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• Riverine DOC and POC dynamics reflect
sub-basin land use and climate conditions.

• Semi-distributed mass balance models
show spatial and temporal changes.

• An open source QGIS plug-in allows for
scenario analysis of alternative land uses.

• Future climate scenarios show major re-
ductions of riverine DOC and POC export.
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Dissolved organic carbon (DOC) and particulate organic carbon (POC) play a fundamental role in biogeochemical cy-
cles of freshwater ecosystems. However, the lack of readily available distributed models for carbon export has limited
the effective management of organic carbon fluxes from soils, through river networks and to receiving marine waters.
Wedevelop a spatially semi-distributedmass balancemodeling approach to estimate organic carbonflux at a sub-basin
and basin scales, using commonly available data, to allow stakeholders to explore the impacts of alternative river basin
management scenarios and climate change on riverine DOC and POC dynamics. Data requirements, related to hydro-
logical, land-use, soil and precipitation characteristics are easily retrievable from international and national databases,
making it appropriate for data-scarce basins. The model is built as an open-source plugin for QGIS and can be easily
integrated with other basin scale decision support models on nutrient and sediment export.
We tested the model in Piave river basin, in northeast Italy. Results show that the model reproduces spatial and tem-
poral changes in DOC and POC fluxes in relation to changes in precipitation, basin morphology and land use across
different sub-basins. For example, the highest DOC export were associated with both urban and forest land use classes
and duringmonths of elevated precipitation. We used the model to evaluate alternative land use scenarios and the im-
pact of climate on basin level carbon export to Mediterranean.
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1. Introduction

Freshwater ecosystems play an important role in regulating climate
change, through their capacity to act as carbon sinks, transporters and pro-
ducers (Ciais et al., 2013). Organic carbon, in both dissolved andparticulate
form, is a major component of the global carbon cycle and plays a funda-
mental role in the biogeochemical cycles of all aquatic ecosystems
(Gommet et al., 2022). Both particulate (POC) and dissolved (DOC) organic
carbon enter freshwater ecosystems from terrestrial ecosystems but are also
produced in situ from the fixation of inorganic carbon by phytoplankton
and aquaticmacrophytes. The dominance of either terrestrial or internal or-
ganic carbon sources can vary depending on local conditions (Strohmeier
et al., 2013). Overall, terrestrial DOC and POC loads to river networks de-
pend both on the availability and mobility of soil organic carbon, as well
as the hydrological links between land and river networks (Nakhavali
et al., 2021). The concentrations of POC and DOC influence the chemical
and biological dynamics of freshwater environments (Perdue et al., 1980;
Roulet and Moore, 2006); as an energy source for aquatic organisms
(Thurman, 1985), as an attenuator of available solar radiation (visible to
UV) (Galgani et al., 2011), as well as a means of transport of macro and
micronutrients and pollutants (e.g., toxic heavy metals) (Steinberg, 2003).

