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RESUMO

The Mata dos Cocais Forest, an ecotone between the Amazon,
Caatinga, and Cerrado biomes, still lacks data on the diffuse contri-
bution of organic matter to rivers. A 12-month study conducted
along a 3.53 km stretch of the Saco River (1,540 km? basin), predom-
inantly covered by dense forest, used the Streeter-Phelps model to
estimate diffuse organic matter concentrations of 0.201 mg BOD L*
km2and 0.95 mg BOD L* km* — values similar to those reported for
tropical forests in Indonesia, Malaysia, and the Brazilian Cerrado.
This organic matter input is attributed to the decomposition of plant
biomass in densely forested areas. By providing previously unpub-
lished primary data for the region, this study advances understand-
ing of organic matter fluxes in the Mata dos Cocais Forest. It offers
valuable insights for planning and formulating water and environ-
mental management policies.

Keywords: diffuse pollution; surface runoff; biochemical oxygen de-
mand; tropical ecotone; land use land cover.

A Floresta Mata dos Cocais, ecétono entre os biomas Amazonia, Ca-
atinga e Cerrado, ainda carece de dados sobre a contribuigdo difusa
de matéria organica para os rios. Um estudo realizado por 12 meses
em um trecho de 3,53 km do rio Saco (bacia de 1.540 km?), cuja
bacia tem predominancia de floresta densa, estimou, por meio do
modelo Streeter-Phelps, concentragGes difusas de matéria organica
de 0,201 mg DBO L' km? e 0,95 mg DBO L* km™?, valores semelhan-
tes aos de florestas tropicais na Indonésia, Malasia e Cerrado Brasi-
leiro. A entrada de matéria organica é atribuida a decomposigdo da
biomassa vegetal em areas de cobertura florestal densa. Ao fornecer
dados primadrios inéditos para a regido, este estudo contribui para o
avango do entendimento dos fluxos de matéria organica na floresta
Mata dos Cocais e oferece subsidios relevantes para o planejamento
e a formulagdo de politicas publicas voltadas a gestdo hidrica e am-
biental.

Palavras-chave: poluicdo difusa; escoamento superficial; demanda
bioquimica de oxigénio; ecotono tropical; uso e cobertura da terra.
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Introduction

To implement effective hydro-environmental policies, accurate
knowledge of water quality is required. Organic matter is one of its
main indicators, with Biochemical Oxygen Demand (BOD) and Chem-
ical Oxygen Demand (COD) being its most common proxies (Lung,
2023). Nevertheless, monitoring these proxies in river systems remains
challenging worldwide, since few studies have examined how changes in
vegetation cover affect the molecular composition and bioavailability of
organic matter (Neves et al., 2021; Vaughn et al., 2023).

Previous studies support this pattern: Leul et al. (2023) recorded
higher organic matter content in natural forests (4.04%) than in com-
mercial farms (1.82%), and Molla et al. (2022) similarly found that
natural forest soils contained higher nutrient levels, with organic car-
bon averaging 1.75% compared to 1.20% in cultivated soil. Al-
lochthonous organic matter is known to influence BOD dynamics in
aquatic systems, a relationship well established in the literature (e.g.,
Wetzel, 2001; Nas and Nas, 2009). Notably, the diffuse contribution
of organic matter from the drainage basin — such as humic and ful-
vic substances from terrestrial vegetation and soil — represents an
important fraction of the organic load that controls BOD (Von Sper-
ling, 2014; Amado et al., 2024). During surface runoff events — par-
ticularly heavy rainfall — large quantities of particulate and dissolved
organic matter can be transported to the water body, intensifying
sporadic peaks in diffuse BOD. This, in turn, can be interpreted as a
functional proxy for the load of allochthonous organic matter mobi-
lized by the basin, reflecting both hydrological processes and land use
and land cover in the region. This relationship emphasizes the impor-
tance of integrated watershed management to mitigate impacts on
water quality.

In this regard, this study estimated the easily oxidizable organic
matter present in a water body based on the BOD associated with the
diffuse contribution — i.e., the fraction of biodegradable organic mat-
ter consumed by microbial activity that is transported to watercourses
by surface runoff (Fattah et al., 2021; Jang et al., 2021; Bustos-Terrones
etal., 2024) — which is why this study focuses on the rainy season.

