3). The main criteria for selecting the working images were 0%
cloud cover and satellite images on the same dates for both areas. Based
on these criteria, satellite images from Landsat 7 (ETM+) and 8 (OLI/
TIRS) (Landsat Collection 1 Level-1 dataset) with a spatial resolution of
30 m were obtained from the USGS Earth Explorer website (https://eart
hexplorer.usgs.gov/) (USGS Earth Explorer, n.d.) for the CDOMest and
land use change analyses. Following the high cloud cover of the study
area, the requirement of a close temporal match-up between satellite
and in situ data, and the coarse temporal resolution of Landsat images
(periodicity of 16 days), we winnowed satellite data to one image per
period (year). Hence, our backwards reconstruction of CDOMest was
restricted to the austral summer, thus limiting our conclusions, yet
providing a more reliable interpretation of our results.

The Landsat images were acquired as Level-1 data, consisting of
quantized and calibrated scaled digital number (DN) values. To convert
these to water leaving reflectance (p), the following steps were consid-
ered: (i) Obtaining absolute Top-Of-Atmosphere (TOA) reflectance (p,)
from scaled DN values (Equations (2) and (3)), and (ii) Converting TOA
reflectance to water leaving reflectance (Equation (4)). For this process,
we used the open-source software QGIS 3.16 (OSGeo Foundation) using
the Semi-Automatic Classification Plugin (SCP version 7.1) (Congedo,
2021).

Ly =My * Qcy + Ay (3]

where: My, is Band-specific multiplicative rescaling factor from Landsat
metadata; Q. is Quantized and calibrated standard product pixel values
(DN) and; A, is Band-specific additive rescaling factor from Landsat
metadata.

p,=Ir % L, » d®] / (ESUN; x cos 6;) 3

where: L, = Spectral radiance at the sensor’s aperture; d = Earth-Sun
distance in astronomical units; ESUN; = Mean solar exo-atmospheric
irradiances; ; = Solar zenith angle in degrees, which is equal to 6; =
90° - 0, where 0, is the Sun elevation.

p=[m * (L, — L,) * d®] /T,((ESUN, * cos 6, * T,) + Eq) 4

where: L, is the path radiance; T, is the atmospheric transmittance in the
viewing direction; T, is the atmospheric transmittance in the illumina-
tion direction; E4 is the downwelling diffuse irradiance.
More information is available in the SCP plugin manual, and it is
further supplemented by Section 1.1 of our Supplementary Material.
Data of sea surface temperature (SST, °C), chlorophyll-a (Chla, mg

Estuarine, Coastal and Shelf Science 306 (2024) 108897

m ), instantaneous photosynthetically active radiation (iPAR, Einstein
m~2 s71) and normalized fluorescence line height (nFLH, mW cm 2
pm’l sr 1) for the Inner Sea of Chiloé (ISC) were obtained from MODIS
onboard the Aqua satellite (MODIS-A) with a spatial resolution of 1 km
and over a time window of 17 years. L1A images from MODIS-A
(Moderate Resolution Imaging Spectroradiometer) were obtained from
the NASA Ocean Color (https://oceancolor.gsfc.nasa.gov/) and MODIS
portals (https://modis.gsfc.nasa.gov/data/dataprod/). The processing
was carried out according to Behrenfeld et al. (2009), and Saldias and
Lara (2020). We restricted the dataset to information available only for
dates coinciding with CDOMest. Precipitation data (Pp, mm) for the
entire temporal analysis were obtained from weather stations located in
the study areas and visualized using the Climate Explorer (www.cr2.cl),
an online tool for visualizing public climate data developed by the
Climate Science and Resilience Center (CR2) and implemented by
Meteodata (CR2, 2021). We selected data corresponding with the pre-
cipitation accumulated over the month prior to the one in which the
satellite CDOM data were extracted. This, with the purpose of assessing
the effect of precipitation on the transport of organic matter to the
coastal zone. General information on the dates and sensor of image
acquisition can be reviewed in the supplementary material (SM
Table S3).

2.3.1. Satellite CDOM estimation

For the CDOM estimation (CDOMest) we utilized a total of 36 Landsat
images for both study areas (18 for Colu coastal zone and 18 for Yaldad
Bay) and used one image per year to represent the austral summer. The
temporal analysis was performed for a period of 18 years (2001-2011
and 2013-2020), using one month of austral summer per studied year
(SM Table S3).

We tested several empirical algorithms (e.g., Chen et al., 2017; del
Castillo and Miller, 2008; D’Sa and Miller, 2003; Ficek et al., 2011;
Kutser et al., 2015; Mannino et al., 2014; Slonecker et al., 2016; Tiwari
and Shanmugam, 2011) with different band relationships (SM Table S4),
considering the conditions of the area. Since the tested empirical algo-
rithms implemented band ratios, water leaving reflectance (p) was used,
as it considers the relative values between bands rather than the abso-
lute value of the physical parameter. This information is supplemented
by Table S4 and Section 1.2 of the Supplementary Material. The in situ
CDOM data and the selected bands were used to obtain the coefficients
(SM Table S5), adjusted for the study areas (Colu and Yaldad) during the
sampling campaigns in summer and spring. Empirical algorithms (SM
Fig. S3, Table S6) were constructed using these adjusted coefficients.
Considering the availability of images and cloud cover in both areas, the
time series was constructed for the austral summer. The summer algo-
rithms for Colu (Equation (5)) and Yaldad (Equation (6)) are shown
below:

CDOM443 =0.1157 * p(412) / (555) 85 (5)

CDOM443 =0.3155 * p(412) / p(555) %% ®)

These new empirical algorithms (SM, Table S6) were used to create
the CDOM time series for both study areas.

