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ARTICLE INFO ABSTRACT

To support better management of agroecosystems, this work presents a novel approach by considering a
quantitative dynamic model-based and holistic background of environmental interactions. Recognizing the
increasing importance of coupled systems in environmental management, the methodology is illustrated by a
case study of a managed fishpond, partially covered by reed vegetation, and surrounded by reed beds. The
unified elements of Programmable Process Structures (PPS) are used to analyze the underlying processes
(physical, chemical, biological, ecological, technological, and managerial) and to determine the effects of
management interventions on the environmental interactions of the fishpond agroecosystem. Simplified sub-
process models have been implemented to calculate the dynamic environmental interactions of the example
system studied. The sub-models exploit the approximate stoichiometries and causal relationships behind the
environmental interactions with a transparent insight into the structured functionalities of the complex system.
These features provide holistic model-based simulations from which the impacts of different management sce-
narios can be assessed. It is also discussed how the calculated quantitative environmental interactions can be
used for a more rigorous assessment of ecosystem services (ES) and dis-services (EDS). It is concluded that many
categories of ES (such as provisioning and regulatory services) can be derived directly from the quantitative
environmental interactions. Other categories, such as habitat maintenance for biodiversity and cultural services,
can be derived by combining the simulated quantitative data with expert-defined qualitative rules. The gener-
alizable results and the reusable computational method outline the basis for a case-specific decision support tool
based on a process model in further work.

Dataset link: Pond-reed model (Original data)
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1. Introduction

Increased productivity, reduced environmental impact, climate
resilience and resource efficiency are critical for food systems. With a
view to more conscious and long-term planning, there is an increasing
need for holistic understanding and assessment of environmental in-
teractions and ecosystem services (ES) in complex aquatic and terrestrial
agroecosystems (Fang et al., 2022; Fu et al., 2018; Knorr et al., 2023).

A variety of quantitative and qualitative methods have been used to
assess agroecosystems. So far, however, detailed quantitative assess-
ments based on dynamic models have tended to use sectoral methods
and tools to describe different segments of such systems. Individual crop
or cropping system modelling efforts such as STICS (Brisson et al.,
2003), DSSAT (Jones et al., 1998 and Jones et al., 2003) or CropSyst
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(Stockle et al., 2003) rely heavily on very detailed sets of plant-specific
parameters and extensive input data (on soil characteristics, climate,
and detailed management practices) and so on. Whereas, early aquatic
ecosystem models mainly used biomass base biophysical models. For
example, the fishpond model by Svirezhev et al. (1984) and the Ecopath
model, which described site-specific trophic interactions (Polovina,
1984; Christensen and Pauly, 1992). Therefore, complex, or overall
environmental interactions have received less attention in the past
(Jones et al., 2017).

Such challenges have highlighted the need for model integration
(Zhai et al., 2020) and broadening the scope to consider the needs of
coupled terrestrial and aquatic systems, their environmental in-
teractions, for policy design related to climate change adaptation or
optimal delivery of ES (Holzworth et al., 2015). Assessing multiple,

Received 18 January 2025; Received in revised form 7 April 2025; Accepted 16 April 2025

Available online 30 April 2025

0304-3800/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0000-0002-1255-2158
https://orcid.org/0000-0002-1255-2158
https://orcid.org/0000-0002-3778-203X
https://orcid.org/0000-0002-3778-203X
https://orcid.org/0000-0002-6886-5751
https://orcid.org/0000-0002-6886-5751
https://doi:10.17632/t6yzxkwnc7.1
mailto:varga.monika@uni-mate.hu
www.sciencedirect.com/science/journal/03043800
https://www.elsevier.com/locate/ecolmodel
https://doi.org/10.1016/j.ecolmodel.2025.111151
https://doi.org/10.1016/j.ecolmodel.2025.111151
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2025.111151&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Sharma et al.

highly interconnected parts of agroecosystems requires the integrated
use of knowledge, data, and information from different field-specific
tools. For example, the Agricultural Production Systems sIMulator
(APSIM), comprehensively developed over time, is recognized as a
pioneering platform that captures diverse plant, animal, soil, climate,
and management interactions in a unified SW environment (Holzworth
etal., 2018). Another initiative, the Agricultural Model Intercomparison
and Improvement Project (AgMIP) (Antle et al., 2015), was established
to collect the best available practices, tools, and protocols in agricultural
modelling for a harmonized analysis of agricultural systems. For aquatic
ecosystems, Hipsey et al. (2020) discussed the use of different models to
simulate lakes, wetlands, rivers, and marine ecosystems, all of which
share a common focus on coupling physical and biogeochemical pro-
cesses, emphasizing trophic interactions. For example, the advanced
version of Ecopath, the Ecopath with Ecosim (EwE tool) (Christensen
et al., 2005), primarily focuses on the flow of biomass between different
trophic levels within an ecosystem, providing insights into
predator-prey relationships and energy transfer in aquatic ecosystems.
The integration of life cycle and seasonal habitat conditions in modelling
fish biomass was highlighted by Ly et al., 2024. Models such as
PCLake+, an extended version of the widely used biomass-based PCLake
model, demonstrate applications for integrating lake-specific physical
and ecological processes with the provision of ES (Zhan et al., 2023).
Other approaches, such as the bioenergetic approach used in the
Comprehensive Aquatic Systems Model (CASM) (Bartell et al., 2020)
and the coupled machine-learning-individual-based model (ML-IBM)
(Wang et al., 2024), also provide a basis for building integrated aquatic
models. However, these models for terrestrial and aquatic systems are
very data-intensive, and their calibration and validation are also chal-
lenging and still mostly manual and based on trial and error due to the
limited availability of data (Hipsey et al., 2020).

