
Abstract  Land-ocean dissolved organic matter (DOM) transport is a significant and changing term 
in global biogeochemical cycles which is increasing as a result of human perturbation, including land-use 
change. Knowledge of the behavior and fate of transported DOM is lacking, particularly in the tropics 
and subtropics where land-use change is occurring rapidly. We used Parallel Factor (PARAFAC) Analysis 
to investigate how land-use influenced the composition of the DOM pool along a subtropical land-use 
gradient (from near-pristine broadleaf forest to agri-urban settings) in Belize, Central America. Three 
humic-like and two protein-like components were identified, each of which was present across land 
uses and environments. Land-use mapping identified a strong (R2 = 0.81) negative correlation between 
broadleaf forest and agri-urban land. All PARAFAC components were positively associated with agri-
urban land-use classes (cropland, grassland, and/or urban land), indicating that land-use change from 
forested to agri-urban exerts influence on the composition of the DOM pool. Humic-like DOM exhibited 
linear accumulation with distance downstream and behaved conservatively in the coastal zone whilst 
protein-like DOM exhibited nonlinear accumulation within the main river and nonconservative mixing 
in coastal waters, indicative of differences in reactivity. We used a hydrodynamic model to explore 
the potential of conservative humics to reach the region's environmentally and economically valuable 
coral reefs. We find that offshore corals experience short exposures (10 ± 11 days yr−1) to large (∼120%) 
terrigenous DOM increases, whilst nearshore corals experience prolonged exposure (113 ± 24 days yr−1) to 
relatively small (∼30%) terrigenous DOM increases.

Plain Language Summary  The transport of land-derived dissolved organic matter into 
the oceans plays a substantial and important role in the global carbon and nutrient cycles. Land-use 
change can alter the type and amount of material being transported, with widespread implications for 
downstream ecosystems. This is particularly true in the tropics and subtropics where land-use change is 
occurring most rapidly, and where research into its effects is often lacking. We investigated whether land-
use had an effect on the type and amount of land-derived material found in a subtropical river system that 
is experiencing a rapid conversion from forest to agricultural and urban land-use. We found that streams 
draining agricultural and urban land contained more land-derived material than those draining forested 
land, and that a substantial fraction of this material reached the coastal environment. We estimated the 
frequency with which this land-derived material reached the region's environmentally and economically 
valuable coral reefs, and suggest that land-use-derived material reaches nearshore corals often and 
offshore corals rarely.
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Key Points:
•   A shift from broadleaf forest to 

agri-urban land increased colored 
dissolved organic matter in the 
Belize River watershed

•   Humic-like material increased in 
transit downstream and behaved 
conservatively in coastal waters, 
indicative of its recalcitrance

•   Land-use change has increased 
terrigenous dissolved organic matter 
concentrations overlying Belize's 
coral reefs
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1. Introduction
The land-ocean aquatic continuum is a complex network of environments that include streams, lakes, res-
ervoirs, wetlands, estuaries, and coastal seas. The lateral transport of terrigenous dissolved organic matter 
(DOM) through this continuum is a significant and changing biogeochemical term with widespread impli-
cations for global carbon and nutrient cycling (Drake, Raymond, & Spencer, 2018). Anthropogenic pertur-
bations including climate change and land-use change are major contributors to altered terrigenous DOM 
transport, and are estimated to have doubled the amount of land-derived carbon entering the continuum 
since the start of the industrial revolution, increasing it by ∼1 Pg (Regnier et al., 2013). Despite this scale of 
change, we know relatively little about what happens to terrigenous DOM in transit, how much of it reaches 
the open ocean, or what effects it has therein. This lack of understanding hinders our ability to quantify 
the role of aquatic DOM in global biogeochemical cycles, including the potential contribution of land-use 
change derived DOM to anthropogenic CO2 emissions.

Studies of terrigenous DOM in tropical and subtropical catchments are sparse, yet climate change effects 
are disproportionately high in these regions and they are commonly subject to high rates of land-use change 
resulting from ongoing development. Between 1980 and 2000, ∼80% of new agricultural  land originated 
from the world's tropical and subtropical forests (Gibbs et al., 2010), and the expansion of cropland and 
pasture  continues  to  be  the  principal  driver  of  deforestation  in  the  developing  world  (Houghton,  2003; 
Song  et  al.,  2018).  Agricultural  expansion  has  been  associated  with  declines  in  water  quality,  including 
those related to shifts in the composition of the DOM pool such as reduced water clarity, eutrophication, 
and deoxygenation (Mello et al., 2018; Singh et al., 2017; Yang et al., 2012). Shifts  in DOM composition 
are commonly investigated using optical tools (absorbance and fluorescence spectrophotometry; Murphy 
et al., 2010; Stedmon et al., 2003) which target the chromophoric or “colored” fraction (cDOM). cDOM can 
also provide a qualitative measure of DOM quantity, with absorbance typically correlating strongly with 
dissolved organic carbon (DOC) concentration in terrestrially influenced systems (e.g., Carter et al., 2012). 
Much of the cDOM pool is also fluorescent (fDOM), and methods by which fluorescent properties can be 
used to investigate cDOM character have been well established (Murphy et al., 2010; Stedmon et al., 2003).

Forests  typically  accrue  relatively  aromatic,  recalcitrant  soil  organic  matter  (SOM)  in  their  surface  soils 
(Inamdar et al., 2012) which is highly colored. Deforestation results in reduced soil stability, leading to in-
creased export of this material which peaks post-felling and reduces gradually over time (West et al., 2004). 
Conversion of deforested land to agriculture can further enhance SOM export as a result of physical dis-
turbance (tillage), hydrological modification (irrigation), and overgrazing (Condron et al., 2014; Graeber 
et al., 2015; Klumpp et al., 2009). As a result, agricultural soils are up to 60 times as erosive as forest soils 
(Renard et al., 2017). Recent work suggests that older, less aromatic, less highly colored DOM may be re-
leased as deeper soil horizons become destabilized. This material is more bio-labile and thus, undergoes 
more rapid remineralization than surface SOM (Drake et al., 2019). At the same time, overuse of fertilizers 
can increase the export of aliphatic and low-aromaticity, low-colored DOM forms that are also bio-labile 
(Gücker et al., 2016) whilst anthropogenic DOM of a similar character has been shown to increase in urban 
settings (Arango et al., 2017; Smith & Kaushal, 2015). This is particularly relevant in areas where sanitation 
is poor (e.g., Mostofa et al., 2010). Thus, land-use can be the primary explanator of variance in the DOM 
pool where anthropogenic influence is high (Roebuck et al., 2019), and land-use change from forested to 
agri-urban can have profound implications for the quantity and composition of DOM entering the land-
ocean  aquatic  continuum.  Our  understanding  of  forest  SOM  cycling  is  dominated  by  temperate  studies 
(Kalbitz et al., 2000), but previous research has shown that tropical and subtropical forest soils may exhibit 
higher turnover rates and contain lower SOM stocks than temperate forest soils do (Trumbore, 1993), and 
that  they may also contain a substantial pool of  less recalcitrant DOM which undergoes relatively rapid 
remineralization once mobilized (Gmach et al., 2020).