2.3.2. Land uses classification from satellite images

The land use and land use changes (LULUC) for the study areas were
identified from Landsat data collection for the years 2000, 2005, 2010,
2014, and 2020. The analysis and quantification of the most significant
land cover changes comprised a 20-year period, then we compared the
periods 2000-2005, 2000-2010, 2000-2014, and 2000-2020. The
LULUC classification was made based on six straightforward land cover
types (1) native forest, (2) shrubland, (3) bare soil, (4) grassland-
agriculture (includes crop rotations, agriculture, livestock), (5) water
bodies (rivers, lakes, and lagoons) and (6) wetlands. These categories
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were simplified and adapted from the "General Vegetation Classification
System developed for the project “Inventario y evaluacion de los
recursos vegetales autoctonos de Chile” (Corporacion Nacional Fore-
stal/Universidad Austral de Chile, 2014).

The supervised classification method was used to identify the
different land uses in the satellite images. This method consisted of
selecting representative areas for each land use (Hao et al., 2021; Chen
et al., 2020). For the construction of the spectral signature, we select the
Maximum Likelihood statistical criterion (Chuvieco, 2010; Aguayo
et al., 2009), to classify the images according to the categories defined
above. The classification was supported by the Confusion Matrix, which
evaluates the accuracy of the classification using the Kappa Coefficient
(>0.96) and Overall Accuracy (95-99%) indicators. The closer they rank
to 1 and 100%, respectively, the better (Chuvieco, 2010). The above
analysis was complemented with three sources of information: the
cartographic database of the Inventory and Evaluation of Native Plant
Resources of Chile (Corporacion Nacional Forestal/Universidad Austral
de Chile, 2014), high-resolution images available in Google Earth (http
://earth.google.com), and 99 control points taken in the field with GPS
for those coverages that presented greater confusion (Hao et al., 2021;
Aguayo et al., 2009). The land cover change was quantified using a
transition matrix consisting of a symmetrical double-entry table indi-
cating land cover and in each cell the surface of the areas that changed
between 2000 and 2020. The transition matrix was constructed from the
superposition and map algebra (Hao et al., 2021; Aguayo et al., 2009).

The rate of change (r) was calculated using the following formula:

r=(S2/S1) <ﬁ) - ™

where t1 and S1 are the initial time and surface area, while t2 and S2 are
the final time and surfaces, respectively (Aguayo et al., 2009; FAO,
1996).

2.4. Statistical analyses

To normalize the data and compare all the variables, we used stan-
dardized anomalies (Ogallo and Gbeckor-Kove, 1989). A t-test was
applied to check if there were differences between both study areas
(Colu coastal zone and Yaldad Bay) in terms of CDOMest, precipitation,
SST, Chla, iPAR, nFLH. A t-test was also applied to observe differences
between study areas and campaigns (summer and spring) for the
following parameters: CDOM, spectral slopes (S275-295, S350-400),
ratio of the two slopes (SR = §275-295/5350-400), fluorescence index
and humification index. We also examined the correlation between all
the variables using Spearman’s rank correlation (R_s) for each of the
study zones. The variables (CDOM, fDOM components, salinity) were
normalized and a two-way Anova test was applied to evaluate if there
were significant differences between zones and campaigns. The
Mann-Kendall trend test is used to analyze the significance of the
increasing or decreasing trend of the data collected over time. To syn-
thesize the multivariate relationships between environmental parame-
ters and land use patterns in both river basins, we performed a principal
component analysis (PCA). Data management and analysis was carried
out using the software OriginPro 2021b Student Version. The analyses
can be reviewed in the Supplementary Material (SM).

3. Results
3.1. CDOM/fDOM quality

The highest CDOM values were recorded in both rivers (1.41-5.33 m’
1), being significantly higher in Yaldad during all campaigns (SM
Table S1, Fig. S4). CDOM was significantly higher during spring in both
zones (ANOVA two-way, Factor = ‘zone’, df =1, F = 9.512, p = 0.003
and Factor = ‘Campaign’, df = 1, F = 7.098, p = 0.010; SM Table S8).
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The protein-like compound was higher in the coastal stations of Colu
than in Yaldad (ANOVA two-way, Factor = ‘Campaign’, df = 1, F =
24.844, p < 0.001; interaction between Factor = ‘campaign’ and ‘zone’,
df =1, F = 6.343, p = 0.015, SM Table S8). On the other hand, for the
tyrosine-like compound, no significant differences were observed be-
tween zones but between campaigns (ANOVA two-way, Factor =
‘Campaign’, df =1, F =7.019, p = 0.010; SM Table S8). While the rest of
the fDOM components (SM Fig. S4, UVC humic acids, UVA humic acids,
fulvic acids) were significantly higher in Yaldad than in Colu (SM
Table S1, Table S8, Fig. S4). The decreasing behavior of CDOM and
fDOM components from the river towards the coastal stations (SM
Fig. S4) coincides with the increase in salinity in the same direction (SM
Table S1, Fig. S5).

The S275-295 and SR ratio between S275-295 and S300-350 pre-
sented higher values in the coastal zone of Colu (Table 1). These results
showed that in situ CDOM at Colu had lower molecular weight or was
potentially more photo-degraded during its transport to the coastal
ocean. On the other hand, the low values for spectral slopes in Yaldad
Bay suggested that in situ CDOM had a higher molecular weight (higher
lignin, fulvic and humic acid content), and was less degraded (Wagner
et al., 2015; Fichot and Benner, 2012; Helms et al., 2008). It also cor-
responds with the CDOM/fDOM results, where the highest values are
observed at both rivers (SM Table S9, Fig. 54).