The study area corresponds to the Mata dos Cocais Forest
(MCF), a 32,609 km? ecotone (Caselli et al., 2019) located between the
Amazon, Caatinga, and Cerrado biomes. This region, also known as
the Cocais Palm Forest (Santos et al., 2023), is a hydroecologically rel-
evant zone, yet the scarcity of hydrological and environmental data
hampers policy decisions.

In this context, this study aims not only to quantify the diffuse
contribution of BOD in this ecotone but also to provide new empiri-
cal evidence on the magnitude and dynamics of allochthonous or-
ganic matter inputs in a little-studied tropical transition zone. In
doing so, the study advances current knowledge by: (i) establishing
baseline data for diffuse BOD in the Mata dos Cocais, (ii) elucidating
the relationship between dense forest cover and organic matter inputs

into aquatic systems, and (iii) enabling comparisons with other re-

gions, thereby contributing to a broader understanding of biogeo-
chemical processes in these environments. This helps reduce knowl-
edge gaps and inform more effective watershed management
strategies, especially in regions where land use and hydrological vari-
ability strongly influence water quality.

Materials and methods

The study area is the Mata dos Cocais, in the municipality of
Codo, Maranhio, Brazil. The experimental field comprises the down-
stream stretch of the Saco River basin (Figure 1), which is located
within the Itapecuru River basin. This experimental stretch was cho-
sen because it best characterizes the input of organic matter: it re-
ceives contributions from the entire basin. This stretch is 3.53 km
long and has a direct contribution area of 16.45 km?.

As previously detailed by Feitosa et al. (2024), land use and land
cover in the Saco River basin (1,540 km?) is predominantly dense veg-
etation (58%), followed by exposed soil (23%, likely associated with
agricultural activities); the remaining classes cover smaller areas, in-
cluding sparse vegetation (15%), urban areas (2%), and water bodies
(2%), as shown in Figure 2.

The Streeter-Phelps model (1925, Equation 1) was used to cali-
brate K, and K. Equation 1 contains: C = oxygen concentration (mg
L"); C, = oxygen saturation concentration (mg L™); C, = oxygen con-
centration in the upstream section (mg L"); L, = BOD remaining at t
=0 (mg L"); K, = deoxygenation coefficient; K, = re-aeration coeffi-
cient. Travel time (¢,) is evaluated by Equation 2, where Ax = distance
between sections; W, = wetted area, and Q = average river flow. The
oxygen saturation concentration (CS) is a function of water tempera-
ture and altitude, decreasing as these variables increase. Given that
the municipality of Cod6 has a low average altitude (47 m) and is
close to sea level, the effect of altitude on CS was considered negligi-
ble. Thus, the parameter was estimated exclusively as a function of
water temperature, according to Equation 3, based on Pépel (1979).

C=Cs— {—"d'L° “(e7kate — ekrtt) + (Cs — Cy) - e—"r'ff} (1)
kr—kqg
Ax
ty == 2
t = q/wa (2)
Cs = 14.652 — 4.1022.107%.T — 7.9910.107%.T? — 7.7774.1075.T3 3)

To calibrate the deoxygenation and reaeration coefficients for the
Saco River, measured data from the dry season were used. Firstly, ini-
tial values were adopted for K, and K: the preliminary K, was taken
from Von Sperling (2014) and Chapra (1997), and the preliminary K,
was based on the equation of O'Connor and Dobbins (1958, as cited in
Von Sperling, 2014). Table 1 shows the minimum, average, and maxi-

mum values, using the maximum K, and K_values as the starting point
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Figure 2 - Land use and land cover of the Saco River watershed
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for calibration. We emphasize that these values correspond to a tem-
perature of 20°C and therefore had to be corrected to the measured wa-

tercourse temperature, i.e., 27.7°C on average (Equation 4).

=K 9T—20

KXT T xzot )

in which T is the liquid temperature (°C); 0 is the temperature
coefficient. It should be noted that a value of 6 equal to 1.047 is used
for the K, correction and a value of 8 equal to 1.024 is used for the K,
correction (EPA, 1987); K . is K_at any temperature T (day™); K ,, is

K at a temperature T = 20°C (day™); K is the coefficient K, or K,,.

The dissolved oxygen content in the upstream section (C,) was
measured using the Winkler titulometric method (Clesceri et al.,
1995), and BOD was determined according to APHA (2005) using
the LineLab DO Eco oxygen measuring device, with a range of 0 to
20 mg L, resolution of 0.01 mg L and accuracy of 2% full scale.