Once in the land-ocean continuum, terrigenous DOM undergoes a range of bio-mediated and photo-me-
diated transformations, driven by a range of biotic and abiotic processes which vary by geographical and 
climatic setting, water residence time, environmental conditions, and the molecular properties of the DOM 
(Anderson et al., 2019; Kothawala et al., 2020). Catchment land-use can modify these transformations by 
altering the environmental conditions, water residence time and/or DOM composition. For example, inor-
ganic nutrient export from agri-urban settings can promote the in-situ growth of microorganisms, resulting 
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in an increase in the amount of autochthonous DOM present (e.g., algal exudates and protein-like material; 
Evans et al., 2017; Williams et al., 2016) and have been linked with increased DOM diversity (Kamjunke 
et al., 2019). Altered hydrological conditions and  increased residence  times associated with watercourse 
modification (e.g., hydroelectric dams and reservoirs) can enhance autochthonous production and the op-
portunities for bio-degradation and photo-degradation (Mayorga et al., 2010; Winemiller et al., 2016). The 
net effect of such transformations across the continuum determines the quantity and composition of DOM 
exported to the ocean.

Land-ocean DOM fluxes constitute organic carbon subsidies and inputs of bioavailable dissolved organic 
nutrients into the coastal ocean which influence, for example, microbial community composition and net 
ecosystem metabolism, carbonate equilibria, and gaseous carbon fluxes, with implications for water quality, 
productivity, biodiversity, and the global carbon cycle (Lønborg et al., 2020; St. Pierre et al., 2020). While the 
economic impacts of nutrient and sediment fluxes on coastal ecosystems are well recognized (Fichot & Ben-
ner, 2014; Molotoks et al., 2018), increased DOM inputs can also negatively impact ecosystem health and 
the marine economy, notably through impacts on coral reefs (Butler et al., 2013; Devlin & Schaffelke, 2012; 
Sharp et al., 2014). This link between land and sea means that the effective co-management of terrestrial 
and marine ecosystems and the economies which rely upon them requires an understanding of terrigenous 
DOM transport and transformation within the aquatic continuum.

In  this study, we  investigate  the character and behavior of  terrigenous DOM in a subtropical watershed 
which has been subject to significant deforestation and agricultural expansion, and which drains into an 
economically and environmentally valuable coastal zone, focusing on the colored and fluorescent fraction. 
Belize is the most forested country in Central America, but recent estimates place mature forest cover at just 
59% compared to 76% in 1980, a 25% loss over 40 years (Cherrington et al., 2010; Voight et al., 2019). Agricul-
ture supports ∼9% of Belize's gross domestic product (GDP), and is expanding (Prouty et al., 2008; Statistical 
Institute of Belize, 2019). Belize is also home to the Belize Barrier Reef which is a global biodiversity hotspot 
(Young, 2008) and supports ∼30% of the country's GDP via tourism and fisheries-related activities (Prouty 
et al., 2008; Statistical Institute of Belize, 2019).

We studied cDOM character in Belize's largest catchment, the Belize River Watershed. We investigated (1) 
the influence of land-use change on cDOM character using a forested to agri-urban land-use gradient and 
(2)  the behavior of  land-use change mediated DOM as  it moves  from land  to sea. Finally, we employed 
a  hydrodynamic  model  to  investigate  connectivity  between  terrigenous  cDOM  and  the  environmentally 
and  economically  important  coral  reefs  of  the  Belize  Barrier  Reef.  We  hypothesized  that  (1)  subcatch-
ments draining agri-urban land will contain more cDOM than subcatchments draining forested land; (2) 
humic-like cDOM will be transported downstream and into the coastal environment, whilst protein-like 
cDOM will be rapidly remineralized; and (3) humic-like cDOM will persist within the Belize River plume, 
and reach the Belize Barrier Reef.

2. Methods
2.1. Regional Setting

The Belize River watershed covers an area of 8,542 km2. Air temperatures range from 25°C to 38°C in the wet 
season (c. May–November), and 16°C to 28 °C in the dry season (c. December–April). Annual precipitation 
ranges from ∼2,500 mm in upland regions to ∼1,600 mm in lowland regions, ∼80% of which occurs during 
the wet season. Annual actual evapotranspiration is 56% to 75% precipitation, such that annual runoff in 
subcatchments ranges from 400 to 1,100 mm. The Maya Mountains (Figure 1) comprise Paleozoic metamor-
phic and volcanic rocks with granitic intrusions; soils are siliceous, acid, and highly erodible. Surrounding 
these to the north and west are karstic hill systems where Cretaceous limestones and dolomites underlie 
calcareous soils with better agricultural  stability. Coastal plains account  for ∼50 km of  the downstream 
length of the Belize River and are comprised of Pleistocene alluvium deposits. Agriculture is predominantly 
banana, sugar, and citrus crops, with grazing livestock (Statistical Institute of Belize, 2019; Young, 2008). 
More detailed descriptions of Belize's physiogeography, soils, geology, land suitability for agriculture, and 
hydrological characteristics are provided elsewhere (Baillie et al., 1993; Esselman & Boles, 2001; Hartshorn 
et al., 1984; Heyman & Kjerfve, 1999; King et al., 1993)
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The  Belize  River  has  two  principal  subcatchments:  the  Macal  River  (1,466  km2)  and  the  Mopan  River 
(3,690 km2) (Figure 1). Both drain from relatively pristine forested landscapes above 400 m elevation with-
in  the  Maya  Mountains,  but  much  of  the  Mopan  catchment  lies  within  the Western  Uplands  region  of 
Guatemala which has been subject to severe deforestation (Karper & Boles, 2004). The main river stem of 
the Mopan flows ∼50 km northeast through agricultural land at ∼150 m elevation, before re-entering Be-
lize at the border near Benque. The Macal drains north and passes through a series of three hydroelectric 
dams (henceforth termed “the dam complex”), which are also intended to serve flood control purposes: the 
Chalillo (capacity = 120 million m3; build completed 2005, ∼380 m elevation), Mollejon (1.7 million m3, 
completed 1995, ∼280 m elevation), and Vaca (0.12 million m3, completed 2010, ∼130 m elevation) dams. 
Physicochemical and ecological impacts of these dams are described elsewhere (Lanza, 2019). The Mopan 
and Macal merge ∼33 km downstream of the border to form the Belize River at an elevation of 60 m. The 
Belize River then continues ∼120 km north-east, gradually declining in elevation toward the coast at Belize 
City. It is flanked by mandated riparian forest strips and flows through a predominantly agricultural setting, 
with  inputs  from agricultural-dominated catchments  to  the north, and  less modified, primarily  forested 
subcatchments to the south. The coastal environment to which the Belize River discharges supports a con-
siderable tourism sector, diverse fisheries, and mangrove cayes (Young, 2008). Notably, the Belize Barrier 
Reef, a substantial part of the world's second-largest barrier reef system (the Mesoamerican Barrier Reef), 
lies ∼20 km offshore, with some nearshore coral formations as close as ∼5 km offshore. Studies have found 
elevated levels of trace metals, which are indicators of landscape derived sediments, in nearby corals influ-
enced by neighboring catchments which have been subject to significant soil erosion due to forest clearance 
combined with high slope and runoff (Heyman & Kjerfve, 1999; Prouty et al., 2008).