Stoichiometry plays a crucial role in linking ecosystem processes
across scales, influencing biogeochemical cycles, resource production,
and environmental interactions (Reichert and Schuwirth, 2010; Glibert,
2012). When modelling aquatic systems, it is crucial to consider the
stoichiometric composition of the aquatic food web elements (fish,
phytoplankton, zooplankton, detritus, etc.), and nutrient inputs via
allochthonous materials (during feeding, fertilization, etc.) (Redfield,
1958; Cui et al., 2022; Quilliam et al., 2015; Xing et al., 2013). For
example, Serpa et al. (2013) integrated biogeochemical and fish growth
models to simulate fish production impacts, while Roy et al. (2024)
applied ecological stoichiometry to fish nutritional bioenergetics to
better understand and bio-manipulate eutrophication processes. Despite
the importance of macrophyte vegetation in nutrient regulation in
aquatic environments, their stoichiometric relationships remain limit-
edly studied (Xia et al., 2014). Hence, incorporating stoichiometry into
dynamic models can enhance conservation efforts and medium
complexity models by capturing key nutrient cycles (Varga et al., 2023)
and understanding the dynamics of autotrophic (terrestrial) - hetero-
trophic (aquatic) coupled ecosystems (Pichon et al., 2023). However, its
application is often limited by data scarcity (Sardans et al., 2021). Even
approximate data can still help estimate material balances in complex
systems (Schade et al., 2005).

A mechanistic understanding of ecosystem functions and their link-
ages to ecosystem services is crucial for understanding complex realities
of agroecosystems (Calder et al. 2009). Several studies have derived ES
indicators based on energy and water balances to assess environmental
interactions (Dong et al., 2022; Gissi et al., 2016; Sun et al., 2017).
However, commonly used ES assessment models often overlook these
interactions, making trade-off decisions difficult for policy makers
(Agudelo et al., 2020; Felipe-Lucia et al., 2014; Fu et al., 2013). The
difficulties of segmented tools and the need for further ES-related
development are also highlighted in the ‘SEEA Technical Guidance’
(Hein, 2014). Investigating conservation law-based dynamic processes
behind environmental interactions and ecosystem services (ES) remains
crucial, especially to improve environmental assessments such as EIA,
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SEA and LCA (Karjalainen et al., 2013; Sousa et al., 2020). Without
stoichiometric analysis to balance inputs and outputs, full accounting of
these processes is incomplete. This gap often leads to separate assess-
ments of greenhouse gas emissions, nutrient efficiency, and runoff. The
key challenge for new methodologies therefore remains developing a
holistic approach to biophysical and managerial interactions in complex
agroecosystems, providing a comprehensive foundation for ES
assessment.

Therefore, this work hypothesized that a structured process model
using unified state and transition elements can provide a conservation-
based quantitative assessment of environmental interactions and ES.
The main aim of this work was to develop and test a novel method for
quantitative assessment of the holistic background of environmental
processes in agroecosystems. Our specific objectives are: (i) to imple-
ment unified sub-process models in the framework of Programmable
Process Structures (PPS); (ii) to apply this dynamic model for the
comprehensive calculation of holistic environmental interactions; (iii)
to analyze the impact of different hypothetical management scenarios
on the environmental interactions; and (iv) to show how the calculated
environmental interactions determine the quantitative core of ES and
dis-services. We demonstrated this methodology using a managed
fishpond-reed agroecosystem as a case study.

2. Materials and methods
2.1. Typical real-world sites inspiring the hypothetical model

The hypothetical complex model was inspired by typical Hungarian
pond aquaculture systems. The model development is not specific to a
particular fishpond site but contains the general elements of a man-made
round dam pond, as illustrated in Fig. 1. These ponds are 1-1.3 m in
depth and water management on the fish farm is based on a targeted
supply from artificial irrigation channels or from rivers. The mosaic of
littoral reed vegetation patches (mainly consisting of Phragmites and
Typha species) of different sizes, heights, and densities grows on the
inner and outer periphery of the pond boundary and can cover between
20-25 % of the pond area (Sharma et al., 2023).

The interface between the riparian reed vegetation and the pond
ecosystems is usually extensive, creating a zone where many biological
interactions and exchanges of material take place. The extent of reed
cover within the ponds is carefully managed from time to time to pre-
vent the loss of aquatic space. It should be noted that the focus of this
study is to understand the interactions at the fishpond level to support
management decisions at the farm level. Therefore, the model boundary
is limited to these two land patches. Furthermore, because of the rela-
tively flat terrain, there is little to no impact of inflow and influent loads
from the watershed on these artificially dammed fishponds.