In the downstream section of the river (S2), the flow (Q) was mea-
sured in situ using the equal width increment method and with the
help of a current meter. In the upstream section (S1), the Chiu Entropy
method (Chiu et al., 2005, Equation 5) was used to assess river dis-
charge, since this section of the river is inaccessible. We calibrated the
Chiu parameter (M = 2.16) using measurements of the S2 section. This
procedure is valid, as previously demonstrated by Rodrigues et al.

(2025). The maximum velocity (1, ) was measured in situ.

max

e

M 1
eM-1 M

Q:umax'( )'WA ®)

The diffuse contribution of BOD was calculated from the analysis
based on the difference between the measured and estimated values
in the downstream section. This stage has been reached using Equa-

tion 6 (adapted from Von Sperling, 2014).

—kq -t

Ldif = Lm - LO .e 6)

where L, corresponds to the concentration of the diffuse contribu-
tion of BOD (mg L"), L is the BOD measured in the downstream sec-

tion, and L;is the BOD measured in the upstream section, both in mg L.

The diffuse contribution of BOD (L dif) was expressed both as a
function of the length (4X) of the river section (Linear Diffuse Con-
tribution of BOD - L,
contribution area 4A (Area Diffuse Contribution of BOD — L

Equation 8). Thus, the L, and L, values were obtained from the

Equation 7) and as a function of the direct

ca’

rainy-season data, which were considered because of the effective sur-
face diffuse contribution of BOD (Li et al., 2020).

AL

- AX (7)

LCL

AL

Lea=—, ®)

Results and discussion

A considerable BOD contribution was recorded for the MCEF, in-
cluding areas with preserved vegetation (L. = 0.94 mg L km™ and
L., = 0201 mg L' km™ see Table 2), which is in line with Vaughn
etal. (2023). The results are limited to the rainy season, since this is
when the diffuse contribution of BOD from surface runoff occurs.
Jang et al. (2021) similarly reported that water quality declines during
the rainy season owing to soil leaching in agricultural areas, which
increases concentrations of nitrogen compounds, while Neves et al.
(2021) found that higher surface runoff rates led to water quality de-

terioration in streams.

Although median BOD was generally lower during the dry season
(Table 2), high peaks were recorded in the first weeks, particularly on
August 4 and 11, 2023, with values of up to 13.60 mg L' at S1 and
12.50 mg L* at S2. These episodes indicate that the influx of organic
matter can occur sporadically during the dry season, possibly due to
localized events or a delayed hydrological response. Following these
peaks, BOD levels decline, reflecting reduced surface runoff and a

lower contribution of organic matter.

Figure 3 shows the difference between measured and estimated
BOD (term L, . e*, - !, from Equation 6) in the downstream section.
During the rainy season, the measured BOD exceeded the estimated

BOD, indicating the influence of diffuse contributions.

Table 3 shows the diffuse contribution of BOD in the MCEF, as

well as values of this parameter in other regions for comparison.

Table 3 shows that the three regions most similar to MCF —
since they are likewise made up of tropical forest and preserved vege-
tation (Cisadane and Cibanten, in Indonesia; and Batang Igan, in
Malaysia) — have BOD contributions of the same order of magnitude
as the MCF: L, values in these Asian basins range from 0.18 to
1.59 mg BOD L' km. At the same time, the L. for our area is
0.94 mg BOD L' km™. The conditions of the Brazilian Cerrado Agua
Branca basin are partially comparable to those of the MCF: its climate
is tropical, and it has preserved riparian vegetation; its L, is 0.077 mg
BOD L' km™, which corresponds to 38% of the value measured in the
Saco River (0.201 mg BOD L km™).

These results suggest that climate, together with land use and
land cover, are the predominant drivers of diffuse BOD contribution,
confirming the conclusions of Yoder et al. (2019) and Ghosh and
Panigrahi (2024). Leul et al. (2023) and Wu et al. (2023), for example,
showed that plant litter and roots in natural forests contain substan-
tial organic matter, particularly as dissolved and particulate organic
carbon, which can be mobilized through leaching and subsurface

transport, contributing significantly to BOD in these areas.
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Table 1 - Starting values (minimum, average, and maximum) for the deoxygenation (K, in day") and reaeration (K_in day) coefficients at 20°C
and adjusted to 27.7°C.