2.2. Land-Use Mapping

Land-use within  the Belize River watershed was derived  from random forest classification  in R  (R Core 
Team, 2019) on composited Sentinel-1 and Sentinel-2 level 2A images captured between November 2018 
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Figure 1. Map of the Belize River watershed, with sampling locations shown. The Mopan and Macal subcatchments 
are also shown.
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and February 2019 along with a digital elevation model (DEM) (Lehner et al., 2008). Model validation data 
were  collected  in  February  2019  using  catchment-wide  in-person  surveys,  guided  by  an  existing,  coars-
er  resolution country-level  land cover map (Meerman, 2015). Classification errors were <1% (Table S1). 
Subwatersheds were generated for each sampling location using a DEM and the ArcHydro toolbox. Land-
use classes were extracted for each subwatershed as a percentage using zonal statistics (Table S2). Eleven 
distinct classes were identified: submontane broadleaf forest, lowland broadleaf forest, plantation, urban, 
grassland, cropland, wetland, inland waters, pine savanna, broadleaf savanna, and shrub. Land-use varied 
significantly (ANOVA; p ≤ 0.05) between tributary sampling locations, and a strong negative correlation 
(R2 = 0.81) was observed between % broadleaf forest (lowland and submontane) and % agri-urban (crop-
land, grassland, plantation, and urban) land-use (Figure S1). Land-use did not vary significantly along the 
length of the main river (ANOVA; p > 0.42; Figure S2), and so was excluded as an explanatory variable 
within the main river data set. A land cover map of the watershed is given in Figure S3.

2.3. Water Sample Collection

Water  samples  were  collected  during  three  visits  between  October  2018  and  October  2019  at  locations 
shown in Figure 1 (split by sampling visit  in Figure S4). The dam complex (October 2019) and tributar-
ies  (November 2018,  January 2019, and October 2019) were  sampled  from the  riverbank using a plastic 
bucket. A rigid inflatable boat was used to conduct a sampling transect of the main river trunk (November 
2018), and a small research vessel was used in coastal waters (November 2018 and October 2019). Specific 
conductance, salinity, pH, and water temperature were recorded at each sampling location using a Hach-
Lange® handheld Multimeter probe (Hach). Sampling of the main river trunk operated as a single transect 
from the Belize-Guatemala western border to the limit of the freshwater extent, near Belize City, and water 
was collected at intervals selected to be approximately equidistant whilst avoiding sampling directly from 
incoming  tributaries.  Coastal  sampling  was  conducted  as  three  distinct  transects  adjacent  to  the  Belize 
River outflow, covering the inshore region, the mid-section, and the adjacent portion of the Belize Barrier 
Reef, with samples taken across the full range of observed salinities (0–38 ppt). The boat was allowed to 
deviate from the planned transect lines to locate and sample the freshwater plume, which was identified 
according  to  salinity.  Samples  for  determination  of  DOC  concentration  were  filtered  (0.45  µm  Fischer® 
cellulose acetate) into Nalgene® HDPE bottles and stored cool and dark until their return to the laboratory. 
Freshwater DOC samples were then stored at 4°C. Saline DOC samples were frozen before analysis in 2018 
and chilled in 2019. A comparison of absorbance spectra (see Section 2.4) produced by samples subject to 
each treatment indicated no statistically significant differences (ANOVA; p value > 0.05) and so the DOC 
data are considered comparable. Samples for optical measurement were filtered (0.45 µm Fischer® cellulose 
acetate) into Wheaton® amber borosilicate glass vials bottles and stored cool and dark until their return to 
the laboratory, then at 4°C in the dark. All sample bottles were acid washed (24 h in 10% v/v Hydrochloric 
Acid) and Milli-Q® rinsed before use, and were triple rinsed with sample filtrate before use. Cellulose ace-
tate filters were flushed with 100 ml sample water before use.

2.4. Laboratory Analyses

All laboratory analyses were conducted in the United Kingdom. DOC was determined by Pt-catalyzed com-
bustion against glycine and potassium hydrogen phthalate standards using a TOC-VCPN analyzer (Shimad-
zu). Reproducibility of standards was within 2% in the range 0–50 ppm. Absorbance spectra (200–800 nm) 
were determined at 1 nm intervals using a Cary 60 UV-Vis dual-beam spectrophotometer (Agilent) against 
ultrapure water (Milli-Q®). Absorbance at 254 nm (a254) is presented as a measure of cDOM. Fluorescence 
was measured using a Cary Eclipse scanning fluorescence spectrophotometer (Agilent), corrected for in-
strument-specific biases following manufacturer protocols, for excitation (Ex) wavelengths of 255–400 nm 
(5 nm intervals) and emission (Em) wavelengths of 280–500 nm (2 nm intervals). Ex and Em slit widths of 
5 nm were employed, with a PMT voltage of 725 V and scan rate of 9,600 nm/min. Blanks were obtained 
using both ultrapure water in analytical cuvettes, and a sealed pure water standard (Starna®), and compari-
son of these were not statistically different. No samples were sufficiently optically dense to require dilution 
to enable robust inner-filter corrections (Kothawala et al., 2013).
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2.5. Parallel Factor Modeling

Excitation-Emission Matrices produced via fluorescence spectrophotometry were modeled via parallel fac-
tor  (PARAFAC) analysis, which  is a  tool commonly used  to decompose  the cDOM pool according  to  its 
fluorescent properties (Stedmon et al., 2003). Fluorescence data were modeled by in R using the StaRdom 
package (version 1.1.14, Pucher et al., 2019; R Core Team 2019). Non-negativity constraints were applied to 
normalized data, following standard pre-processing protocols for which blanks specific to each analytical 
run were used for correction and normalization of Raman peaks (Murphy et al., 2010). Excitation wave-
lengths <255 nm were discarded due to increased noise at those wavelengths. Identification of PARAFAC 
components was undertaken using the OpenFluor database of published fluorescence spectra (www.open-
fluor.org; Accessed July 6, 2020), using a 95% similarity criterion (Murphy et al., 2014). Sample fluorescence 
was calculated as the sum of peak fluorescence values (Fmax) associated with each PARAFAC component.

2.6. Theoretical Mixing Lines

Theoretical conservative mixing  lines  for component  fluorescence and DOC were plotted according to a 
standard two-endmember mixing model (Equation 1) where FSW is the theoretical fraction saline water in 
the sample, XSW is the endmember concentration for saline water, FFW is the theoretical fraction fresh water 
in the sample, and XFW is the endmember concentration for fresh water. Conservative mixing indicates that 
any reduction in fluorescence or concentration within the coastal zone is the result of dilution (i.e., no net 
addition or removal of fluorescent DOM or bulk DOC). Divergence from the associated theoretical mixing 
line therefore indicates net addition (data points above the line) or removal (data points below the line) in 
transit. Endmember salinities were 0 and 36.1 ppt in 2018, and 3.3 and 37.8 ppt in 2019, with the model 
extrapolated from 0 to 38 ppt as required.