Biogeochemical models that consider changing hydrological conditions
can provide new insights into the influence of environmental change on
aquatic carbon dynamics (Aufdenkampe et al., 2011). However, few studies
have used process-based models to examine the influence of land use and
climate scenarios on carbon fluxes (Camino-Serrano et al., 2018). Models
used to predict DOC export can range from simple regressions to complex
process simulations (Supplemental Information Table 1) (Futter et al.,
2007; Tian et al., 2015; Wu et al., 2014). These models differ in the defini-
tions of the soil carbon pools, the level of detail in the process formulation
(e.g., simple first-order kinetics or nonlinear relationships), and the spatial
and temporal resolution. The CENTURY modeling framework (Parton
et al., 1993) was one of the first models to simulate carbon sequestration
services under different land-use change models. Chen et al. (2017) simu-
lated changes in carbon sequestration under land-use change using the Dy-
namics of Land System (DLS) model. However, these studies did not
address the links between terrestrial and instream carbon processes (Xu
et al., 2019). Neff and Asner (2001) developed a DOC synthesis model,
based on CENTURY, which explore DOC flux variations across a wide
range of soil conditions. The sensitivity of DOC flux simulations was tested,
comparing high versus low rates of DOC bioavailability and extent of DOC
absorption. The Terrestrial Ecosystem Model was another process-based
biogeochemical model that couples carbon, nitrogen, water, and heat pro-
cesses in terrestrial ecosystems to simulate carbon and nitrogen dynamics
(Melillo et al., 1993). The DocMod approach (Currie and Aber, 1997) deter-
mined DOC production in relation to forest litter decomposition, using
inter-connected carbon-litter pools and related carbon transformations,
with DOC production in terrestrial environment being an end-point of the
overall C turn-over processes alongwith CO2. Jutras et al. (2011) developed
a 3-parameter DOC-3model to extend from soil to instreamDOC concentra-
tions at a daily basin scale. Michalzik et al.' (2003) DyDOC model explored
inter-connectedness of C pools and related DOC transformation, with a
clear focus on forest areas. Their model driving factors were precipitation,
litter production, and air or soil temperatures at hourly and daily time
steps (Fröberg et al., 2007). The Acrotelm and Catotelm DOC production
model considers DOC production and storage processes in peatland soil in
relation to soil temperature and water-table fluctuations in the context of
climate change (Worrall and Burt, 2005). The INCA-C model (Futter
et al., 2007; Futter and deWit, 2008) and the Estimating Carbon in Organic
Soils Sequestration and Emissions model (Smith et al., 2010) provided esti-
mates of instream DOC concentrations as well as production, transfer, and
mineralization estimates. This model works in forested and mixed land-
use basins using daily time series of soil and atmospheric conditions that
can be highly variable and difficult to determinate at large basin scales.
The ORCHIDEE-SOM model, within the ORCHIDEE land surface model
(Krinner et al., 2005), reproduces SOC stock and DOC dynamics by
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simulating vertical C cycling as well as lateral exports to the river network.
It provides a useful tool to explore DOC dynamics, including turnover and
decomposition to CO2, when the required data are available. The Canadian
Land Surface Scheme Including Biogeochemical Cycles CLASSIC (Melton
et al., 2020). CLASSIC has been used to compare the simulated mean sea-
sonal cycle of gross primary productivity to FLUXNET observations at
biome scale (Melton et al., 2020). The SWAT-C model simulates C cycle
processes in terrestrial environments (Yang and Zhang, 2016; Zhang
et al., 2013), and DOC cycling in river networks (Du et al., 2019), building
on the approach developed previously in CENTURY. It has been used across
basins of different scales and land uses (Qi et al., 2020) andmost recently to
model DOC dynamics at high resolution in a large and complex Canadian
basin (Du et al., 2023). The SWAT model represents a major breakthrough
for riverine DOC modeling, when appropriate information on soil
properties (C production and mineralization), channel conditions
(e.g., Manning's N) and local meteorology and hydrology are available.

Statistical modeling approaches (Ågren et al., 2010; Boyer et al., 1996;
Samson et al., 2016) have also shown good results in predicting DOC pro-
duction with respect to basin conditions. Lessels et al. (2015) added a
DOC model to the Hydrologiska Byråns Vattenbalansavdelning (HBV) hy-
drological model (Lindström et al., 1997) and a DOC production module
based on the static soil organic carbon (SOC) pool. A GIS based modeling
framework was developed in the Regional Hydro-Ecological Simulation
System (RHESSys) to simulate carbon, water, and nutrient fluxes at the wa-
tershed scale (Tague and Band, 2004), while the model by Lessels et al.
(2015) also explored DOC dynamics on a basin scale. These models provide
important insights to DOC fluxes, but do not address in-stream DOC pro-
cesses.Moreover, their data requirements oftenmake them less appropriate
for large river basins.

In basins where data and regulatory monitoring are limited, or where
stakeholders need to explore the impacts of alternative land use scenarios,
the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST)
modeling suite (Sharp et al., 2018) has been used to estimate of carbon stor-
age and sequestration at basin scale of major C pools (aboveground bio-
mass, belowground biomass, soil, and dead organic matter) in relation to
the spatial distribution of land use and catchment conditions. However,
thesemodels do not consider links between the terrestrial and aquatic envi-
ronments and do not address instream dynamics.

There is a clear need for process-based basin-scale models of DOC and
POC dynamics that consider the link between terrestrial-aquatic ecosys-
tems as well as the instream transformations. However, for such models
to be used for scenario analysis and decision support, or for basin scale
analysis in regions which have limited data, a new approach is needed.
This approach should be based on data that are both easily available and
basin-wide, and should be complementary to other models focused on nu-
trient and sediment dynamics. Such a model would need to simulate fluxes
considering biogeochemical transformation processes and hydrological
conditions that can vary at the sub-basin scale and that would also be sen-
sitive to climate change.

In this study, we developed an organic carbon flux model to explore the
implications of river basin management scenarios at sub-basin scale on
DOC and POC dynamics. The model was built to be applied as an open-
source plugin for QGIS and can be used in basins with limited local data,
taking advantage of international datasets and commonly available na-
tional data, for example land use and land cover, precipitation, hydrological
soil properties, and topography (DEM).