The FI showed significant differences between zones (t_test, p <
0.001; SM Table S10) and study campaigns (t_test, p < 0.01, SM
Table S11). The highest value (FI = 3.52) was observed during the
austral summer in Colu. Stations 1 (Colu River station) and 4 are the
exception because terrestrial material predominated (Fig. 2, SM
Table S10). On the other hand, terrestrial material predominated
throughout the stations, except in station eight (FI = 1.64), where the FI
value determined that the source was of microbial origin in Yaldad.
However, during the spring campaign in both areas the FI indicated a
source derived from terrestrial materials (FI: 0.57-1.5) (Fig. 2, SM
Table S10).

Fig. 2 shows the values of the FI and HIX indices for each of the
sampling seasons. A gradient can be observed from the river towards the
stations with greater marine influence as the HIX decreased seaward
(Fig. 2, SM Table S9). The highest values were recorded in the river
station of both zones during the two campaigns (Colu: 2.40 and 6.22;
Yaldad: 6.01 and 9.04, summer and spring, respectively) and decreased
towards the stations with greater marine influence (Fig. 2, SM Table S9).
This pattern matches the CDOM data observed for both zones and is
consistent with the significant positive correlation between HIX and
CDOM (R_s) = 0.86, p<0.001, SM Fig. S6). This strong relationship is
also observed (SM Fig. S6) between Slope 275-295 and HIX but nega-
tively (R_s = —0.87, p<0.001) However, the relationship between Slope
275-295 and FI is positive but weak (R_s = 0.38, p<0.05).

3.2. Environmental variables and their relationship with CDOMest

The match-up of the summer algorithms applied to the time series
showed a regression with a significantly high coefficient of determina-
tion (R2 >0.5) and lower root mean square deviation (RMSE <0.1) for
both zones (SM Fig S3 a, b and Table S7) despite being few points (8).
Mean Bias Error (MBE) showed an underestimation of the model in Colu
and an overestimation in Yaldad (SM Fig. S3 a, b), during the austral

Table 1
Spectral parameters (Slope value of 275-295, Slope value of 350-400) and slope
ratio (SR) measured for each area in 2019.

Zone With river data Without river data
S$275-295 $350-400 SR §275-295 S$350-400 SR
(nm) (nm) (nm) (nm) (nm) (nm)
Colu 0.016 0.017 0.96 0.021 0.017 1.217
Yaldad 0.014 0.015 0.905 0.014 0.014 1.05
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Fig. 2. Average Fluorescence (FI) and Humification (HIX) indices by study area (Colu and Yaldad), sampling campaign, and by season (summer and austral spring).
The colors represent the values of FI and HIX for summer and spring. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

summer. While during the spring the opposite occurred (SM Fig. S3 c, d).
However, for both campaigns the overestimation and underestimation
were of small magnitudes.

Considering the above and that the summer images showed less
cloudiness, the temporal analysis was applied to the austral summer
data for both areas. Therefore, the time series was constructed only for
summer with the Colu Summer (CS) and Yaldad Summer (YS) algo-
rithms (SM Table S6).

The spatial distribution of CDOMest for the year 2019 is shown in
Fig. 3. The maximum CDOMest values for each study area were
concentrated at the river mouths and along the coast (runoff). The
lowest CDOMest values (dark blue) were observed in seawater or areas
with marine influence. The distribution of the colors indicating the
ranges of CDOM values show the spatial distribution and influence of
freshwater and seawater in the study areas.

The CDOMest (Fig. 4a, SM Table S12) showed low values
(0.004-0.01 m™") from 2001 to 2006 in both. However, it increased
during 2007 and stayed high until the end of the time series in 2020
(0.115-0.946 m™), with slight fluctuations in certain periods. The
exception to this incremental pattern after 2007 was the years 2008,
2010 and 2015 when low CDOMest was observed (SM Table S12), but
more significant in Yaldad (0.461 m? and 0.619 m™). The highest

CDOMest value was observed in 2007 and 2013 for the area of Colu
(0.194 m’l) and Yaldad (0.946 m’l), respectively. The CDOMest values
showed significant differences between study areas (t-test, p < 0.0001,
SM Table S13). We observed clear differences between the study zones
starting in 2007 and during the years 2013, 2014 and 2020 (Fig. 4, SM
Table S12), and therefore, other parameters such as land use change
(sections 3.3) were analyzed to examine their relationships with
CDOMiest.

From the standardized anomalies an increasing trend is observed for
CDOMest and iPAR (Fig. 4a—e), although only CDOMest had a significant
trend according to the Mann-Kendall test (SM Table S14). On the other
hand, Pp, SST and Chla presented a slightly decreasing trend (Fig. 4b, c,
d). In contrast, nFLH seemed to decrease slightly in Yaldad Bay and
increase in the coastal zone of Colu (Fig. 4f). The Mann-Kendall test only
showed significant trends for SST and Pp in Yaldad (SM Table S14).