    FW FW SW SWModelled Value F x X F x X  (1)

2.7. Hydrodynamic Model

A coastal hydrodynamic model of 1/60° horizontal resolution was used to investigate the potential for the 
Belize River plume to influence the local region of the BBRRS, using salinity as a tracer. For this, we used 
Nucleus of a European Model for the Ocean (NEMO; https://www.nemo-ocean.eu/) following the shelf-sea 
configuration setup for high-resolution operational forecasting in the NW European continental shelf (Gra-
ham et al., 2018; Guihou et al., 2018). The model was run for a 21-year period (1995–2015) and forced by at-
mospheric fields from the ERA5 reanalysis (European Centre for Medium-Range Weather Forecasts, 2019), 
hydrography, residual currents, and elevation from a 1/12° (∼9 km) global NEMO model, and tides from 
FES2014 (Lyard et al., 2020). River  freshwater  inflows  from the  four major rivers  in  the region (Hondo, 
Belize, Motaqua, and Ulua) were taken from GlobalNEWS2 (Mayorga et al., 2010), and modulated by the 
mean annual flow cycle from the Belize River “Doublerun” flow gauge (data provided by Department of 
Natural Resources, Belize). Further model description is given in Supporting Information (Text S1).

The Belize Barrier Reef was mapped into georeferenced coral reef polygons obtained from the Global Dis-
tribution of Coral Reefs data set (UNEP-WCMC, 2018). Salinity thresholds were selected based on a com-
bination of previous studies (Purdy et al., 1975; Sweetman et al., 2019), field data, and local knowledge of 
minimum salinity conditions overlying nearshore (∼20 ppt) and offshore (∼30 ppt) corals. The number of 
days when salinity went below these thresholds was counted for each reef polygon, and these data were 
converted to monthly averages across the 21-year model run (Tables S3 and S4).

2.8. Statistics

All statistics were done in R (R Core Team, 2019), and all analyses used an alpha of 0.05. Assumptions of 
normality and heteroscedasticity were met. Analysis of variance (ANOVA) was used to identify differences 
between sampling trips and environments. No significant difference was observed between sampling year 
within the tributaries, and so those data were grouped for analysis. Cooks distance was used where appro-
priate to identify and examine outliers. Relationships between land-use, DOC, and component fluorescence 
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intensities within the tributaries were investigated using stepwise multiple linear regression analysis, with 
the final model selected by Akaike information criterion (AIC). Collinearity between land-use classes was 
examined using Variance Inflation Factors (VIF; “car” package, Fox & Weisberg, 2011) and explanatory var-
iables were removed from models in decreasing order of VIF score until all scores were <5. This resulted in 
the removal of broadleaf forest (collinear with grassland [R2 = 0.67], cropland [R2 = 0.66], urban [R2 = 0.54], 
and plantation [R2 = 0.18]), broadleaf savanna (collinear with wetland [R2 = 0.68], pine savanna [R2 = 0.36], 
and grassland [R2 = 0.14]), and shrub (collinear with plantation [R2 = 0.61], cropland [R2 = 0.18], and pine 
savanna [R2 = 0.13]). The relationship between land-use and the composition of the fluorescent DOM pool 
was then investigated using redundancy analysis (RDA; “vegan” package, Oksanen et al., 2019), in which 
the best fit was backward selected using F statistics.

3. Results
3.1. cDOM Versus DOC

We observed a significant positive relationship between DOC and absorbance (R2 = 0.52; p ≤ 2.2 × 10−16), but 
the strength of this relationship varied depending on location. It was stronger in the tributaries (R2 = 0.75; 
p = 1.89 × 10−9) and coastal zone (R2 = 0.52; p ≤ 2.2 × 10–16) and weaker  in  the main river (R2 = 0.15; 
p = 0.07) and dam complex (R2 = −0.47; p = 0.87). This is indicative of a variable decoupling between DOC 
and cDOM. The system contains a substantial and variable portion of non-colored, non-absorbing DOM. 
However,  we  observed  a  strong  positive  correlation  between  a254  and  sample  fluorescence  (R2  =  0.89; 
p ≤ 2.2 × 10−16), indicating that the cDOM pool is highly fluorescent (Figure 2). We, therefore, present DOC 
data as an indicator of total DOM concentration and characterize the cDOM pool according to its fluores-
cent characteristics.

3.2. PARAFAC Results

A total of 207 excitation emission matrices were  included in the analysis, resulting  in a  five-component 
model which explained 98.2% of sample fluorescence, and which was split-half validated for randomized di-
visions of the data set (Tucker's Congruence Coefficients >0.91 for Ex loadings and >0.96 for Em loadings). 
The  five  components  identified,  henceforth  termed  C1–C5,  were  characterized  as  terrestrial  humic-like 
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Figure 2. Plots of (left) dissolved organic carbon versus a254 showing a variable decoupling between the two 
measurements, and (right) sample fluorescence versus a254, indicating a more coupled relationship.
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(C1–C3) and protein-like (C4 and C5) through comparison with Coble Peaks (Coble, 1996) and two studies 
in which all components were also found: a large (∼1,500 data point) model of fluorescence in municipal 
water schemes (Murphy et al., 2011), and a study of the Congo River network (Lambert et al., 2016) (Ta-
ble 1). This characterization was further verified using the OpenFluor database (Murphy et al., 2014). The 
humic-like components (C1–C3) have different sources and characteristics. C1 was characterized as highly 
aromatic material of terrigenous origin (likely SOM), C3 as lightly aromatic material of microbial origin, 
and C2 lightly aromatic material that may be linked to nutrient pollution and/or wastewater (see Table 1). 
Previous work indicates that C1 may be susceptible to photodegradation, whilst C3 may be a product of 
photodegradation (Lambert et al., 2016). The protein-like components (C4 and C5) were both characterized 
as highly labile material of autochthonous origin, with C4 being tyrosine-like and C5 being tryptophan-like. 
PARAFAC contour and loadings plots are provided in Figures S5 and S6.

3.3. DOM Composition in the Mopan and Macal Rivers

The Mopan and Macal Rivers both have  their headwaters  in  the Chiquibul Nature Reserve. The remote 
nature of the reserve made sampling difficult, and we could not gather sufficient samples within it to allow 
us to test the significance of our result. Given the lack of available data for the region, we present the data 
we could obtain as indicative only.

In 2018, two headwater samples were taken immediately before and after the confluence of a first-order and 
second-order stream that feeds the Macal. Sample fluorescence was higher after the confluence (5.31 RU) 
than it was before it (1.16 RU), but the composition of the fluorescence pool was broadly similar across both 
samples (mean = 41% C1, 31% C2, 19% C3, 5% C4, and 3% C5). Water originating in the Chiquibul reserve 
is transported to the Belize River via either the Macal and the dam complex, or the Mopan and Guatemala. 
Fluorescence in the Macal had dropped to 0.8 RU after transit through the dam complex, whilst fluores-
cence in the Mopan had dropped to 1.1 RU after transit as it re-entered Belize at the Guatemalan border). 
Despite this similarity in post-transit  fluorescence values, the composition of the fluorescence pools had 
clearly diverged in transit. In the Macal, we observed a net decrease in the contribution of highly aromatic 
fluorescence (C1 = −6%) and a net increase in the contribution of protein-like fluorescence (C4 = +3%; 
C5 = +4%). In the Mopan, we observed a net decrease in the contribution of microbial humic-like fluores-
cence (C3 = −10%) and a net increase in the % contribution of both highly aromatic (C1 = +3%) and lightly 
aromatic (C2 = +7%) terrigenous material. In short, cDOM in the Macal became more autochthonous in 
nature after transit through the dams, and cDOM in the Mopan became more allochthonous in nature after 
transit through Guatemala's Western Uplands.
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Ex max (nm) Em max (nm) Coble peaks Murphy et al. (2011) Lambert et al. (2016)

C1 <255 (355) 470 C Humic-like (350, 420–480) G1 – Terrestrial humic-like fluorescence C1 – Terrestrial humic-like. High 
aromaticity, high molecular 
weight (MW), photo sensitive

C2 <255 (310) 410 M Marine humic-like (312, 380–420) G2 – Microbial humic-like fluorescence C2 – Microbial humic-like. 
Aliphatic, low MW

C3 360 438 C Humic-like (350, 420–480) G3 – Wastewater/nutrient enriched tracer C5 – Humic-like Low aromaticity, 
low MW. photoproduct

C4 265 314 B Tyrosine-like (275, 310) G7 – Tyrosine-like C6 – Protein-like Aliphatic, low 
MW, autochthonous, biolabileC5 290 352 T Tryptophan-like (275, 340) G6 – Tryptophan-like

Note. Lambert et al. (2016) gained supplemental insight using molecular techniques, and that insight is given in italics.