2.2. The applied modeling and simulation framework: Programmable
Process Structures (PPS)

As a general framework, the newly consolidated version of the PPS
(Varga and Csukas, 2024) has been used for the automated generation
and execution of the underlying unified, complex process models of
medium complexity. The antecedent methods and applications started
originally from (chemical) process engineering. Recently, with the
emerging need for quantitative, dynamic, model-based analysis in the
field of complex agricultural, aquacultural and environmental processes
PPS shifted in this direction.

PPS models consider non-linear causal transformations and trans-
portations related to the characteristic physical, chemical, biological,
ecological, technological, and managerial processes, governed by con-
servation laws and rules. The transition-based model representation
makes possible the combined use of signals and rules within the model
elements and locally executable program prototypes of conservation-
based processes. PPS provides unified solutions for the
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Fig. 1. (a) Typical structure of fishponds in Hungary, (b) Field photo showing the placement of reeds in and around fishponds.

implementation and coupled execution of different unified sub-models
by generating them from one-one generally usable state and transition
meta-prototypes.

The generation of process models is based on a simple ontology,
described by two meta-prototypes, and by a special state-transition net
of the underlying processes. This generation of the actual models in-
volves the multiplication of the unified elements according to the pro-
cess net of the actual problem under investigation. This results in a
specific net structure, consisting of actual state and transition elements
that define the structure of the studied process system. The functional-
ities behind this structure are ensured by the case-specifically defined,
functional program prototypes, which can also be derived from the same
two general meta-prototypes. The program prototypes define the edit-
able and locally executable programs of the investigated model. During
the execution, the actual state and transition elements are computed by
the programs of their associated state or transition prototypes. The
communication between the state and transition elements is solved by
uniform connections, while the generated model is executed by a
general-purpose kernel program. PPS is implemented in the declarative,
logical language of SWI-Prolog.

2.3. Model implementation

In the present study, pond food web model specific processes and
parameters were adopted from our previously developed fishpond
model (Sharma et al., 2024). This model considers the underlying pro-
cesses of life, functions (e.g., individual weight-dependent nutrient up-
take, availability-dependent predator-prey interactions, excretion,
mortality, etc.) of the main fish species of common carp (Cyprinus carpio)
as well as the metabolism, biomass formation and decomposition of
other food web components, i.e., zooplankton, phytoplankton, and
detritus. Meteorological conditions, pond management practices (such
as timely input water, feed, and fertilizer supply) and sedimentation
processes are also considered. The model was validated by a series of
pilot experiments.

Considering the plant component in our model, it was assumed that a
monospecific stand of Phragmites australis was present in the pond and its
surroundings. Based on the specific knowledge of growth and phenology
of Phragmites australis (Asaeda and Karunaratne, 2000), a formerly
developed medium complexity, stoichiometric plant growth model by
Varga (2022) was adapted and refined in the present work. Individual
plant parts, i.e., above-ground organs (stems, leaves, and products — here
referred as panicle) and below-ground organs (rhizomes and roots) were
specified according to their characteristics and were modelled as
generalized units. Plant growth in the model began with a fraction of the
initial rhizome biomass carried over to the downflow-store, initiating
leaf production and photosynthesis in the following year. The detailed
formulation of the key phenological events applied in the model is
presented in the Table S1.1 of the Supplementary material. Photosyn-
thesis rates were calculated using simplified equations (van der Werf

et al., 2007; Varga, 2022), and were limited by the fraction of radiation
absorbed by the plants, which in turn is a function of the leaf area index
(LAI) (Soetaert et al., 2004).

Material flows between the plant and other compartments, are
controlled by the supply-demand chain-like representation of the un-
derlying processes. For example, there are radiation-driven and water +
nutrient (N, P) limited push logistic for the phloem-like downflow-store
and evapotranspiration-driven pull logistic from the xylem-like upflow-
store with availability limited supply by uptake from soil. Biomass
growth in the plant was distributed via the downflow-store (phloem) to
plant parts according to their mass ratios in each phenological stage.
Plant growth is dependent on site-specific environmental conditions
such as temperature, light, nutrient availability, and soil type (Silan
et al., 2024), and can vary considerably from place to place. During the
modelling steps, differences in the characteristics of Phragmites australis,
such as a shorter growing season and an earlier biomass peak, were also
identified and further calibrated (Table S1.2). Shoot density was aver-
aged at 70 shoots/m? (Cizkova and Lukavska, 1999; Dinka et al., 2010;
Ritterbusch, 2007) for total biomass estimation. Evapotranspiration
(mm/day) was calculated using the Penman-Monteith equation (Allen
et al., 1998) fed by meteorological data from 2017-2021. Respiration
rate in the plant model for each plant part was calculated in two ways for
each plant part. One part was related to the newly synthesized biomass
and the other part was related to the already existing biomass. The
respiration rates were initially applied from the study by Zheng et al.,
2016 and then were later refined (Table S2).