Significant differences in SST, Chla (t-test, p < 0.0001; SM Table S13)
and nFLH (t-test, p =0.018, SM Table S13) were observed between both
zones. The highest values of precipitation (7.355 mm), SST (15.3 °C),
Chla (32.7 mg m~3), iPAR (59.6 E m~2 s 1) and nFLH (0.59 mW cm 2
pm’l st~ 1) were observed in the Colu zone (Fig. 4; SM Table S10).
Moreover, the minimum values of all were observed in Yaldad zone,
except for nFLH and CDOMest, where the minimum was recorded in the
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Fig. 3. Spatial distribution of CDOMest based on the Landsat 8 satellite images for the 2019 austral summer in the coastal areas of Colu and Yaldad Bay.

Colu area (Fig. 4; SM Table S12). The highest iPAR value, recorded in
2005, coincided with low CDOMest values in both study zones. Phyto-
plankton biomass, measured as Chla and nFLH (SM Table S12) showed
high values in Colu, whereas the values were significantly lower in
Yaldad Bay, although in both areas the trend of Chla remained relatively
stable (Fig. 4).

Finally, as a conservative interpretation of association between
variables, we consider a Spearman rank correlation (R_), which is
strong and significant when R_s => +0.5 and p<0.05 (Fig. 5). A positive
and weak relationship between CDOMest and iPAR was observed (R_s =
0.18 and R_s = 0.33) in both zones respectively (Fig. 5a and b). In both
zones (Fig. 5a, b), a significant correlation was observed between
CDOMest and SST (R_s = —0.57 and R_s = —0.59; p<0.05), respectively.
A strong positive correlation nFLH-iPAR (R_s = 0.56; p<0.05) and nFLH-
SST (R_s = 0.50; p<0.05) was also observed in Yaldad zone.

3.3. Land use change analysis

Our study watersheds had contrasting land uses (Fig. 6a), with the
Colu river basin exhibiting a higher degree of human intervention. The
dominant land use at Colu in 2020 corresponded to grassland-
agriculture (35%) and shrublands (38%, Fig. 6b, SM Table S15a). The
Yaldad river basin showed an opposite pattern during 2020, where the
native forest dominated the landscape (82%, Fig. 6e, SM Table S15b).
Land use change between 2000 and 2020 was significantly higher in the
Colu watershed than in Yaldad — shrubland and grassland-agriculture
areas increased by 14 and 10 km? respectively, whereas native forest
coverage decreased by around 13 km? during this period (Fig. 6¢; SM
Table S15a). In the Yaldad watershed, both shrubland and native forest
increased by 10 and 7 km?, respectively, during the same period (Fig. 6f;
SM Table S15b). It is worth noting that, in contrast to the Colu basin, we
did not observe bare soil in the Yaldad basin.

As mentioned before, particular years (2007, 2013, 2014, 2016 and
2020) showed a different pattern of CDOMest (Fig. 4a, SM Table S12).
This difference could be related to the land use of the watersheds. For
this reason, land use changes were analyzed using five-year bins, i.e.,
2000-2005, 2005-2010, 2010-2014 and 2014-2020. During
2000-2005, the shrublands in Colu watershed decreased by approxi-
mately 10 km? at a rate of change of —0.096 km? y~!, while grassland-
agriculture increased by 9.35 km? at a rate of 0.081 km? per year
(Table 2a; SM Table 16a). Similarly, we also observed an increase in
grassland-agriculture of 8.34 km? with an annual rate of change of

0.078 km? y ! between 2010 and 2014 (Table 2a; SM Table 16a). On the
other hand, there was an evident decrease in the grassland-agriculture
area of 5.3 and 5.9 km? for the periods 2005-2010 and 2014-2020,
respectively. Finally, native forest cover in the Colu river basin evi-
denced a major decrease during the entire study period 2010-2014 and
2014-2020 (Table 2a) with an annual rate of change of —0.031 and
0.059 km? y 1, respectively (SM Table 16a).

The Yaldad watershed evidenced little significant changes in land
use over time, which were only evident for native forest, shrubland and
grasslands-agriculture (Table 2b). Native forest decreased during the
2000-2005 and 2014-2020 periods by 14.8 and 5.17 km?, with an
annual rate of change of —0.013 and —0.004 km? y ™, respectively. An
increase of 17.3 km? (0.016 km? y 1) occurred during 2005-2010.
Shrubland increased by 9.3 km? during 2000-2005, while a decrease of
12.1 km? was evident for the years 2005-2010. The annual rates of
change were 0.063 and —0.081 km? y~!, for the 2000-2005 and
2005-2010 periods, respectively (SM Table S16b). The use of grassland-
agriculture had a fluctuating behavior, in the periods 2000-2005 and
2014-2020, increasing 6.8 km? and 1.9 km?, respectively (Table 2b). In
the rest of the periods, 2005-2010 and 2010-2014 it decreased 6.4 km?
and 1.16 km?, respectively (Table 2b). The highest annual rate of change
was in grassland-agriculture, with 0.136 and —0.110 km? y~! during
2000-2005 and 2005-2010, respectively (SM Table S16b).

Fig. 7 shows the correlations of the CDOMest with the different land
uses for each study zone. In the Colu zone (Fig. 7a), a strong positive
correlation of CDOMest with urban (R_s = 0.53) and CDOMest with
grassland (R_s = 0.56), which includes agricultural use was observed,
whereas a negative correlation was observed between CDOMest and
native forest (R_s = —0.75). On the other hand, the results evidenced
how changing land uses interact; for instance, the strong negative cor-
relation between grasslands and shrublands (R_s = —0.63), or as urban
use increased, grasslands also increased (Rs = 0.76). In Yaldad Bay
(Fig. 7b), we found a strong and positive correlation of CDOMest with
urban uses (R_s = 0.59), wetland (R_s = 0.81) and native forest (R_s =
0.47), and a negative correlation of CDOMest with shrubland (R.s =
—0.45) was observed. Conversely, there is a significant and negative
correlation between native forest with shrubland R_s = —0.99; p<0.01)
and grassland-agriculture (R_s = —0.94).