K, (20°C) K, (27.7°C) K (20°C) K (27.7°C)
Minimum 0.35 0.50 0.44 0.53
Average 0.43 0.61 0.73 0.88
Maximum 0.50 0.71 1.89 2.27

Table 2 - Summary of experimental results: average flow rate (Q), average velocity (uavg), travel time (£,), BOD in the upstream section of the river
(BOD,), BOD in the downstream section of the river (BOD),), linear diffuse contribution BOD (L) and diffuse contribution by area (L_,).

Date (mm/dd/yr) Q(m3s™) Uy (ms?) ¢t (days) BOD,(mgL') BOD,(mgL?") L, (mgL"'km") L, (mgL"'km?)
06/16/2023 4.61 0.38 0.11 6.78 8.75 0.649 0.139
07/14/2023 2.68 0.27 0.15 13.90 16.60 1.022 0.219
07/28/2023 2.06 0.21 0.20 10.70 12.85 0.861 0.185
08/04/2023 1.59 0.15 0.28 13.60 12.50 dry season dry season
08/11/2023 2.18 0.22 0.18 10.93 9.21 dry season dry season
08/18/2023 1.95 0.20 0.20 8.00 5.85 dry season dry season
09/15/2023 1.86 0.20 0.20 4.10 1.55 dry season dry season
09/22/2023 1.99 0.22 0.19 8.75 6.05 dry season dry season
10/06/2023 2.00 0.22 0.18 2.90 2.45 dry season dry season
11/17/2023 1.59 0.20 0.20 11.75 14.65 1.104 0.237
11/24/2023 1.93 0.23 0.18 10.70 13.45 1.012 0.217
12/15/2023 1.56 0.19 0.21 10.55 11.85 0.638 0.137
Median value (rainy) 2.00 0.48 0.19 10.70 13.15 0.936 0.201
Standard deviation (rainy) 1.05 0.05 0.04 2.11 243 0.183 0.039
Median value (dry) 1.97 0.43 0.20 8.38 5.95 dry season dry season
Standard deviation (dry) 0.18 0.08 0.03 3.69 3.75 dry season dry season

Table 3 - Diffuse contribution of linear BOD (L_,, mg L' km™) and by area (L.,, mg L™ km?) in Brazil and the world during the rainy season. All
regions have average annual precipitation (AAP, mm year™) above 1300.

Country (river) Biomes Land use land cover Climate AAP L L., Source
Indonesia (Cisadane) Tropical Forest Agriculture, preserved forest Tropical Monsoon 2350 0.18 n/a  Gumelar etal. (2017)
Indonesia (Cibanten) Tropical Forest Agriculture, preserved forest Tropical Monsoon 2350 1.59 n/a  Baherem etal. (2014)
Malaysia (Batang Igan) ~ Tropical Swamp Forest Agriculture, preserved forest Tropical 4000 0.85 n/a Rosli et al. (2010)
Brazil (Agua Branca) Cerrado Preserved riparian vegetation Tropical highland 1464 n/a  0.077 Moruzzietal. (2012)
China (Changshangang) Subtropical Forest Urban and industrial Humid subtropical ~ 1700 0.02  n/a Fang et al. (2008)
China (Jinhua) Subtropical Forest Industrial Humid subtropical 1700 0.04 n/a Fang et al. (2008)
Brazil (Sinos) Atlantic Forest Urban and industrial Temperate subtropical 1600 0.02 0.009 Gomes et al. (2018)
Brazil (Pardo) Atlantic Forest Urban Hot tempered 1345 0.40 n/a Rocha et al. (2021)
Brazil (Saco) Mata dos Cocais Preserved forest Tropical subhumid 1600 0.94 0.201 Present study

n/a = not available
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Figure 3 - Temporal variation of Biochemical Oxygen Demand (BOD, mg L) showing estimated versus measured values in the upstream and

downstream sections on different sampling dates.