An extensive set of parameters informed the pond food web model
and reed model are detailed in Mendeley database files (Sharma et al.,
2024) and Section S5 of Supplementary material, respectively. The pond
food web parameters were taken from a previous fishpond model
(Sharma et al., 2024). Parameters for the reed plant sub-model, covering
photosynthesis, evapotranspiration, growth, and respiration, were
adapted from the literature, with preliminary estimates from Varga
(2022). Parameters related to the soil compartment (e.g., N, P, and
moisture contents) were based on USDA WSS and EU LUCAS ESDAC
databases for the Hungarian wet meadow solonetz soil type. The lit-
tering rate was heuristically set at 1 % of the actual biomass from
September to February. Site-specific inputs included land area, reed
density and soil depth for the simulations (details are presented in the
Section 3.2). Additional parameters describe fluxes such as air-land
exchange and soil layer interactions. Nitrogen fixation for reed was set
to zero due to limited data, which requires further investigation.
Mineralization and demineralization rates of inorganic solids to solutes
were estimated from detailed laboratory soil analysis data for the work
of Csukas & Varga (2021) and were modified stepwise during trial and
error-based parameter identification. In order to develop an interme-
diate level of complexity in the coupled fishpond-reed model, stoichio-
metric data on C, H, O, N and P concentrations were incorporated into
the model. A detailed list of the stoichiometric data used can be found in
Section S3 of the Supplementary material.
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3. Results and discussion
3.1. Model development

3.1.1. Simplified conceptual model

A simplified overview about the conceptual model of the studied
fishpond-reed agroecosystem is shown in Fig. 2. The horizontal com-
partments represent the pond and the adjacent reed beds. The terrestrial
reed is present besides the periphery of the pond with roots penetrating
the upper soil layer, while for the reed plants present inside the pond,
the roots are attached to the sediment at the bottom of the pond.

Within the model contour (i.e., in the universe of discourse), the
terrestrial compartment includes vertically an upper soil layer (from the
ground surface to a depth of 1 m), a lower soil layer from a depth of 1 m
to 2 m and a third soil layer from a depth of 2 m to 4 m. Similarly, for the
pond, the vertical compartment includes pond water, sediment layer and
the third soil layer. Pond sediment is apparently within the universe of
discourse, but from time to time it requires management such as bottom
dredging, and the dredged sediment results in either an environmental
load or a by-product for soil improvement.

To represent the ‘infinite’ environment outside the universe of
discourse, an underlying soil layer, the atmospheric layer representing
meteorological conditions, the peripheral surrounding soil-related hor-
izontal parts, as well as the environmental water parts representing the
temporarily used water supply input and water discharge output are also
considered. The material flows between the modelled agro-
environmental system and the adjacent horizontal and vertical envi-
ronmental compartments have been considered as environmental input
and output interactions.

According to our understanding, multiple environmental in-
teractions between the universe of discourse and the environment

Ecosystem Services
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(either as inputs or outputs of the system) also determine various ES. In
other words, almost all regulatory and provisioning ES are determined
by quantified environmental interactions. Nevertheless, there are some
other categories of ES, such as cultural and supporting services, which
are determined by qualitative or semi-quantitative rules designed based
on some quantitative environmental interactions. Accordingly, in the
schematic representation, the discourse universe is surrounded by a
‘layer’ of environmental interactions, while this environment is
embedded in the outer ‘layer’ of qualitatively (or semi-quantitatively)
described ES.

3.1.2. Generation of Programmable Process Structure (PPS) model

The detailed structure of the PPS model for the fishpond-reed agro-
ecosystem and its environmental connections is shown in Fig. 3.

In this visualization, ellipses and rectangles correspond to state and
transition elements, respectively. Edges represent the state to transition
connections, transferring intensive properties and signals, as well as the
transition to state connections, transferring changes in extensive prop-
erties and signals.

According to the conceptual model, in the PPS structure of model the
following compartments were distinguished:

Inside the universe of discourse:

[pond] which contains reed in the pond water and other elements
related to the pond food web;

[land reed] represents the reed on the land and the soil layers
adjacent to the pond;

[groundlayer] is the adjacent ground beneath the pond and land
compartments; and

[atmosphere] represents the adjacent air with the associated mete-
orological conditions; as well as

(considering also cultural and supporting services)

Environmental interactions
(determining al§o regulatory and provisioning ES)

Atmosphere
related ,

Universe of discourse

Upper soil
layer

A ) et Lo
soil Lower soil!
related

layer;

Carp and Water
food web network
o o related
. o
—-13m

-2m

Accumulated sediment att he pond bottom

Considered
ground
-2--4m

Grotind
related

Fig. 2. Conceptual model of the managed fishpond-reed agroecosystem.
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Fig. 3. Structure of the fishpond-reed agroecosystem PPS model.

Outside the universe of discourse:

e [env] compartment that contains the real or virtual ‘storage’ ele-
ments of input and output materials.

The actual state elements in these compartments represent the cor-
responding sets of extensive quantities and input signals, as well as the
calculated intensive quantities (concentrations) and output signals. The
actual transition elements inside or between these compartments
represent the modelled transportation and transformation processes, as
well as the rules. All state and transition elements are calculated by one
of editable and locally executable program prototypes. They can be
added to the general-purpose PPS code during the individual run.

The state program prototypes typically compute intensive properties
from extensive properties, as well as can execute signal collection,
modification, and distribution.