Table 1 
Characterization of Fluorophores C1–C5 According to Excitation and Emissions Maxima, Coble Peaks (Coble, 1996), a Large Parallel Factor Model (Murphy 
et al., 2011), and a Study of DOM Composition in a Tropical River Network (Congo; Lambert et al., 2016)
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Journal of Geophysical Research: Biogeosciences

3.4. The Influence of Land Use on DOM Composition

Multiple regression analysis identified significant relationships between land use and both cDOM fluores-
cence and DOC concentration within the tributaries (Table 2). Agricultural land (cropland and grassland) 
was the primary explanator of both fluorescence and DOC concentration. Cropland was the major explan-
ator of humic-like (C1–C3) fluorescence (69%, 68%, and 65% variance explained, respectively). Grassland 
was the primary explanator of protein-like (C4 and C5) fluorescence and DOC concentration (64%, 56%, and 
51% variance explained, respectively). Urban land was correlated with protein-like (C4 and C5) fluorescence 
(5% and 7% variance explained, respectively). The extent of inland water upstream of the sampling point 
explained a consistent portion of humic-like  (C1–C3) and C5 protein-like  fluorescence  (3%–5% variance 
explained) but was not significant for C4 protein-like fluorescence or DOC concentration.

Redundancy analysis identified broadly similar relationships to multiple linear regression modeling (Fig-
ure 3). Grassland (F statistic = 35.11 on 1 and 26 degrees of freedom [DF]), cropland (F = 8.78 on 1 and 25 
DF) and inland water (F = 3.39 on 1 and 24 DF) all significantly increased the amount of variance explained 

for cDOM fluorescence and DOC concentration (p < 0.05  in all cases). 
RDA 1 explained 70% of total variance in DOC and DOM fluorescence 
and ordinated the data points along a land-use gradient whereby samples 
from sites with >50% broadleaf  forest cover have positive  loadings and 
samples  with  <40%  broadleaf  forest  cover  had  negative  loadings.  RDA 
two explained a further 3% of variance.

Sites draining land with <40% broadleaf forest cover (henceforth termed 
“agri-urban dominated”) had significantly higher sample fluorescence in-
tensities and DOC concentrations than sites draining >40% broadleaf for-
est (henceforth termed “broadleaf dominated”) (p > 0.002). Agri-urban 
dominated sites contained significantly higher proportions of humic-like 
C1 (p = 0.03) and C2 (p = 0.04) fluorescence, whilst broadleaf dominated 
sites contained a significantly higher proportion of protein-like C4 fluo-
rescence (p = 0.02). No significant difference was observed for the pro-
portions of humic-like C3 (p = 0.17) and protein-like C5 (p = 0.95) found 
in  these  samples.  Mean  sample  fluorescence  was  3.86  ±  1.83  RU  for 
agri-urban dominated sites, and 0.80 ± 0.72 RU for broadleaf dominat-
ed sites, with associated mean DOC concentrations of 10.1 ± 5.6 mg L−1 
3.2 ± 4.1 mg L−1, respectively. Fluorescence contributions were 42 ± 4% 
C1, 36 ± 4% C2, 11 ± 2% C3, 3 ± 1% C4, and 7 ± 5% C5 for agri-urban, 
and 38 ± 5% C1, 33 ± 4% C2, 12 ± 2% C3, 10 ± 8% C4, and 7 ± 3% C5 for 
broadleaf dominated sites.

FELGATE ET AL.
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R2 Intercept Grassland Cropland Water Urban

C1 0.79 −0.54 (0.15) 0.02 (0.01, 6.58) 0.13 (0.02, 69.24) 1.08 (0.03, 5.13) –

C2 0.83 −0.43 (0.12) 0.02 (0.01, 11.81) 0.09 (0.02, 68.35) 0.89 (0.30, 5.04) –

C3 0.73 −0.11 (0.05) 0.01 (0.00, 7.58) 0.03 (0.01, 65.22) 0.22 (0.11, 3.46)

C4 0.67 0.03 (0.01) 0.001 (0.001, 64.00) – – 0.004 (0.002, 5.10)

C5 0.68 −0.03 (0.03) 0.01 (0.001, 55.56) – 0.20 (0.11, 4.26) 0.02 (0.01, 6.94)

DOC 0.56 −1.03 (1.59) 0.16 (0.06, 51.24) 0.46 (0.22, 6.22) – –

Note. Coefficient standard errors and % variance explained are given in parentheses. For each parameter, the primary 
land use explanator is highlighted in bold.

Table 2 
Multiple Linear Regression Models for Predicting DOM Fluorescence Intensity and DOC Concentration as a Function of 
% Land-Use

Figure 3. Redundancy analysis plot showing the relationships between 
land-use, dissolved organic carbon (DOC), and colored dissolved organic 
matter (cDOM) fluorescence. Data points represent individual samples, 
and are categorized according to % broadleaf forest. Land-use classes as 
plotted as arrow vectors, and DOC concentration and cDOM fluorescence 
are shown as text labels.
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3.5. Behavior of cDOM and DOC in Downstream Receiving Waters

In 2018, we found a net increase in DOM fluorescence and DOC concentration between the start of the Be-
lize River (at the confluence of the Mopan and Macal Rivers) and the limit of freshwater extent during the 
2018 Belize River transect (Figure 4). This was duplicated during our 2019 coastal sampling trip (Figure 4). 

FELGATE ET AL.

10.1029/2021JG006295

10 of 19

Figure 4. Relationships between colored dissolved organic matter fluorescence and dissolved organic carbon 
concentration as a function of (left) distance downstream from the start of the Belize River, with solid line black line 
indicating significant linear relationships (p < 0.05) and (right) salinity within the adjacent coastal environment, with 
theoretical mixing lines indicated by solid (2018) and dashed (2019) dark gray lines. Data from 2018 are shown as dark 
gray diamonds. Data from 2019 are shown as light gray squares.
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Humic-like DOM components (C1–C3) increased with increasing distance from the confluence in a linear 
fashion within the main river stem (R2 = 0.89, 0.88, and 0.86) and appeared to decline as a linear function of 
salinity (i.e., behaved conservatively) within the coastal zone (Figure 4). There is some evidence of the ad-
dition of humic-like fluorescence in the mid-salinity range which we attribute to the mixing of waterbodies 
(e.g., carried south from the outflow from the Rio Hondo) as opposed to in-situ addition.