Finally, a principal component analysis (PCA) for all years allowed us
to examine the relationship among all the parameters in both study
areas. The analysis highlighted the influence of land use as a driver of
the spatial structure of the different parameters. The PCA showed three
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Fig. 4. Standardized anomalies for the 18-year temporal analysis in the Colu
and Yaldad areas. The variables analyzed were: (a) CDOMest (m’l), (b) pre-
cipitation (Pp; mm), (c) sea surface temperature (SST; °C), (d) chlorophyll-a
(Chla; mg m~3), (e) instantaneous photosynthetically active radiation (iPAR;
Finstein m 2 s’l), (H) normalized fluorescence line height (nFLH - mW cm 2
um~! sr71). The red lines and squares correspond to the Colu zone, while the
black lines and circles denote data for the Yaldad zone. We had no information
for the years 2000 and 2012 because satellite images were too cloudy during
the study period (austral summer). The environmental parameters SST, Chla,
iPAR and nFLH were estimated from MODIS-A imagery CDOMest estimates are
based on Landsat 7 and 8, whereas precipitation data were obtained from
weather stations of the region, available on the website www.CR2.cl. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

principal components that jointly explained 79.5% of the total variance
and the reduced dimensionality allowed a clear separation between the
two watersheds (Fig. 8, SM Table S17). The first principal component
(PC1) explained 57% of the interaction between variables; it was char-
acterized by significant positive coefficients (weights >0.6) assigned to
the variables CDOMest, Urban, Shrubland, Wetland, Native Forest,
Water body (SM Table S17). A negative but significant coefficient was
associated with SST, Chla and Grassland (SM Table S17). The second
principal component (PC2) accounted for 12% of the interaction, with a
high but positive coefficient for nFLH (Fig. 8, SM Table S17). The third
principal component (PC3), which explained 10%, clustered the vari-
able iPAR with a high and positive coefficient (SM Table S17).
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4. Discussion

4.1. Spectral slopes, indices, and the relationship of CDOM/fDOM to land
use

The input of dissolved organic matter linked to anthropogenic dis-
turbances plays an important role in the biogeochemistry of the coastal
ocean (e.g., alterations in COs flux, eutrophication, acidification)
(Graeber et al., 2015; Regnier et al., 2013; Wilson and Xenopoulos,
2009). However, there are few reports (especially along the Chilean
coast) on the influence of land uses and land use change on the avail-
ability of allochthonous chromophoric (CDOM) and fluorescent DOM
(fDOM) (Curra-Sanchez et al., 2022; Gonzalez et al., 2019; Nimptsch
et al., 2015). The Colu and Yaldad rivers carried high concentration of
CDOM to the coastal zone, which decreased as salinity increased (Fig. 3).
Our observations agreed with other studies that showed that forest and
vegetation types contribute to higher CDOM/fDOM availability in the
river-ocean continuum (Sanchez-Pérez et al., 2020; Fierro et al., 2017;
Williams et al., 2010). Furthermore, we found that fulvic and humic
acid-like CDOM/fDOM dominate more aquatic ecosystems surrounded
by forest, while agricultural and urban uses are more associated with
protein-like compounds, tyrosine and humic acids (He et al., 2021;
Fellman et al., 2010; Wilson and Xenopoulos, 2009; Stedmon et al.,
2006).

Spectral slopes and the relationship between them are a potential
indicator of the degradation, molecular weight, and origin of CDOM in
aquatic environments (Valerio et al., 2018; Vantrepotte et al., 2015;
Fichot and Benner, 2012; Helms et al., 2008). According to analyses of
spectral slopes obtained in situ, the coastal zone of Colu was character-
ized by high values of S275-295 and S300-350, suggesting a decrease in
aromaticity and molecular weight, consistent with increased photo-
chemical degradation of terrestrial CDOM during its transport into the
coastal ocean (Pandi et al., 2021; Guo et al., 2012; Helms et al., 2008).
Exposure to solar radiation (Grunert et al., 2021; Zhang et al., 2009) also
contributes to degradation and lower molecular weight of CDOM (Roiha
et al., 2016; Fasching et al., 2014; Lapierre et al., 2013), and in our
results an increase in iPAR radiation was observed for both study areas.
In addition, a grassland-agricultural land use pattern could imply po-
tential fertilizer and agrochemical inputs to the river and coastal zone
(Williams et al., 2010; Stedmon et al., 2006). According to the literature
(He et al., 2021; Roiha et al., 2016; Wilson and Xenopoulos, 2009) the
development of agricultural activities and urban use contribute to
CDOM that is less aromatic and more easily degraded by bacteria, which
enhances bacterial abundance in adjacent aquatic ecosystems. Indeed,
according to Curra-Sanchez et al. (2022), bacterial abundance was
higher in the Colu River than in Yaldad River. Previous studies state that
water residence or turnover time can influence dissolved organic matter
degradation (e.g., photobleaching, microbial activity, etc.), transport,
and permanence (Grunert et al., 2021; Kellerman et al., 2015; Kotha-
wala et al., 2014; Shen and Wang, 2007). In our study areas, the average
monthly water age is between 250 and 300 (coastal zone of Colu) and
50-80 (coastal zone of Yaldad Bay) days, respectively (according to the
MIKE-3 model simulation of the ISC, www.chonos.ifop.cl), favoring
protracted bacterial degradation processes. Similar results have been
observed for other aquatic ecosystems, where land use influences the
amount and type of CDOM, which in turn influences the community and
abundance of bacteria that degrades CDOM (He et al., 2021; Roiha et al.,
2016; Fasching et al., 2014; Wilson and Xenopoulos, 2009).