The transition program prototypes calculate the various trans-
formations, transportations, and rules.

The list of actual state and transition elements as well as the calcu-
lation formulas and program codes are summarized in Section S4 and S5
of Supplementary material, respectively.

3.1.3. Model validation

The pond food web model used in this study has already been fully
validated for different pond management scenarios using measurements
from 8 pilot ponds for different pond food web, sediment, water quality
parameters, etc. Further details can be found in Sharma et al. 2024.

For the newly developed reed plant model, data points from pub-
lished literature sources were used for approximate validation of the
model. These included measurements of Phragmites australis growth in
freshwater ponds in Nesty (Czech Republic) from a study by Asaeda and
Karunaratne 2000, which has very similar environmental conditions to

our hypothetical study area in Hungary. The calibration of heuristic
plant model was based on this case. The validation can be considered as
approximate because although the validation points are from the same
temperate climate zone as that of the model case study, the detailed
conditions such as the type of pond, its management, the actual mete-
orological situation, and the ecosystem in general are different. This
comparison of the model simulations for different plant parts biomass
with these literature data is shown in Fig. 4. The normalized root mean
square error (NRMSE, %) (Chai and Draxler, 2014) was calculated to
describe the average deviation between the simulated values and the
observations used for validation (Eq. (1)).

NRMSE = x 100 (€D)]

max — Xmin

Where, Xx; is the i value of the measured values (observed from the
literature, Asaeda and Karunaratne 2000); x;* is the i" value of the
model simulations, i is the ith variable; n is the number of data points;
Xmax and Xpjn are the maximum and minimum values of the measured
values.

The NRMSE values for root, rhizome, stem, leaves, and panicle were
calculated to be 14 %, 6 %, 12 %, 21 % and 34 %, respectively. The
simulated results from the model correspond with measured values
found in the literature for Phragmites australis growth, with reasonable
accuracy. This suggests that the model effectively captures the general
growth dynamics of the plant. However, this agreement is under ideal-
ized conditions that do not consider genetic diversity or environmental
stressors such as competition, hydrological variation, or climatic ex-
tremes. These factors can significantly influence growth patterns and
their exclusion may limit the applicability of the model to sophisticated,
real-world scenarios.

Because this validation was done only with biomass of five
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components in a freshwater pond with Phragmites australis for the one-

301 Rhizome [ _ 10 Root || _ 15 Stem
2 2 2
Sl ol |2 2 1 %
% \\m, g 5 o o g OOI/ \\\\
g 10 i .g - __O.Q ’,’OO 03 g 5 ,t O =
a A A Py
0 O T T T T 0 l’
Jan Apr  Aug Nov Jan Apr. Aug  Nov Jan Apr  Aug Nov

6 Leaves - 0.6 Panicle
2 & ---- Model simulation
By 204 he
2 P g Jo
< -7 \ \
£ > ’,éo o S 0.2 /I X © Measured
Ea I' K ‘\C\) a 0 m’r’\ © \\‘

0 T T T = T ! R T !

Jan Apr Aug Nov Jan Apr Aug  Nov

Fig. 4. Comparison of biomass of different parts of Phragmites australis between model simulations and literature measurements.

year period, a response (sensitivity) analysis was made under the hy-

pothetical baseline conditions of the managed fishpond-reed agro-

ecosystem (see Section 3.3).

3.2. Model simulations

The baseline model was set up for a hypothetical 10 ha (400 m x 250

m) Hungarian round dam fishpond with a nominal depth of 1.3 m. It was
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Fig. 5. Model simulations for (a) water balance in the pond; (b) biomass of pond food web elements; (c) biomass of different parts of the reed in the pond; (d)
dissolved oxygen (DO) in the pond water; (e) nitrogen (N) and phosphorus (P) concentrations in the pond water; (f) sediment accumulation at the pond bottom, (g)
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assumed that the pond, which initially contained 10,000 m® of water,
was filled to 130,000 m® over 10 days starting on 1 February and that
water was released at a rate of 6500 m3/day for 20 days after harvest.
Stocking density followed semi-intensive practices at 300 kg/ha, with
the production season running from 1 April to 31 October. Feeding was
based on fish weight: 4 % of biomass for carp weight (1 kg; 3.5 % for
carp between 1-1.5 kg and 3 % for carp ) 1.5 kg. Pond manuring
practices included the addition of 1 t/ha of cattle manure (fertilizer) on 3
February before filling, plus 0.5 t/ha on 1 June, 1 July, and 1 August
(total 2.5 t/ha/season). The simulations used HuClim meteorological
data (2017-2021) from the Southern Great Plains. Reed covered 50 % of
the perimeter (650 m x 20 m) and 20 % of the pond surface, growing
from 28 February to 31 August. Each year, 75 % of the pond and 50 % of
the terrestrial reed was cut in January, leaving 50 % for biodiversity.

The coupled model was applied to the baseline case and five-year
simulations were run continuously between production seasons.
Detailed description of all initial values and model parameters associ-
ated with the baseline case are presented in "PRF _baseline’ file in the
Mendeley database (Sharma et al., 2025).