2. Materials and methods

2.1. Study site

The Piave river, in the north-east of Italy, flows for 220 km into the
Adriatic Sea with a drainage basin of 4500 km2. Approximately 300,000
people live within the basin boundaries that fall across multiple regions
(Veneto, Friuli-Venezia Giulia and Trentino-Alto Adige). The climate is
temperate-humid with an average annual precipitation of ∼1300 mm but



F. Di Grazia et al. Science of the Total Environment 884 (2023) 163840
with significant spatial variations from the alpine to valley sub-basins. Land
use (Fig. 1) in the upper basin (from 500 to 1800 m a.s.l.) is characterised
by evergreen and deciduous forests (mainly conifers and broad-leaved
trees), and alpine pasture/prairies and rock emergence present at higher el-
evations (above 1800m a.s.l.). Agriculture and increased urban land classes
dominate the lower part of the basin (below 500 m a.s.l.), with an increase
in impervious surface cover, largely due to urban areas. Like most alpine
rivers in Italy (Surian et al., 2009), the Piave River has undergone major
modification to river channel dynamics and a rapid land-use change in
the 20th century (Botter et al., 2010). Traditional agricultural activities
on mountain slopes are increasingly being abandoned in favour of tourism,
while wine production and agriculture have expanded at lower elevations.
Weirs, dams and in-channel gravel mining have impacted hydrological
flows and sediment transport (Comiti et al., 2011). Stakeholders need
new tools to support basin scale decision making required to address con-
flicts in resource use, in particular with regard to climate considerations.
Fig. 1. Piave river basin land use (2018) based on aggregated Corine Land Use classe
populated areas in the middle and south. The final hydrological section of the river is h
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To explore future land-use scenarios, consultations with local stake-
holders were used together with an analysis of temporal trends based on
photometric and satellite-based images. This analysis showed a consistent
and continuous increase in riparian vegetation within the Piave river corri-
dor over the last five decades and a more recent trend in agricultural aban-
donment in the upper basin (Di Grazia et al., 2021).We used these trends to
develop a 2050 scenario based on the reforestation of selected agricultural
areas of the upper basin and considering changes in climate conditions
based on a median emission scenario RCP 4.5 (Dezsi et al., 2018).

2.2. Carbon flux model

Dissolved and particulate carbon fluxes within a basin depend on the
movement and transformation of organic carbon within individual sub-
basins and within the main river. We used a mass balance approach within
a spatially semi-distributed model to estimate DOC (and POC) fluxes from
s, showing the dominance of alpine land cover in the north and agricultural and
eavily regulated.



F. Di Grazia et al. Science of the Total Environment 884 (2023) 163840
the terrestrial to river environment, considering hydrological, land-use, and
precipitation characteristics of individual sub-basins.More specifically, car-
bon flow was estimated based on DOC and POC loads of individual land
uses, their transport to the river, as well as transformation processes that
occur within the tributaries and the main river (per km).

Soil carbon export from each land unit (pixel) to the river were esti-
mated based on its land use / land cover (LULC) and the distance and trans-
port pathways to the river, based on a 20 m resolution DEM. The estimates
of DOC and POC potential export for each class of LULCwere obtained from
concentrations reported in available scientific literature (Table 1). Where
several values for a single LULC class were found, the mean value was
used. Within the distributed model, these values were combined with a
monthly water runoff proxy value to estimate the mass of DOC and POC
reaching the tributary or river from each land use (Fig. 2).

The model simulates the movement of organic carbon (DOC, POC)
within each tributary of the sub-basin and into the main river (eq. 1,
Fig. 2). Within each tributary and the main river, DOC and POC loss (reten-
tion and transformation) in the sub-basin tributaries and within the main
river is calculated (eq. 2). The degree of carbon reduction is also a function
of the overall length of the tributaries and the main river. The governing
equations are:

Tributary redn ¼ DOCmass=Wn∗ 100 � tributary lengthn∗FD1ð Þð Þ=100ð Þð (1)

River redn ¼ tributary redn �Wnð Þ þ River redp �
X

Wp
� �� �

=
X

W
� �Þ
� 100− River lengthn � FD2ð Þð Þ=100ð Þ

ð2Þ

DOC½ � or POCð Þ ¼ River redn=∑W (3)

where the reduction factor (FD1 and FD2, Km−1) for DOC, or (FP1 and FP2,
km−1) for POC, considers the reduction of organic matter in the smaller
order streams and main river respectively, based on each kilometre of
stream length. Tributary red and River red are the DOC and POC mass
flow rates at each tributary and basin closure point (tonnes/month), river
length and tributary length (km) were available from the Basin Authority.
DOCmass (or POCmass) is the load (tonnes month−1 m2) from each sub-
basin based on land use, monthly precipitation, and soil properties. W is
the water runoff proxy (m3/month). Wp is the total flow rate from the pre-
ceding river section (m3 month−1), Wn is the total flow rate of the sub-
basin section (m3 month−1).