C4  protein-like  DOM  fluorescence  exhibited  a  nonlinear  increase  in  the  main  river  stem,  and  behaved 
non-conservatively within the coastal zone, with evidence of net addition at higher salinities. DOC con-
centrations behaved similarly to C4. C5 fluorescence exhibited a linear increase with distance downstream, 
albeit to a lesser degree than C1–C3 (R2 = 0.55). During 2018, C5 behaved non-conservatively in the coastal 
zone with evidence of addition at high salinities during the 2018 sampling. In 2019, C5 appeared to behave 
somewhat conservatively, and was present at much lower intensity than in 2018.

3.6. Does DOM From the Belize River Watershed Reach the Belize Barrier Reef?

The conservative behavior of humic-like (C1–C3) DOM allowed the associated fluorescence values to be 
statistically modeled across the full salinity range (0–38 ppt) using theoretical mixing lines (Section 2.6). 
We found no significant difference between modeled fluorescence intensities across years (p < 0.04), and so 
the modeled values were averaged to provide an estimate of DOM fluorescence at any given salinity point.

Modeled salinity over the outer reefs adjacent to the river outflow had a mean value of 34.07 ± 1.16 (SD) 
ppt (range = 30.60–35.33), with a mean yearly minimum value of 29.1 ± 0.51 ppt (range = 28.2–29.9 ppt). 
Salinities overlying this portion of the reef dropped below 30 ppt for an average of 10 ± 11 days yr−1 (Fig-
ure   S7), during which time estimate fluorescence intensities  in overlying waters were more than double 
those predicted under “normal” (34 ppt) conditions (C1 = 121%; C2 = 111%; C3 = 108%). Near-shore coral 
formations in close proximity to the Belize River outflow were subject to low-salinity (<30 ppt) conditions 
throughout most of the year (356 ± 12 days yr−1), and mean salinity was 24.33 ± 3.08 ppt (range = 18.57–
31.01). Salinity dropped below 20 ppt  for 113 ± 24 days yr−1, during which time estimated fluorescence 
intensities in overlying waters were around 30% higher than those predicted at “normal” (24 ppt) condi-
tions (C1 = 30%; C2 = 29%; C3 = 20%), and around 130% higher than those predicted at 30 ppt (C1 = 136%; 
C2 = 132%; C3 = 130%).

4. Discussion
4.1. The Effect of Land-Use on the DOM Pool

Within the tributaries, we observed a strong positive relationship between agri-urban land and DOM fluo-
rescence. The relationship between DOM fluorescence and cDOM concentration has been well established 
(Stedmon et al., 2003). A historic regional trend from broadleaf forest to agri-urban has also been estab-
lished for Belize (Cherrington et al., 2010; Voight et al., 2019), and is predicted to continue (Cherrington 
et al., 2014). Our findings therefore suggest that conversion of land from forested to agri-urban has, and will 
continue to, drive an increase in the amount of cDOM entering the Belize River aquatic continuum.

Humic-like, SOM-derived material (C1) was the primary DOM type found within the tributaries. The ex-
port of SOM following deforestation has been shown to peak immediately following land-use modification 
as the historic SOM stock is remobilized, and this peak export period lasts for between 5 to 50 years (West 
et al., 2004 and references therein). Beyond that period, SOM export will continue at a reduced rate owing 
to ongoing perturbation relating to crop production and, to a lesser extent, grazing (Fujisaki et al., 2017; 
West et al., 2004). Much of the agricultural land in Belize is <50 years old and thus within the time window 
of SOM depletion. These cleared and cultivated lands are likely exporting SOM laid down by the preceding 
forest at elevated rates relative to farms that have been established for longer, and the associated SOM export 
can be expected to decline with time. It is possible that SOM exported from deforested tropical landscapes 
may be less aromatic and more biolabile than SOM exported from the preceding forest (Drake et al., 2019). 
On average, agri-urban dominated  sites  contained a higher proportion of highly aromatic C1 and  light-
ly aromatic C2  fluorescence  than was observed  in broadleaf dominated  sites. C1  is  a  typical humic-like 
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recalcitrant SOM signal, whilst C2 is associated with less humic SOM (Table 1) and may be a signal of this 
biolabile pool.

This is further supported by our observation that transit through Guatemala resulted in a 10% increase in 
the contribution of humic-like (C1 and C2) DOM. We could not access the Guatemalan portion of the Mo-
pan, but the increase observed at the border relative to the headwaters may have resulted from the heavily 
deforested and highly agricultural landscape through which the Mopan flows (visible in Figure S4  ). In the 
∼32 km between the Belize-Guatemala border and the confluence of the Belize River, sample fluorescence 
in the Mopan increased from 1.1 to 1.6 RU, but the composition of the fluorescence pool shifted away from 
C1 and C2 type DOM and toward microbially derived (C3) and protein-like (C4 and C5) type DOM. This 
suggests that the Belizean portion of the Mopan is either more productive than the Guatemalan portion, 
and/or that the Belizean portion receives less C1 and C2 type SOM from the surrounding landscape than 
the Guatemalan portion. We cannot say whether this shift occurs at the border, or whether it begins further 
upstream.

The dominant grassland use was animal pasture. Over-grazing of pasture by cattle and other livestock may 
be partially responsible for enhanced SOM export (Dlamini et al., 2016). Protein-like fluorescence typically 
increases with increasing anthropogenic DOM inputs from households (i.e., sewage) and farm wastes (Bak-
er et al., 2004). Protein-like fluorescence was significantly elevated in agri-urban tributaries and anecdotal 
evidence suggests that animal agriculture (i.e., cattle and chicken rearing) in Belize does result in the dump-
ing of animal waste, including bones and blood, into the river system (Pers. obs. and Carrias et al., 2018). 
The observed co-occurrence of elevated protein-like fluorescence with grassland may therefore be related, 
at least in part, to the discharge of agricultural waste associated with livestock farming. This link between 
protein-like fluorescence and farm wastes, including silage liquor and animal slurry, has been made else-
where (Baker, 2002), but with much higher ratios of protein-like: fulvic/humic-like fluorescence (0.5–20) 
than we observed in this study (mean = 0.22 ± 0.24; range = 0.02–1.02).

It is also of note that a high proportion of the population lives in non-urban areas. Due to the resolution 
of our land cover mapping, stand-alone rural dwellings with a footprint of less than 10 m2 were not cap-
tured. These dwellings are especially prevalent on the edge of grassland where farmers reside near their 
grazing stock. Whilst Belize's largest population centers benefit from sanitation facilities, these non-urban 
dwellings typically dispose of waste directly into the river or connecting streams. Therefore, a portion of 
protein-like DOM fluorescence originating from grassland may relate to rural household waste, and it may 
have been possible to explain a greater proportion of the variance in these components if we had been able 
to better resolve all of the urban settlement within our study area. Other population and/or household met-
rics might prove useful in this regard in future work.