Some examples of model-based simulations are presented in Fig. 5
(a-1). Fig. 5(a) illustrates model simulations of the pond’s water balance,
where 10,000 cm? of water remains after discharge, preserving nutrients
and food web elements between production seasons. This ’dormant’
state of the pond water allows for natural initial conditions in the next
season. The first-year simulations with arbitrary initial values showed
fluctuations, highlighting sensitivity issues in certain scenarios. We
therefore ran multi-year simulations, which stabilized the model from
the second year onwards, and the simulations reached a trend over the
five-year period. However, small differences between consecutive years
express the effect of changing actual meteorological conditions. The
simulations for the biomass of different elements of the fishpond food
web are presented in Fig. 5(b). The simulated amount of fish biomass
production by the end of the season (under typical semi-intensive
practices) is very close to the respective industry level averages in
different Central and Eastern European countries (Francova et al., 2019;
Kiss, 2024; Varga et al., 2020). The changing biomass of each plant part
of the reed in the pond is shown in Fig. 5(c). Simulations of aboveground
biomass (AGB) (including stem, leaves and panicles) of reed follow a
sigmoid curve, as described by Engloner 2009, and in our model, with
biomass peaking between July and September. Rhizomes grow in sum-
mer but decline in spring due to reserve depletion, while root biomass
remains stable. It is to be noted that continuous increase of rhizome
along the years is in accordance with the life cycle of reed. As the model
case includes the phenomenon of reed cutting and littering, the model
simulations show a sharp decline in AGB at the end of the season.
Simulations for pond water quality related parameters such as dissolved
oxygen (DO) content and N and P concentration and in pond water are
shown in Fig. 5(d) and (e). The applied fertilizer slowly decomposes
through detritus into sediment, and a significant proportion of the N and
P ends up in the pond water. The simulated amount of sediment or
sludge accumulation on the pond bottom is shown in Fig. 5(f). It was
assumed that no sediment was present at the start of the model (the first
year) and that no sediment was removed over the five-year period. The
sediment accumulated over the years can have a negative impact on the
operational processes of the pond. It is therefore recommended that the
bottom of the pond is dredged at regular intervals (every three to five
years). It is also important to consider the reuse options of the
nutrient-rich fish pond sediment and discharged pond water, e.g., as
fertilizer, for irrigation of less sensitive agricultural areas, etc. (Lin and
Yi, 2003).

Model simulations determined specific process rates for nutrient,
gas, and water exchange in the fishpond-reed agroecosystem over five
years (Fig. 5 (g-1)). Fig. 5(a) shows the lateral flow rates of N and P
between the pond and upper soil layer. These fluxes result from the
differing N and P pools in pond water and soil layers (Fig. 5(b)). Due to
higher nutrient concentrations in the pond (as compared to the
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surrounding unfertilized reed), nutrients generally flow from the pond
to the land, though this reverses when the pond is drained at the end of
the production season. Results for N, P, and water flows in the lower soil
layer are in Fig. S6.1 and S6.2. of the Supplementary material. Seepage
from the pond bottom is prevented by a compacted layer (e.g., clay or
other waterproof material) (Tucker and Hargreaves, 2009), therefore in
our model, the vertical exchange rates of N, P and water between the
pond and the ground soil layer were considered by a zero-rate coeffi-
cient. According to their stoichiometric requirements, reed plants
continuously absorb N and P from soil and pond water (Fig. 5(c)), with
higher uptake rates in aquatic reeds due to readily available dissolved
nutrients. According to Headley et al. (2001), Toet (2003) and Sim et al.
(2008), consistent with our modelling results, Phragmites australis
nutrient uptake efficiency is 0.53-3.44 kg/ha/day for N and 0.24-0.52
kg/ha/day for P.

Reed vegetation has a high primary productivity and thus a high CO2
sequestration (28.93 t/ha/year, Fig. 5(d)), aligning with literature-
reported values (25.4 - 38.1 t/ha/year; Dong et al., 2012). While
annual CO:z emissions from respiration reach 6 t/ha/year, the system
remains a net carbon sink. Morris et al. (2013) also indicated that in
aquatic systems vascular plants play a much larger role in carbon fixa-
tion in wetland systems compared to other photosynthetic components,
such as phytoplankton. Additionally, soil respiration emits 3.16
t/ha/year COz, while O: is released at 13.6 t/ha/year (Fig. 5(e)). The
agroecosystem also influences local moisture regulation via evapo-
transpiration from reeds and evaporation from soil and pond water
(Fig. 5(f)). The average rate of evapotranspiration for Phragmites aus-
tralis from the model output, i.e., 1.08 mm/day, is apparently within the
range reported in the literature (Milani and Toscano, 2013). Further
process rates including Oz production by eukaryotes and cyanobacteria,
littering, sedimentation, and decomposition of feed and fertilizer are
detailed in Fig. S6.3 to Fig. S6.10 in the Supplementary material.

The simulation results of the developed model can be further useful
to track the source, sink and the overall balance of various stoichio-
metric components such as N, P, CO, O, and water, which have domi-
nant environmental impacts. Some examples of such model applications
are presented in Section S7 3.4 and in Section 7 of the Supplementary
material.