The first sub-basin receives water from its tributaries only, without flow
from any preceding river section (Wp= 0). Therefore, river DOC (or POC)
is directly determined by the contribution of the tributaries present in the
sub-basin and assumes no contribution from emerging groundwater (eq. 4).

River redn ¼ tributary redn∗ 100 � River lengthn∗FD2ð Þð Þ=100 (4)

The reduction factor for DOC and POC in the tributaries in each sub-
basin (FD1 or FP1) is assumed to be constant across the sub-basin and ap-
proximates the transformation and loss of organic matter for each km of
Table 1
Available studies providing information on DOC and POC concentrations in relation to

LU DOC (mg L−1) Data source

Forest Broadleaved forests 17.72 20.5 (Borken et al., 2011); (Camino-Serran
Coniferous forests 22.55 (Borken et al., 2011); (Camino-Serran

Agricultural Grassland 9.17 10.18 (van den Berg et al., 2012); (Camin
Cropland 4.2 (Camino-Serrano et al., 2018).
Vineyard 19.2 (Cattani et al., 2006).

Urban 24.1 (Maniquiz et al., 2010); (Ortiz-Hern
Bare rocks 0

DOC and POC export per sub-basin was therefore reflects the distribution of land use an
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stream length (tributary lengthn). This reduction is applied to the transport-
able DOCmass (or POCmass) and normalised by a runoff proxy (W) for each
pixel. The result is the estimate of DOC or POC load (mg/year) transported
within the sub-basin to the main river (Tributary redn), occurring at the
point of closure of each sub-basin. The concentration of DOC (River redn)
and total flow rate (Wp) from the preceding river section, is summed with
the DOC load of the sub-basin (Tributary redn ⁎ Wn) to become the influx
of DOC into the next sub-basin of the main river. The DOC concentration
is then reduced by a riverine reduction coefficient (FD2), considering the
river length within this sub-basin, generating a DOC concentration at its
closure (River redn). The same approach is used for POC, where the POC
river factor (FP2) is more related to a physical retention of the POC along
the river.

Longitudinal changes in DOC (or POC) concentration in the river result
from LULC related sources (DOCmass) of each sub-basin, spatial differences
in precipitation, the transport and retention within sub-basin tributaries
and the overall reduction within the main river section.

2.3. Organic carbon reduction factors

The composition and concentration of organic matter can be modified
by photo-oxidation, microbial respiration, leaching, flocculation, sorption,
and settling (Einarsdottir et al., 2017; Galy et al., 2011; Loiselle et al.,
2009; Spencer et al., 2010; Von Wachenfeldt and Tranvik, 2008). Changes
in longitudinal DOC and POC concentrations are determined by several fac-
tors (e.g., hydrological events, basin slope, soil C), which can have consid-
erable spatial and seasonal variation within a basin (Li et al., 2017), with
higher values in wetlands and around rainfall events (Harrison et al.,
2005; Tian et al., 2015). Different models address these changes through
different approaches. For example, the SWAT-C model simulates DOC and
POC movement and transport through: DOC percolation coefficients; the
liquid-solid partition coefficient; and POC process coefficients (Du et al.,
2019; Qi et al., 2020). Camino-Serrano et al. (2018) considered that free
DOC can be adsorbed to soil minerals or remain in solution based on an
equilibrium distribution coefficient linked to soil properties. Gommet
et al. (2022) considered differences in decomposition rates between labile
and refractory DOC pools, which were geographically variable, but within
the same order of magnitude. While Berggren and Al-Kharusi (2020) re-
ported a median decomposition half-life of across multiple river sampling
locations across Europe.

The initial reduction factors used in the present model were based on
these past studies and then tuned by interpolation using DOCand POCmea-
surements made in the Piave river by regional agencies in 2018 and 2019
(ARPAV, 2021a). It should be noted that there were a limited number of
river sections (sub-basins) where DOC was monitored, therefore estimated
reduction factors for DOC and POC loss were used to initialise the model,
with final values for tributary streams, FD1 and FP1 (0.45 and 0.07 10−2

Km−1), and for the main river sections, FD2 and FP2 (0.9 and 0.01 10−2

Km−1) following published values. These interpolated values support ear-
lier studies that show that deeper rivers have higher transformation and
storage rates of organic matter compared to shallower and faster moving
streams (Kalbitz et al., 2003). Similarly, Bouchez et al. (2014) showed
different land use classes.