The dam complex was not ascribed as a distinct  land-use class, but  is nevertheless  the result of human 
activity. Dams increase residence time in the Macal, increasing the opportunity for removal via photodegra-
dation, biodegradation, and flocculation (Evans et al., 2017; Queimaliños et al., 2019; Worrall et al., 2018). 
We observed a net reduction in sample fluorescence which could indicate either a reduction in the con-
centration of fluorescent DOM or a shift from highly fluorescent humic-like DOM toward less fluorescent 
protein-like  DOM,  for  example. Whilst  sample  fluorescence  decreased,  indicating  DOM  removal  within 
the dams, it is of note that the relative proportion of protein-like (C4 and C5) DOM fluorescence increased. 
This suggests the preferential removal of humic-like material, presumably through photodegradation and/
or flocculation, coupled with enhanced microbial activity. This same removal of humic-like DOM does not 
appear consistent with patterns observed in the main river stem and coastal zone, but residence times in the 
Belize River are in the order of days whilst the dams have residence times in the order of months (Karper 
& Boles, 2004). Another factor may be the presence of riparian forest along the Belize River which shades 
much of the waterbody, whereas the scale of the dams leaves most of the water surface unshielded from 
incident light.

The relatively consistent positive relationship observed between inland waterbodies and DOM fluorescence 
(between 3% and 5% of variance explained  for C1–C3 and C5  fluorescence) arises due  to  the  fact  that a 
higher density of streams, rivers, drainage ditches, and other channels increases land-water connectivity 
and may therefore facilitate land-water DOM transfer. The conspicuous absence of a relationship between 
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protein-like C4 fluorescence and inland water suggests it may predominantly originate from point sources 
(e.g., agri-urban waste) rather than in-situ production. However, given the presence of C4 in the relatively 
pristine Chiquibul reserve and in broadleaf-dominated sites as well as agri-urban ones, it is more likely that 
C4 DOM is the product of low-level in-situ production which is added to and/or encouraged by point source 
inputs of highly bio-labile DOM.

4.2. Downstream Transport of DOM

We observed a net decrease in DOM fluorescence and DOC concentration between land and sea which is 
consistent with globally observed patterns (Massicotte et al., 2017). However, a range of smaller, ecosys-
tem-scale variations were also apparent. The Belize River is flanked by riparian forest, beyond which lies 
some of the most agriculturally suitable land in Belize (King et al., 1993). As a result, riparian land use along 
its length is extremely stable (Figure S2) and can be excluded as a source of variation in the composition 
of  the  main  river  DOM  pool.  C1–C3  DOM  increased  linearly  within  the  Belize  River  (Figure  4),  which 
indicates that (1) these DOM forms are being added or produced faster than they are being removed; and/
or (2) their rates of addition, production, and removal do not vary with distance. This is consistent with a 
terrigenous humic-like characterization (Table 1), whereby relatively recalcitrant DOM is being added from 
the surrounding environment. One protein-like component (C4) accumulated non-linearly, indicating that 
rates of addition, production, and removal are unbalanced. This is consistent with a highly labile DOM type 
which originates from distinct point sources and/or the production of which varies in response to external 
factors. This behavior was mirrored in the coastal environment (Figure 4), where humic-like components 
behaved conservatively with salinity whilst C4 protein-like fluorescence behaved non-conservatively, with 
evidence of significant addition at high salinity. C5 behavior was more mixed: it exhibited a weak linear 
relationship with distance downstream (R2 = 0.53) and which appeared to behave conservatively during the 
2019 coastal sampling period. This likely indicates subdued in-situ production rates relative to 2018, rather 
than the transport of conservative material from the terrigenous environment.

Our study therefore suggests that (1) land-use change increased the amount of humic-like and protein-like 
cDOM in receiving waterbodies; (2) humic-like cDOM increased in the river during transit from upland to 
lowland; and (3) humic-like cDOM behaved conservatively within the coastal zone. Thus, we have demon-
strated a link between land-use change and the downstream DOM pool, specifically with regards to agri-ur-
ban land and the export of humic-like (C1–C3) material.

4.3. Does Land-Use Change Influence the Belize Barrier Reef?

Frequent and/or chronic exposure to low-salinity, high DOM waters can negatively impact coral species, 
with effects including extended photosynthetic recovery periods, reduced growth, and increased mortality 
(Lirman & Manzello, 2009). Our modeling results indicate a substantial (up to 130%) increase in humic-like 
DOM during periods of Belize River, Belize Barrier Reef connectivity. The number of days per year at which 
the offshore reef was subject to these conditions was low (10 ± 11 days yr−1). This suggests that any deleteri-
ous effect of DOM exposure would manifest as a short-term stress response in near-surface corals which dis-
sipated quickly upon return to normal conditions (Aronson et al., 2000). The nearshore corals which experi-
ence these <30 ppt conditions for the majority of the year (356 ± 12 days yr−1) are almost certainly adapted 
to this, but were exposed to their lower salinity limit (<20 ppt) more frequently (113 ± 24 days yr−1). Whilst 
the  increase  in DOM was  lower  in relative terms (30% increase between 24 and 20 ppt at  the nearshore 
corals relative to 120% increase between 34 and 30 ppt at the outer reef), the length of exposure was much 
greater. Thus, it is these nearshore corals which we suggest might most be at risk due to increasing DOM 
as a result of land-use change. Previous, coarser scale modeling work of the Belizean coastal zone supports 
our findings, reporting that buoyant terrigenous matter was highest (>3 g m−3) over the same nearshore 
reefs, and that it peaked during periods of high river discharge and under specific current conditions (Burke 
& Sugg, 2006).

The relationship between land use and protein-like DOM in the coastal zone is less straight forward due to 
in-situ production and removal for which we do not have a baseline. Table 3 shows fluorescence values for 
these parameters (and for DOC) under conservative conditions, but we observed significant addition of C4 
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and C5 in the coastal environment (Figure 4). Whilst it is clear that river-
ine inputs of protein-like DOM and DOC are higher than those observed 
in more saline waters, we cannot determine the extent to which material 
of terrigenous origin persists relative to fresh production.

Almost all future climate scenarios for the region result in a significant 
reduction in precipitation within the watershed, but projected land-use 
change is predicted to result in increased export of SOM into nearby wa-
terbodies, the combination of which will likely result in increased sedi-
ment and SOM export from the catchment (Cherrington et al., 2014). At 
the same time, the number of heavy rainfall events and storms is predict-
ed  to  increase  in  the coming years  (Parry et al., 2008). Combined,  this 
could (a) enhance the export of terrigenous DOM into the Belize River 
watershed, and (b) increase the number of days within a year when the 
river plume interacts with the barrier reef. Thus, interaction between the 
terrestrial and marine environments is likely to increase with time, and 
further study is required to understand the consequences of this.

4.4. Limitations and Future Study

We infer from these results that DOM quantity and character vary along 
a dominant axis of variation, namely land-use, but land-use in the study 
catchment at least partially tracks intrinsic site properties such as geolo-
gy, elevation, and soil type. In the absence of historic baseline data, a fu-
ture temporal study might allow us to better quantify the degree to which 
some (if any) observed variation could pre-date land-use change. In this 
regard, the data produced by this study might provide a suitable baseline, 
particularly for the less modified, broadleaf-dominated subcatchments.