3.3. Sensitivity (response) analysis

Given the limited data available for the validation of the reed model,
the sensitivity of some selected model parameters was tested. During
this test, the value of the selected model parameters were changed by
(£)10 % and 20 %. Previous modelling studies (Soetaert et al., 2004 and
Aseada and Karunaratne, 2000) on Phragmites australis provided a
background for the chosen parameters. A detailed overview of these
response checks and parameter changes, involved in sensitivity analysis
are summarized in Table S8.1 in the Supplementary material.

An example for a sensitive model parameter is the radiation use ef-
ficiency in photosynthesis (Et, kg woody dry matter per MJ intercepted
global radiation). In Figs. 6a-c, the change in leaves, stem and rhizome
biomass (kg/pc) for the baseline, and for the increased and decreased
values are shown. This illustrates that the biomass of all reed compart-
ments is sensitive to the change of this parameter along the five years
simulations. Leaf and stem biomass explain slightly different, but peri-
odically limited curves in the subsequent years. Rhizome behaves more
differently, because its remaining amount accumulates. First year is
determined by the arbitrary initial values, afterwards the yearly fluc-
tuations are determined by the different meteorological situations.

Figs. 6 (d-f) show an example of a set of simulations of the respiration
parameters for both the active and senescent phases of the reed in the
pond. These parameters include: constant K (1/day) - the respiration
parameter for the newly synthesized biomass; resp_leaves, resp_stem,
resp_root, resp_rhizomes, resp_product (kg/kg/day) - the respiration
parameters for the available biomass of the given plant parts. The results
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Fig. 6. Model simulations of leaf biomass (a, d); stem biomass (b, e), rhizome biomass (c, f) and relative standard deviation (RSD) (g, h) of reed in pond in response
to changing the radiation use efficiency in photosynthesis (Et) (a-c & g) and the respiration rate parameter (Constant K, resp_leaves, resp_stem, resp_root,

resp_rhizomes, resp_product) (d-f & h).

for respiration parameters show that the model is insensitive to simul-
taneous changes in these parameters in the range (+) 20 %. Further
examples for sensitivity related analysis for reed on land and other pa-
rameters including littering rate etc. can be found in section S8 of the
Supplementary material.

The relative standard deviation (RSD) (Eq. (2)) was calculated in
every time step of the model (Fig. 6 (g-h)) to understand how sensitive

MEES @

where, x; is the i value of the model simulation for reed parts biomass;
X is the mean biomass value of the plant part for changed parameter
values; n is the number of data points.

model outputs are to change in parameters:

A high RSD means greater variability and possibly less reliability.

Table 1
Description of the investigated scenarios.
D Stocking density Reed cover in pond Reed cutting Removal of cut reed, Reed cutting (terrestrial) Removal Fertilization
(kg/ha) (%) (in pond) (y/n) (%) of cut
(%) Reed
(y/m)
(terrestrial)
1 300 1 75 n 50 n 2.5 t/ha
2 300 10 75 n 50 n 2.5 t/ha
3% 300 20 75 n 50 n 2.5 t/ha
4 300 30 75 n 50 n 2.5 t/ha
5 300 10 75 y 50 y 2.5 t/ha
6 300 20 75 y 50 y 2.5 t/ha
7 300 30 75 y 50 y 2.5 t/ha
8 200 20 75 n 50 n 2.5 t/ha
9 400 20 75 n 50 n 2.5 t/ha
10 600 20 75 n 50 n 2.5 t/ha
11 300 20 75 n 0 n 0 t/ha
12 300 20 75 n 0 n 1 t/ha
13 300 20 75 n 0 n 12.5t/ha

" Baseline scenario.
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The results for the changing Et highlight that the biomass of all reed
compartments is sensitive to the change in this parameter over the five-
year simulation period. During model calibration, we tuned mostly Et
parameter of photosynthesis, which corresponds to this result.Table 1

3.4. Fishpond management-based hypothetical scenario development and
analysis

Based on typical fishpond management practices, 13 scenarios (ac-
cording to different stocking densities, fertilizer inputs and reed man-
agement) were developed to examine the environmental interactions
between fishpond and the surrounding environment. The description of
these scenarios is provided in Table 2

In the first set of scenarios (ID 1 to 4), the effect of reed cover in the
fishpond on various environmental parameters was investigated. Fig. 7
(a) shows that with the increasing reed cover the amount of CO; retained
increases. Reed cover in the pond above a certain level (here 20 % of the
pond surface) limits photosynthetic activity (CO2 sequestration) and
further restricts plant growth due to competition for space and nutrients.

The important function of nutrient retention by Phragmites australis is
highlighted in Fig. 7(b), where the quality of fishpond effluent water
improves drastically with increasing reed cover. The N concentration
changes from 19.7 mg/1 to 6.5 mg/1 and the P concentration changes
from 4.3 mg/1to 0.79 mg/1 in the effluent when the reed cover increases
from 1 % to 30 % respectively.