POC (mg L−1) Data source

o et al., 2016); (Camino-Serrano et al., 2018). 0.58 (Dawson et al., 2004)
o et al., 2016); (Camino-Serrano et al., 2018).
o-Serrano et al., 2018). 1.58 (Kim et al., 2013)

(Cai et al., 2015)

ández et al., 2016). 0.56 (Kalev and Toor, 2020)
0

d the sub-basin topography, soil properties and precipitation.



Fig. 2.DOC concentrations in the river in each sub-basinwere based on the carbon transport to the river and transformation processes within the tributaries of each sub-basin
(Trib redn1, Trib redn2) as well as those transformation processes present within the main river (DOC Rvn1, DOC Rvn2).
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that longitudinal reductions in POC due to weathering and oxidation are
more limited that those related to DOC.

2.4. Water runoff proxy

As a detailed hydrological model for the whole basin was not available,
a mass balance-based approach was used to estimate the monthly surface
runoff: the amount of water running off each pixel towards the river and
its tributaries. It is based the Curve Number approach within the seasonal
water yield model of the InVEST package (Sharp et al., 2018). The Curve
Number method developed by Natural Resources Conservation Service
(NRCS) of the United States Department of Agriculture (USDA) (NRCS-
USDA, 2007) is widely used for predicting direct surface runoff volume
for a given rainfall event and estimating the volumes and peak rates of sur-
face runoff at basin scale (da Silva Cruz et al., 2022). A higher CN value sug-
gests a higher runoff potential, whereas a lower CN value signifies low
runoff. This approach was chosen due to its utility to explore future scenar-
ios of land use and climate change (da Silva Cruz et al., 2022).

The model combines a digital elevation model (DEM) and commonly
acquired climate and soil information from regional and international
sources (Nistor et al., 2018; NRCS-USDA, 2007). It uses the basic principles
of water partitioning (precipitation becoming runoff) and routing
(upgradient water becoming available to downgradient parcels). These
simplified routing processes allow for a large degree of uncertainty and
should be interpreted as proxy of runoff rather than predictions of absolute
values. The model calculates the monthly water runoff proxy of each pixel
based on a modification to the NRCS curve number (NRCS-USDA, 2007),
which estimates monthly direct runoff (Guswa et al., 2017; Hamel et al.,
2020).

2.5. Model input data for the Piave river basin

The carbon models DOC and POC loads (mg L−1) for each of five LULC
classes together with the water runoff proxy (mm) and vectors files
5

containing the tributaries and river networks (km). Five simplified classes
(artificial, agricultural, forests, bare rocks, and water bodies) were used.
We identified 19 sub-basins using GRASS watershed function on QGIS
Development Team (2022) while the river networks were obtained from
the stream raster generated from the water runoff proxy model.

Monitored DOC concentrations were obtained from the regional envi-
ronmental agency ARPAV (Agenzia Regionale per la Protezione
Ambientale - Veneto) (2021a). These were very limited as DOCmonitoring
was initiated in 2018 and was not performed in 2021. Seasonal data from
2018 were used for model calibration. Data from 2019, from 5 stations,
and from 2020 (two stations) were used for validation.

ARPAV does not monitor POC concentrations, therefore, POC was esti-
mated by using total suspended solids (TSS) concentrations following
Némery et al. (2013), eq. 5. In alpine rivers, both particulate organic carbon
(POC) and particulate inorganic carbon (PIC) are closely linked to the TSS
transport dynamics (Wheatcroft et al., 2010).

POC% ¼ 28:82∗TSS � 0:7499 þ 0:89 (5)

with some adjustment

POC ¼ POC%=100∗TSSavg (6)

The water runoff proxy model used a 20 m DEM available from by the
national research authority (ISPRA, 2020), which was corrected to fill hy-
drological sinks and checked with the digital watercourse network to en-
sure routing along the specific tributaries using QGIS v.3.22 (2022). Basin
area was obtained from the regional geoportal and based on theWater Pro-
tection Plan 2015 (ARPAV, 2021b). Monthly average precipitation raster
files at 20 m resolution were interpolated using an inverse distance
weighting (IDW) of information from 72 stations for 2018, 2019 and
2020 (ARPAV, 2021c). A rain events table containing the number of rain
events for each month was also used. Monthly average evapotranspiration
for each pixel was extrapolated from the Reference Evapotranspiration
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Global Reference Evapotranspiration (Global-ET0) Version 2 dataset
(Zomer and Trabucco, 2022). Land Use (LU) raster data, referred to the
year 2018, was obtained from Corine Land Use Land Cover Level IV data
at a 100 m resolution (ISPRA, 2018). Soil and plant evapotranspiration co-
efficients (Kc) were estimated for broad land use classes suggested by Allen
et al. (1998). Parameters related to flow recharge and accumulation (α, β,
γ) used default values (α = 1/12, β = 1, γ = 1) based on similar rivers.
Flow accumulation is calculated from the number of upstream pixels that
flow into a pixel before arriving to the tributary.