In Yaldad Bay the S275-295 is lower, in situ CDOM had a higher
molecular weight and aromaticity (higher lignin, fulvic and humic acid
content), and the watershed is less intervened by anthropogenic actions
being dominated by native forest. This suggested that in situ CDOM was
less degraded (Wagner et al., 2015; Fichot and Benner, 2012; Helms
et al., 2008). Overall, this implies that allochthonous in situ CDOM could
be mostly from forest materials (Garcia et al., 2018; Fellman et al., 2010;
Williams et al., 2010; Helms et al., 2008). Our data are comparable with
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Table 2
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Summary of land use data for (a) Colu and (b) Yaldad during the years 2000, 2005, 2010, 2014 and 2020 based on Landsat 7 and 8 satellite imagery.

(a) Land use Colu Basin from the year 2000-2020 Km?

Land use 2000 % 2005 % 2010 % 2014 % 2020 %
Native Forest 30.04 39.83 30.66 40.65 30.16 39.98 26.59 35.25 18.45 24.46
Shrubland 24.55 32.55 14.79 19.61 21.01 27.85 16.11 21.36 28.62 37.94
Wetland 0.32 0.42 0.32 0.42 0.30 0.40 0.24 0.32 1.16 1.54
Grassland-agriculture 19.62 26.01 28.97 38.41 23.64 31.34 31.98 42.40 26.12 34.63
Water body 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.04
Bare soil 0.87 1.15 0.59 0.78 0.22 0.29 0.41 0.54 0.98 1.30
Urban 0.00 0.00 0.07 0.09 0.07 0.09 0.07 0.09 0.07 0.09
Total 75.43 100 75.43 100 75.43 100 75.43 100 75.43 100
(b) Land use Yaldad Basin from the year 2000-2020 Km?
Land use 2000 % 2005 % 2010 % 2014 % 2020 %
Native Forest 226.53 83.83 211.71 78.35 228.99 84.75 227.66 84.25 222.49 82.34
Shrubland 26.12 9.67 35.40 13.10 23.22 8.59 25.91 9.59 28.58 10.58
Wetland 3.48 1.29 2.34 0.87 3.41 1.26 4.01 1.48 4.27 1.58
Grassland-agriculture 7.64 2.83 14.46 5.35 8.06 2.98 6.22 2.30 8.13 3.01
Water body 6.44 2.38 6.13 2.27 6.36 2.35 6.24 2.31 6.57 2.43
Urban 0.00 0.00 0.17 0.06 0.17 0.06 0.17 0.06 0.17 0.06
Total 270.21 100 270.21 100 270.21 100 270.21 100 270.21 100
a) Colu b) Yaldad
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Fig. 7. Pearson correlation from standardized CDOMest from the temporal analysis and land use (Native forest - N. Forest, Shrubland, Wetland, Grassland-agriculture
and Urban) for the years 2000, 2005, 2010, 2014 and 2020 for (a) Colu and (b) Yaldad. The color of the circles indicates the type of correlation, being positive (red)
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this article.)

other studies (Garcia et al., 2018; Fellman et al., 2010; Williams et al.,
2010), where CDOM presented a more aromatic composition with
humic and fulvic compounds (regions dominated by forest and wet-
lands). Therefore, we can infer that the degradation rate and exposure
time of CDOM are lower in Yaldad Bay than the coastal area of Colu,
according to the longer water residence time.

The fluorescence index (FI) and the humification index (HIX) have
been used as a complement in studies of CDOM to distinguish different
origins and the degree of CDOM transformation (Chen et al., 2011;
Huguet et al., 2009). According to McKnight et al. (2001) and Cawley
et al. (2012) the FI values tend to be lower in river samples and higher
towards the open ocean, which coincides with our observations (Fig. 2,
SM Table S7). The low FI values in the river samples indicate a fluo-
rescence of terrestrial origin, and the higher FI combined with lower
CDOM concentrations indicate a dilution of fluvial terrestrial CDOM
with an increase in autochthonous CDOM of microbial origin from the
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marine zone (Shafiquzzaman et al., 2020; Cawley et al., 2012). In
addition, high FI values suggest a predominance of materials derived
from extracellular and leached release of bacteria and algae. These ob-
servations are consistent with those of McKnight et al. (2001), implying
that microbially-derived fulvic acids have lower aromaticity and higher
fluorescence indices than terrestrially derived fulvic acids observed in
streams and rivers. In conclusion, the low values of spectral slopes
(S275-295; S350-400; SR) and FI, together with high values of the HIX
index observed in the Yaldad area corroborate that the predominant
material is of terrestrial source with higher degree of humification and
aromaticity (Fig. 2, SM Table S7).