Seasonality plays an important role in land-ocean DOM transport. In-stream concentrations are typically 
maximal at  the onset of runoff, continuously decreasing after  the  initial  flush (Xenopoulos et al., 2017), 
and residence time can be considered the dominant control on the fate and reactivity of DOM along a river 
network, owing to changes in in-stream processing time (Catalán et al., 2016). Our sampling was timed to 
coincide with wet and dry seasons, yet unpredictable weather resulted in broad-scale similarities in terms of 
flow, and missed maximal runoff. In the dry season, DOM concentration has been shown to decrease in for-
ested streams, but to increase in highly modified subcatchments (Liu et al., 2019), and other work in a trop-
ical river catchment suggests a strong wet/dry season influence on DOM composition (Hong et al., 2012; 
Spencer et al., 2010). The lack of sampling during peak wet season may therefore have biased our findings 
toward agri-urban environments, and full flood sampling is required to elucidate this. Additionally, our hy-
drodynamic model used mean annual discharge data, with the observed interannual variability in the fresh-
water plume being mostly driven by variability in ocean currents and surface winds. Future work should 
aim to include interannual variability in river discharge, which could be achieved through on-going efforts 
to collect the in-situ hydrology data required to strengthen discharge estimates for the study catchment, 
or by including some more general  forcing,  for example precipitation averaged over the river catchment 
taken from an atmospheric model like the ERA5 reanalysis (European Centre for Medium-Range Weather 
Forecasts, 2019). Nonetheless, the range of modeled salinity conditions produced by the model are repre-
sentative of typical conditions over the 21-year model run, and plume penetration is greatest during peak 
river-discharge months (October and November). Thus, under future climate scenarios, an increase in river 
discharge can be expected to increase connectivity between the Belize River watershed and the adjacent 
portion of the reef. This is particularly relevant during peak river discharge months, where connectivity was 
estimated to reach >40 days yr−1 under certain hydrodynamic regimes.

An interesting note is that we did not find a good agreement between DOC and sample fluorescence. This 
indicates  that  the DOM pool contained a significant non-colored fraction that was not characterized via 
PARAFAC analysis. Such material  is  typically thought to be highly  labile autochthonous and/or anthro-
pogenic material that undergoes rapid remineralization (Pereira et al., 2014). Thus, its omission from our 
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Salinity 
(ppt) Year

C1 
(RU)

C2 
(RU)

C3 
(RU)

C4 
(RU)

C5 
(RU)

DOC 
(mg L−1)

20 2018 0.545 0.451 0.131 0.030 0.070 3.13

2019 0.421 0.361 0.103 0.045 0.039 2.85

Mean 0.483 0.406 0.117 0.038 0.055 2.99

24 2018 0.418 0.348 0.100 0.027 0.056 2.70

2019 0.325 0.279 0.080 0.042 0.031 2.44

Mean 0.371 0.314 0.090 0.034 0.044 2.57

30 2018 0.227 0.194 0.055 0.022 0.035 2.06

2019 0.181 0.157 0.047 0.036 0.019 1.83

Mean 0.204 0.175 0.051 0.029 0.027 1.94

34 2018 0.100 0.091 0.024 0.019 0.021 1.63

2019 0.085 0.075 0.025 0.033 0.011 1.42

Mean 0.093 0.083 0.024 0.026 0.016 1.52

Note.  Values  were  obtained  via  theoretical  mixing  lines.  Conservative 
components (C1–C3) are discussed in the text. Conservative fits for other 
(non-conservative)  components  (C4,  C5,  and  DOC)  are  provided  for 
interest only.

Table 3 
Modeled Fluorescence for Dissolved Organic Matter Components and 
Dissolved Organic Carbon (DOC) at 20, 24, 30, and 34 ppt in November 
2018 and October 2019
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study is unlikely to have influenced our overall finding: that recalcitrant humic-like material reaches the 
coastal environment. However, future studies may wish to employ different techniques such as high-resolu-
tion mass spectroscopy to characterize this non-colored fraction.

Finally, we note that cellulose acetate filters can leach DOC, cDOM, and fDOM. We pre-flushed our filters 
with 100 ml sample water in the field to negate this effect (Karanfil et al., 2003; Khan & Subramania-Pil-
lai, 2007) and used the same batch of filters throughout our sampling campaigns, but did not collect filter 
blanks and therefore cannot therefore exclude the possibility of filter-based sample contamination. Never-
theless, the clear changes in DOC, and fluorescence that we observed in space and time indicate that any 
such effects, if apparent, were minor.

5. Summary and Conclusions
In  this  study, we used PARAFAC analysis  to  investigate how  the composition of  the aquatic DOM pool 
varied across a land-use gradient in a subtropical watershed. Agri-urban land use was negatively correlated 
with broadleaf  forest, a  result consistent with  the documented regional  land-use change  trajectory  from 
broadleaf forest to agri-urban land use. Five cDOM components were identified: three humic-like compo-
nents (C1–C3) and two protein-like components (C4 and C5).

We hypothesized that subcatchments draining agri-urban land would contain more cDOM than subcatch-
ments draining forested land. Agri-urban land use was positively associated with all five cDOM components 
and measured DOC concentration. Agri-urban samples contained a higher proportion of aromatic, highly 
colored cDOM than broadleaf forest samples did. It is possible that this finding is an intrinsic outcome of 
changes in soil type and vegetation from upland to lowland; however, we speculate that it could also be a 
transient pattern resulting from the relative  infancy of Belize's agricultural  land and the ongoing loss of 
SOM laid down by the preceding broadleaf forest.

We also hypothesized that humic-like DOM would be transported downstream and into the coastal envi-
ronment, whilst protein-like DOM would be rapidly remineralized. Our findings supported this hypothesis, 
with  humic-like  (C1–C3)  fluorescence  exhibiting  significant  positive  relationships  with  distance  down-
stream and conservative mixing behavior within the coastal zone whilst protein-like (C4 and C5) fluores-
cence exhibited no relationship with distance downstream and non-conservative mixing behavior  in the 
coastal zone.

Given the conservative nature of C1–C3 DOM, it is likely that this terrigenous material is carried along the 
main river and into the coastal zone. Our final hypothesis was that humic-like DOM persists within the 
Belize River plume to reach the adjacent barrier reef, where it may have a deleterious effect. Hydrodynamic 
modeling of the Belize coastal zone over a period of 21 years found the Belize River plume interacted with 
the offshore reef infrequently and for short periods of time, and with the nearshore reef more frequently, 
and for longer periods of time. We suggest that any deleterious effect on the offshore corals is likely to be 
short-lived and minimal, but  that nearshore corals are  likely to be  influenced more strongly. Interaction 
between the Belize River plume,  the Belize Barrier Reef, and the coastal environment more widely may 
increase  under  future  climate  and  land-use  scenarios,  and  whilst  it  is  possible  that  cDOM  at  the  levels 
identified here may have little effect on the coastal environment, potential impacts (e.g., darkening) require 
careful study. This is particularly true in the context of compound stressors, particularly freshening, acidifi-
cation, warming, and pollution from various compounds which may be bound to and carried with terrige-
nous DOM. For example, dissolved mercury and pesticides associated with agricultural and urban land use 
have previously been reported overlying Belizean coral reefs (Alegria, 2009).

In summary, we find a strong link between land-use change and cDOM composition and quantity in receiv-
ing waters of the Belize River watershed, including those overlying the economically and environmentally 
important Belize Barrier Reef. The potential for human activities on land to negatively impact the coastal 
environment is not unique to Belize, and so our findings are relevant more broadly, particularly for coastal 
developing nations where agri-mediated deforestation is ongoing and reliance on the marine economy is 
high.
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Data Availability Statement
All data used  in  this study are available at: 10/f75z (Felgate, Cryer, et al., 2021); 10/f754 (Felgate, Barry, 
et al., 2021); 10/f75t (Cryer et al., 2021).
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