2.6. Root mean square error

The comparison of estimated to measured concentrations of DOC (and
POC) used the percentage root mean square error (RMSE):

RMSE% ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N
i¼1 xi � bxið Þ2

N

s
=xi

Where xi is the estimated values, bxiis the observations, xi is the average of
the observed values and N the number of observations.

3. Results

3.1. Water runoff proxy

Estimated surface runoff was compared with the available data from
four calibrated gauge stations from 2015 to 2020 (ARPAV, 2022). The av-
erage discharge from the lowest sub-basin for the simulated year, 2018,
was 125 m3/s. The four stations were limited to the main Piave river and
most did not have a full set of monthly data, especially following the
flood event of October 2018 which compromised the measurements from
several stations (EFAS, 2018). The surface runoff proxy provided a similar
longitudinal trend in flow rate, increasing at lower basins. Considering
these five years of data, the overall accuracy was low (RMSE = 81 %),
underestimating river discharge.

3.2. DOC flux

The modelled annual average DOC concentrations at 18 sub-basins clo-
sure points shows a general increase from the upper to lower basin (Table 2,
Fig. 3a). It should be noted that the DOC estimates for the first sub-basin
have an intrinsic uncertainty related to the lack of information on source
water discharges. As the model is based on precipitation, the first sub-
Table 2
Average annual DOC concentration and mass in each sub-basin calculated by the
model following the DOC equations for the year 2018.

Sub-basin Estimated DOC (mg L−1) DOC mass (tonnes/year)

1 0.67 3.79 × 101

2 0.36 4.08 × 101

3 1.29 1.92 × 102

4 0.69 1.65 × 102

5 1.37 3.48 × 102

6 1.66 5.13 × 102

7 1.87 5.90 × 102

8 1.35 5.29 × 102

9 1.19 5.68 × 102

10 0.81 5.50 × 102

11 0.82 6.10 × 102

12 1.03 8.29 × 102

13 1.15 9.49 × 102

14 1.40 1.19 × 103

15 1.39 1.24 × 103

16 1.49 1.37 × 103

17 1.60 1.55 × 103

18 1.13 1.13 × 103

19 0.86 8.56 × 102
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basin receives low DOC load from source waters, dominated by snow and
groundwater.

The reduction factors (FD1, FD2) were refined using available DOC data
(ARPAV) for 2018 from5 stations with completemeasurements. The result-
ing DOC estimates captured the over longitudinal trend (RMSE = 83 %,
Fig. 3a).

The model, using the same reduction factors (FD1 = 0.45, FD2 = 0.9)
was validated for 2019 and 2020 (RMSE = 59 %) and showed a similar
trend (Fig. 3b and c). It should be noted that the contributions from two
sub-basins to the DOC load of the main river were estimated to be negative
(sub-basins 4 and 10), and therefore set to zero, indicating that the LULC
and hydrology of these basins allowed for a net zero contribution to the
DOC in the main river. These sub-basins have hydrological and land use
characteristics that create conditions of limited DOC production with re-
spect to the reduction factors for tributaries present, resulting in the equiv-
alent of net zero DOC export.

The model was run at the monthly frequency to explore seasonal
changes in DOC concentrations, along the longitudinal DOC gradient,
under present land LULC and meteorological conditions of 2018 and
2019 (Supplementary Fig. 1). DOC concentrations were generally higher
in June, with an average value of 1.19 mg L−1 (RMSE= 119 %), followed
by February (1.27 mg L−1, RMSE = 83 %) and December (0.86 mg L−1,
RMSE = 57 %). This seasonal change was most evident in the sub-basins
in the middle of the basin.

3.3. POC flux

POC flux and POC concentrations showed a general increase along the
longitudinal gradient, to the highest concentration at the Piave basin clo-
sure point (Table 3).