Similar to the patterns observed by Chen et al. (2011) and Huguet
et al. (2009), where HIX values decrease from rivers to bays, gulf and
open ocean, our HIX values decreased from stations located in both
rivers (maximum HIX: 9.04) to the marine zone (minimum HIX: 0.34)
(Fig. 2, SM Table S7). This suggests that there would be more terrestrial
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Fig. 8. Clustering based on Principal Component Analysis (PCA) of CDOMest,
sea surface temperature (SST), precipitation (Pp), instantaneous photosyn-
thetically active radiation (iPAR), chlorophyll-a (Chla), normalized fluores-
cence line height (nFLH), and soil uses (Glassland, Urban, Shrubland, Wetland,
Native Forest, Water body). The circles represent the study areas, Colu (red)
and Yaldad (black). The axes correspond to the first two principal components
(PC), which explain 69.1% of the total variance. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

CDOM input in the rivers while microbially produced CDOM pre-
dominates in the bay and sea (Shang et al., 2019; Cawley et al., 2012;
Shang et al., 2019). The differences in the values of the indices observed
between the seasons of the campaigns (summer and austral spring) may
be strongly influenced by the use and change of land use (Curra-Sanchez
et al., 2022). The FI and HIX patterns agree with the results observed for
spectral slopes (SM Table S7). These results provide background for our
interpretation of the relationship between land use change and CDOM.
For future work it would be interesting to address the decomposition of
CDOM and its complex relationship with the autochthonous sources of
aquatic DOM, microbial degradation and the contribution of phyto-
plankton. For example, Danhiez et al. (2017) demonstrate that the
spectral slope between 320 nm and 412 nm can serve as a relevant in-
dicator of the marine origin DOM, being related to phytoplankton bloom
conditions.

4.2. Relationship of remote sensing of CDOM to land use in coastal
regions

The water quality of aquatic ecosystems is degrading drastically as
human activities increase along watersheds worldwide (Razali et al.,
2018; Gholizadeh et al., 2016). Remote sensing techniques supported by
traditional in situ sampling can provide comprehensive information with
high spatial and temporal resolution, which can be leveraged as an
economically and reliable monitoring strategy of water quality param-
eters such as CDOM (Drozdova et al., 2021; Valerio et al., 2021). The
present study shows a simple and basic alternative to analyze the
spatio-temporal pattern of CDOMest and the influence of land use
change and relevant biophysical parameters in two small coastal areas
comprising optically complex inland waters. Although in situ reflectance
data would have been ideal, the coefficients obtained for our study areas
(Table S6) and the in situ CDOM data proved to be a viable alternative for
estimating CDOM (Fig. 3). It is well known that river inputs provide
terrestrial dissolved organic matter to estuaries and coastal areas
(Massicotte et al., 2017; Osburn et al., 2016). The improved statistical fit
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in austral spring would result from the pluvial regime that increases
surface runoff to the coastal zone during winter and early spring in rivers
of northern Patagonia (Leon-Munoz et al., 2021; Pérez-Santos et al.,
2021). The algorithms also allowed us to perform a calculation back in
time to assess the temporal variations of CDOMest between both zones.
In this way, after proper match-up assessment, the temporal analysis of
CDOMest obtained a baseline study of CDOM dynamics in the aquatic
ecosystem of these two remote and poorly studied areas of Northern
Patagonia, Chile (Curra-Sanchez et al., 2022; Gonzalez et al., 2019).
Similarly, the analysis of CDOMest could also allow us to assess potential
changes under future projections of climate change scenarios. For
example, it has been shown that an increase in CDOM influences the
parameters of the carbonate system (e.g., increasing pCOy — Valerio
et al., 2018, and decreasing pH and carbonate saturation state) with
negative effects on calcifying organisms (Curra-Sanchez et al., 2022;
Vargas et al., 2017; Guo et al., 2012). Our results showed a significant
correlation between land uses and CDOMest, suggesting that land use
and land use change have a direct impact on the availability of coastal
CDOMest over time and space. Previous research supports our finding;
changes in land use influence the origin and quality of CDOM in aquatic
ecosystems (He et al., 2021; Zhang et al., 2021; Fellman et al., 2010;
Helms et al., 2008). While in the Colu watershed grassland-agriculture
and urban uses showed the highest correlation and influence with
CDOMest (Fig. 7a), native forest and urban use were positively corre-
lated with CDOMest in Yaldad (Fig. 7b), supporting the hypothesis that
each dominant use influenced the CDOMest observed in the water of
each coastal zone. The findings of Gonzalez et al. (2019) at the ISC
support the above, observing that the contribution of humic substances
was enhanced along the fjord-ocean transect by inputs from intense
forestry and agricultural activity around the Puelo River basin. Whereas
Curra-Sanchez et al. (2022) observed in the river-ocean continuum of
the Yaldad basin high values of the humic acid component (UVA and
UVC) and terrestrial fulvic acids resulting from the contribution of
native forest.

The PCA analysis illustrated the influence of environmental variables
in each zone, highlighting a relationship with land use. For example, the
role of native forest, wetland and shrubland cover was evident in the
concentration of CDOMest in the Yaldad area and its divergence with
pasture (agriculture) and the rest of the environmental variables in the
Colu area (Fig. 8). In this study we demonstrated a rising trend in the
CDOMest (Fig. 4) in both study areas, with values showing an initial
increase in 2007, measuring 0.194 and 0.807 m in Colu and Yaldad,
respectively. This variation in the CDOMest was influenced by land use
changes. According to Curra-Sanchez et al. (2022) land use influences in
situ CDOM availability in the adjacent coastal zones. CDOMest was lower
in the Colu zone where the predominant area of the contributing
watershed is covered by grassland-agriculture (34%), whereas the
availability of in situ CDOM was higher and the predominant area of the
watershed was occupied by native forest (80%) in Yaldad. The years
2005, 2007 and 2008, when the CDOMest values were higher in Colu
than in Yaldad, coincided with periods of land cover change where the
area of grassland-agriculture increased. Because of this change, the soil
was washed, and a higher content of dissolved organic matter was
dragged to the water bodies. Alvarez-Garreton et al. (2019) and Salas
et al. (2016), reported that the area of native forest throughout Chile
decreased between 250000 to about 3 million ha. in the last 35 years
(1974-2016), because of land use change (e.g., forest plantations and
agro-industrial activities, mainly). Following the results from our area
and elsewhere (Curra-Sanchez et al., 2022; Williams et al., 2010), land
use and land use change patterns over time are posited to alter the
quantity and quality of CDOM exported by forests and wetlands into
rivers and coastal areas.