In our study, the organic input may be due to the decomposition
of plant biomass, which increases the availability of biodegradable or-
ganic substrates, thereby stimulating heterotrophic microbial respira-
tion and, consequently, the consumption of dissolved oxygen. Fur-
thermore, in areas of exposed soil, predominantly associated with
agricultural activity, soil disturbance and the absence of vegetation
cover favor surface runoff, soil erosion, and the transport of organic
waste and nutrients into watercourses, thereby increasing the organic
load, albeit to a lesser degree. Thus, both dense forest cover and agri-
cultural practices, which are the predominant classes in the region

6

(Feitosa et al., 2024), contribute, by different means, to the increase in
organic matter available in the aquatic environment, highlighting

their relevance to BOD in the basin.

The industrial and urban areas shown in Table 3 have a lower dif-
fuse BOD contribution than the MCF: L, values in these catchments
range from 0.02 to 0.04 mg BOD L' km, while in the MCF they
reach 0.94 mg BOD L km™. This is because in these areas, fewer nu-
trients are washed away by rainfall, as much of the soil is sealed,

meaning that organic matter has been significantly reduced and,
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therefore, there is not a high level of nutrient transport to water-
courses (Leul et al., 2023).

Sanitized urbanized and industrial areas tend to contribute lower
rates of organic matter than forests (Vaughn et al., 2023), but when
they are not properly sanitized, their diffuse contributions of organic
matter are high (Badin et al., 2008), which may explain the higher value
in Pardo, since the city does not have a sewage treatment plant (STP).

It is worth noting that Chinese rivers also experience high pollu-
tion loads, but the lower L., values shown in Table 3 result from ex-
cluding illegal sewage discharges from the simulation model (Fang
et al., 2008). The Sinos River, on the other hand, receives point loads
that increase BOD, but the lower population density elsewhere in the
river allows self-depuration to reduce organic matter (Von Sperling,
2014; Gomes et al., 2018).

Despite the overall consistency of the results, an important limi-
tation should be acknowledged. The model employs average coeffi-

cients (L., and L,), which may inadequately capture the spatial and

)
temporal heterogeneity of hydrological and biogeochemical pro-
cesses. Moreover, unmonitored sources, such as illicit sewage dis-
charges and unquantified diffuse inputs, were not explicitly ac-
counted for, potentially leading to an underestimation of actual BOD
loads. These limitations highlight opportunities for improving the
model’s representation of underlying processes.

Despite these limitations, the results suggest that the study's ob-
jectives were largely achieved. The work provides initial baseline esti-
mates for diffuse BOD in the Mata dos Cocais, helping to fill a gap in
the literature, and indicates a consistent relationship between forest
cover and allochthonous organic matter inputs, highlighting the role
of vegetation in aquatic systems.

Additionally, the results enable preliminary comparisons with
other regions, broadening understanding of biogeochemical pro-
cesses in tropical ecotones. Although the model's simplifications and
associated uncertainties should be considered, the study makes rele-
vant advances in understanding the dynamics of diffuse BOD. It can,
with due reservations, support watershed management strategies in

contexts influenced by land use and hydrological variability.

Conclusion

The MCF exhibits a diffuse contribution of organic matter caused by
natural erosion during the rainy season of 0.201 mg BOD L' km?
0.95 mg BOD L' km™. This result is consistent with those from the trop-
ical forests of Indonesia and Malaysia, which share similarities in climate
(tropical) and land-use patterns (i.e., a mosaic of agriculture and pre-
served forest) with the MCF. In addition, the Brazilian Cerrado Biome
showed results that were partially comparable to those of the MCF, since
its climate is tropical and it has preserved riparian vegetation, corre-
sponding to an L, of 38% of the value measured in the Saco River.

The Mata dos Cocais forms part of a strategic hydroecological
zone that connects the Amazon, Caatinga, and Cerrado biomes.
However, the scarcity of hydrological and environmental data on this
ecotone limits understanding of its dynamics and hinders sustainable
management. In this context, this study contributes primary data on
the diffuse contribution of organic matter, supporting public policies
for the conservation and sustainable use of the basin, and can further
guide monitoring efforts and strategies to mitigate water quality
degradation.

Overall, this study (i) provides initial baseline estimates for diffuse
BOD in the Mata dos Cocais, filling a gap in the literature on this trop-
ical ecotone; (ii) demonstrates a consistent relationship between forest
cover and allochthonous organic matter inputs, highlighting the role of
vegetation in aquatic biogeochemical processes; and (iii) advances the
understanding of diffuse BOD dynamics under varying land use and
hydrological conditions, offering a methodological basis for water

quality assessment in other data-scarce environments.
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