To interpolate the reduction factors (FP1 = 0.07 and FP2 = 0.01) and
validate the model, we used POC estimates (eq. 5) from five sites for the
years 2018 and 2019, considering the organic fraction to dominate the
overall mass of TSS, based on observations for similar rivers in subalpine re-
gions (Némery et al., 2013). The results showed that the simulated POC for
the year 2018 (RMSE= 24%) was underestimated in the two sites located
in the upper basins and overestimated in the sites 11 and 14 (Fig. 4a). Par-
ticulate load in the upper basin is expected to have a higher percentage of
inorganic particulates, related to snow and glacier melt and groundwater
sources, typical of alpine streams (Chanudet and Filella, 2008). The under-
estimate in the lower river sub-basin is related to the fact that the model
does not determine allochthonous production of organic particulates from
primary production. The validation of the model using POC values for
2019 (Fig. 4b) and 2020 (Fig. 4c) showed a reasonable accuracy (RMSE=
41 %) with annual POC dynamics similar to 2018 (Fig. 4a). While overall
longitudinal and seasonal dynamics follow expected trends, it should be
noted that the direct measurement of POC, at regular intervals and for mul-
tiple years would improve both the model training as well as validation.

The model was run at the monthly frequency to compare seasonal
changes in POC concentrations for present day LULC and meteorological
conditions. POC concentrations were generally higher in June (Supplemen-
tary Fig. 2)with an average value of 0.43mg L−1 (RMSE=51%), followed
by February (0.33 mg L−1, RMSE = 23 %) and December (0.31 mg L−1,
RMSE = 35 %). This was most evident in the sub-basins in the middle of
the basin.

3.4. DOC & POC model plugin

The DOC & POC model plugin (Supplementary Fig. 3) was developed
for open-source QGIS to allow for the analysis how modifications in land
management and climate could be used to explore changes in DOC and
POC export at basin and sub-basin scale. The code was written in Python
using the associated QGIS Plugin Builder. QGIS is an open-source software
for geographic information system (GIS) that is supported by a large
community of users and developers. The DOC & POC model plugin code
is downloadable from the GitHub repository (https://github.com/

https://github.com/dgfrancesco/DOC-POC-model-Di-Grazia-et-al.-
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dgfrancesco/DOC-POC-model-Di-Grazia-et-al.-). The model plugin can be
accessed from the QGIS graphical user interface by opening the Python
Console and selecting ‘open existing script’. The plugin is intended to be
used with other GIS based scenario development tools (e.g., InVEST) that
allow stakeholders to explore changes in nutrient and sediment river ex-
ports.

4. Discussion

4.1. Estimated dynamics of organic carbon export

The organic carbon (DOC and POC) dynamics across the Piave River
basin showed longitudinal variations that reflected sub-basin differences
in LULC, stream length, instream reduction, and surface runoff hydrology,
and seasonal variations in precipitation. Seasonality in DOC and POCfluxes
represents one of the major uncertainties in modeling riverine organic
Table 3
POC concentration and mass in each sub-basin calculated by the model following
the POC equations for the year 2018.

Sub-basin Estimated POC (mg L−1) POC mass (tonnes/year)

1 0.37 2.10 × 10
2 0.33 3.75 × 10
3 0.33 4.96 × 10
4 0.32 7.61 × 10
5 0.33 8.38 × 10
6 0.34 1.04 × 102

7 0.34 1.07 × 102

8 0.40 1.57 × 102

9 0.46 2.21 × 102

10 0.40 2.47 × 102

11 0.42 3.14 × 102

12 0.44 3.58 × 102

13 0.45 3.70 × 102

14 0.45 3.83 × 102

15 0.47 4.15 × 102

16 0.48 4.46 × 102

17 0.50 4.86 × 102

18 0.51 5.07 × 102

19 0.51 5.07 × 102
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matter dynamics (Gommet et al., 2022; Tian et al., 2015). In the coupled
hydrology–biogeochemistry DOC model developed by Lessels et al.
(2015), in-stream DOC concentrations typically followed streamflow pat-
terns, increasing in the spring from precipitation induced DOC transport
from the soil. Our model shows similar dynamics, higher DOC concentra-
tion in June linked to higher monthly rainfall (108 mm) and lower in Jan-
uary and December where precipitation was lower (77 and 12 mm). It
should be noted that flood events are often responsible for a large part of
POC and DOC transport (Bastias et al., 2020; Battin et al., 2008; Raymond
et al., 2016).

Differences in sub-basin DOC and POC estimated exports show spatial
variations in precipitation, basin morphology and land use, as well as soil
carbon content across different alpine, subalpine and valley sub-basins.
These spatial differences in expected soil erosion and mobilization of dis-
solved and particulatematter are supported by past studies showing the im-
pact of these factors on river organic matter exports (Li et al., 2017; Zhang
et al., 2022). The highest DOC mass concentrations were related to sub-
basins dominated by urban and forest land use. The geographical distribu-
tion of DOC sources (Fig. 5a) showed the highest density in the upper and
middle basin with peaks corresponding to the urban area in the middle
sub-basins (sub-basins 5–12). Urban DOC export depends on multiple
sources; wastewater treatment systems, road runoff, biomass burning aero-
sols, coal combustion, industrial activities, etc., (Aitkenhead-Peterson et al.,
2009; Siudek et al., 2015). The highest POC mass concentrations were re-
lated to sub-basins dominated by agricultural land use (sub-basins 8–17)
(Fig. 5b), similar to past studies showing high POC loads in agricultural
areas (Luo et al., 2022).