4.3. Environmental factors influencing CDOM in the coastal zone

Satellite-derived nFLH and Chla are used in the literature as proxies
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for biomass or productivity phytoplankton, due to the limited avail-
ability of in situ data in northern Patagonia (Jacques-Coper et al., 2023;
Saldias and Lara, 2020; Lara et al., 2016). High values of Chla and nFLH
were found in Colu (northern part of the ISC), whereas lower values
characterized Yaldad (Fig. 4). Our temporal patterns are comparable
with other studies (Vasquez et al., 2021; Saldias et al., 2019, 2021; Lara
et al., 2016) showing a seasonal pattern and elevated Chla values indi-
cating a high phytoplankton biomass in the northern Patagonian region
(north of Desertores Islands) as compared to the southern ISC where
Yaldad Bay is located. However, our results of CDOMest for the past 18
years are the first attempt to understand past variability as there is no
temporal information to empirically compare the study areas
(2001-2011 and 2013 to 2020).

Our results of the coastal regions could also be greatly influenced by
the local oceanographic conditions north and south of Desertores Island
and their seasonal variability (Leon-Munoz et al., 2021; Pérez-Santos
etal.,, 2021; Lara et al., 2016). The water age or residence time is higher
(200-400 days) north of Desertores Island and lower (50-200 days) in
the southern ISC, which is conditioned by wind circulation and water
stratification (Pinilla et al., 2020). During austral fall and winter,
westerlies are stronger, and the mixing of the surface layer increases,
while during spring-summer, the westerly flow weakens, increasing the
stratification and decreasing the water age (Pérez-Santos et al., 2021;
Saldias et al., 2019; Lara et al., 2016). Therefore, this suggests that
degradation processes act for a longer time on the available CDOM in the
coastal zone around Colu. On the other hand, the bacterial abundance is
also higher in the Colu River than in Yaldad (Curra-Sanchez et al., 2022),
and thus, bacterial degradation would be also higher in this zone, which
is also supported by the higher FI index in Colu (Table S8). Primary
productivity contributes to autochthonous CDOM, which is corrobo-
rated by high Chla values. In our study high chlorophyll values only
coincided with high CDOMest values in the Colu coastal zone, suggesting
that part of CDOM composition has an autochthonous origin derived
from phytoplankton (Gonzalez et al., 2019; Zhang et al., 2013). Ac-
cording to different authors (e.g., Vasquez et al., 2021; Gonzalez et al.,
2019; Lara et al., 2010, 2016), the region north of Desertores Island
(coastal zone of Colu) presents high chlorophyll concentrations during
austral spring-summer and fall compared with the southern ISC (Yaldad
Bay). These local oceanographic conditions should be influencing the
residence, transport, and degradation of CDOM over time and space. The
study of CDOM should be considered for the monitoring and planning of
mussel farming activity in these coastal regions and in other similar
zones around the world. This work represents the first attempt to use
satellite data for a CDOM estimation in northern Patagonia, Chile.
Considering that there is no data of CDOM (for such a long period) in
Chilean waters, neither in situ nor estimated, this study represents a
major step towards increasing our understanding of water quality dy-
namics nearshore.

5. Conclusions

Our results demonstrate the need to continue the study of land-ocean
interactions, which are not only affected by climate change but also by
the intense development of anthropogenic activity (e.g., land cover
change). This study showed that land use and land use change are the
main factors influencing the availability of CDOMest. Empirical associ-
ations showed that predominant land use in the watershed has a sig-
nificant relationship with the CDOMest that reaches the coastal zone.
CDOMest showed contrasting relationships between watersheds with the
amount of native forest cover. In general, we can conclude that
grassland-agriculture use altered the quantity and quality of the
CDOMest compared to that exported by the native forest to the rivers and
coastal ocean. Moreover, oceanographic conditions along the Inner Sea
of Chiloé played a key role in the variability of CDOMest and should be
considered in greater detail in future works. The spectral slopes and the
FI and HIX indices corroborate that the Yaldad area is dominated by
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CDOM of terrestrial origin with a high degree of aromaticity and hu-
mification, the result of the predominant use of native forest. In contrast,
less aromatic and more degraded material of microbial origin would be
associated with predominant agricultural, and livestock use in Colu. The
increasing trend of CDOM availability in both study areas may have
implications for biogeochemical cycles, with implications for aquacul-
ture in the coastal region. In situ and estimated CDOM values at the river
station were higher than the values observed at the rest of the coastal
stations. Regression analyses showed that the inclusion of the CDOM
values measured at the river’s stations had a strong influence on the
relationships between in situ CDOM and CDOMest for both zones and
seasons. Finally, our results suggest that including other oceanographic
and climatic parameters, in addition to land use change, would help to
better understand the CDOM dynamics and the causes of its variations in
the coastal region.
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