Final DOC export to the Adriatic Sea. (sub-basin 18) showed values con-
sistent to those measured by the regional agency, with DOC and POC
exporting 856 tons/year and 506 tons/year. Changes in OC export have im-
plications on the productivity of the Adriatic Sea, which is a narrow and
shallow area of the Mediterranean Sea, where dilution is limited
(Ciglenečki et al., 2020). In relation to the PoRiver, these fluxes are approx-
imately 1 % of the total DOC and POC emitted (Pettine et al., 1998).

4.2. Future scenarios

The model was used to explore different scenarios of land use and cli-
mate for the Piave river basin, looking towards 2050. Based on

https://github.com/dgfrancesco/DOC-POC-model-Di-Grazia-et-al.-


Fig. 4. Longitudinal distribution of POC concentration and comparison with the observed ARPAV values for the years 2018 (a), 2019 (b) and 2020 (c).
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consultations with local stakeholders and a study of 50-year trends, a refor-
estation scenario was evaluated as the most feasible.

Looking first at projected changes in climate and based on the emission
scenario RCP 4.5, a decrease in annual precipitation for the Piave Basin is
expected to occur by 2050 (Dezsi et al., 2018). This will lead to a reduction
in the water runoff proxy throughout the basin, due to greater evaporation
and an increased hydrological deficit. This 2050 climate scenario showed a
decrease in DOC export by 25% (214 tons/year) and in POC export by 26%
(127 tons/year) with respect to 2018 export. Given an increase in the tem-
perature and reduced runoff, it is likely that soil conditions, as well as river
and tributary reduction factors will also change (increased reduction). Qu
and Kroeze (2010) using the Global NEWS models estimated that, that in
2050, riverine DOC export will exceed POC in total C export. In particular,
POC is expected to decrease by 15–25% as a consequence of human pertur-
bation, land use change and dam construction.

Looking at the combined scenario of modified land use (reforestation)
and climate change (RCP 4.5), the model showed an expected reduction
in DOC export by 22 % (170 tons/year) and in POC export by 30 % (153
tons/year). This is based on present day DOC and POC reduction factors.

This reduced carbon export, in combination to the expected decrease in
both phosphorus and nitrogen exports for the same climate and land use
scenario (Di Grazia et al., 2021) suggest a reduced eutrophication threat
for the Adriatic Sea in 2050. The area of the Mediterranean Sea has a
long history of eutrophication related impacts on biodiversity and ecosys-
tem services. The expected trend in eutrophication is supported by recent
studies (Ciglenečki et al., 2020) showing similar reductions in carbon and
nutrient concentrations.
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5. Conclusions

The spatially distributed carbon flux model developed in the present
study is intended to support decision making by basin scale and sub-basin
scale stakeholders, in particular with respect to scenarios of land use and
climate. The model can be used, together with other scenario tools to
prioritise policy and management options to reduce impacts on receiving
waters and improve ecosystem services. The model was applied to a single
river basin but is flexible enough basins in different climate and hydrolog-
ical conditions, given the availability of information on LULC, climate, hy-
drology, and related indices.

Data requirements for the model are relatively limited. Most of these
data can be retrieved from international and national geographic databases,
making this approach available for exploring DOC and POC export in data-
scarce basins. The model is refined using local data, in particular monthly
or seasonal concentrations of DOC and POC at the sub-basin level. The
greater number of sub-basins monitored, the more robust will be the reduc-
tion factor interpolation.

Further developments in themodeling of in-streamOCdynamics should
address the different loss dynamics of labile DOC and refractory DOC frac-
tions, as their relative decay rates are significantly different (Du et al.,
2020). For example, the turnover time of labile soil OC is typically 1 to
5 years, while the turnover time of refractory fractions could reach
200–1500 years (Iravani et al., 2019). Estimates of relative percentages of
labile and refractory OC, related to different LULC classes could be used
to improve the model as well as include new information on estimates of
CO2 evasion from the river.



Fig. 5. Spatial distribution of DOC (a) and POC (b) across the 19 sub-basins.
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The DOC and POC model was designed as a QGIS plugin for basin scale
studies. The model output can be used to evaluate carbon export based on
varying land use and climate scenarios, providing an additional tool to sup-
port basin management.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163840.
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