During the process of littering, the reeds produce residues which
further decompose and contribute to the sediment in the pond. Thus, a
large reed cover produces more pond sediment Fig. 7(c), which in the
longer term can have negative effects on fish production activities. The
model simulations also showed that the total fish biomass harvested at
the end of the season remained the same (i.e., 802 kg/ha), even if the
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reed cover in the pond changed. It is important to note that the model is
limited in terms of spatial variability of reed distribution. Therefore, an
increase in reed cover does not affect the aquatic space for fish pro-
duction and the biomass of harvested fish remains unchanged. Two sets
of scenarios, ID 2, 3, 4 - where the cut reed is left in the area and 5, 6, 7 -
where the cut reed is removed from the system, were also compared for
the sediment produced (Fig. 7(c)). There is a slight decrease (i.e., 10 %)
in pond sediment when the cut reed is removed from the system. This
effect is small because the decomposed reed contributes marginally to
the sediment composition compared to decomposed parts of litter, fer-
tilizer, fish excreta and other decomposed elements of the food web,
which contribute significantly. Additionally, the harvested reed biomass
is suitable for use as biomass energy plants, to produce thatched roofs,
reed panels for wall reinforcement, insulation material for houses, ani-
mal feed and fertilizer in agriculture, etc. (Kobbing et al., 2013).
Frequent reed harvesting is also beneficial for biodiversity conservation
as it helps to create more diverse reed communities that provide better
habitats for a range of species (Hegedtis, 2016).

The change in stocking density (Scenario 8, 9 and 10) affects the fish
weight gain factor (Fig. 7(d)). For a given manuring and feeding con-
dition (as described in the baseline case), a very small magnitude of
increase in the overall biomass was seen even when the stocking density
was tripled (from 200 kg/ha to 600 kg/ha). At higher stocking densities,
the increased oxygen consumption by the fish reduces the DO in the
pond water (Fig. 7(e)), thus negatively affecting fish growth. Therefore,
at high stocking densities, especially on hot days, aerators must be used.
Fig. 7(f) shows that an increase in fertilizer input is directly correlated
with an increase in sediment accumulation in the pond. This relatively
high value of fertilizer does not contribute to the productivity of the
pond food web; therefore, fish production is not significantly affected.
For example, as compared to 1 t/ha of fertilizer supply, the fish yield

Table 2
Examples for the categorization of model outputs as ecosystem services from pond-reed system.
Division Group Class Indicator Model Model element/ Explanation
(Based on Haines-Young and Potschin-Young, 2018) compartment process
(i) Regulatory and maintenance services
Maintenance of Atmospheric Global climate regulation Carbon Reed Photosynthesis CO,, sequestered from
physical, chemical, composition and by reduction of greenhouse  sequestration atmosphere
and biological climate regulation gas concentrations Carbon storage
conditions
Regulation of physical, Regulation of temperature Local moisture Reed Evapo- Emission of water vapor from
chemical, biological and humidity, including recycling capacity transpiration plant surface
conditions ventilation and Pond+Soil Evaporation Movement of water from
transpiration pond to air
Other types of Other Other Micro-scale oxygen Reed Photo-synthesis O, released to the air
regulation and production Soil Respiration
maintenance service Aquatic oxygen Pond Food web O, produced by eukaryotes
by living processes production primary and cyanobacteria, which is
production used by various aquatic
organisms
Mediation of flows Liquid flows Hydro-logical cycle and Soil moisture Reed Side flows Moisture retention in the soil
water flow maintenance around the pond
Water store Environment Water storage Water collected in the pond
capacity
Mediation of waste, Mediation by Filtration/sequestration/ Nitrogen and Pond Detritus Accumulation in sediment
toxics and other ecosystems storage/accumulation by phosphorus Land reed Side flow Accumulation in the soil
nuisances ecosystems retention and through lateral flows
removal
Uptake by plant Uptake from upper soil

(ii)Provisioning services
Material and Energy

Nutrition
Non-aqueous natural

abiotic ecosystem
outputs

Biomass and Biomass-
based energy sources

Biomass
Mineral substances

used for nutrition,
materials, or energy

Materials from plants and
plant-based resources

Animals from in-situ
aquaculture

Mineral substances used for
material purposes

Harvested reed
biomass for various

Environ-ment

Product reed

solution by reed plant

Harvested photo-synthetic
reed biomass

purposes

Aquaculture Pond Produced carp Harvested carp at the end of
production the production season
Nutrient rich Pond Sediment mass Potential utilization of pond

sediment from the
pond

sediment for growing
different vegetables crops etc.
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Fig. 7. Model simulations for (i) scenarios with changing reed cover (a) CO, retained by reed vegetation annually (t/y); (b) the concentration of N and P in effluent
water (mg/1); (¢) amount of sediment in the pond (t/ha/y); (ii) scenarios with changing stocking densities (d) fish weight gain factor and (e) dissolved oxygen (DO);
(iii) scenario with changing stocking densities fertilizer input (f) total sediment (t/ha/y), N and P conc. (g/kg) of the sediment.

increased by only 68 kg/ha when fertilizer supply was increased to 12.5
kg/ha. The Fig. 7(f) also shows that the fertilizer contains a dispropor-
tionately high amount of N compared to P, which is also evident in the
sediment. However, the N:P ratio in the sediment decreases with
increasing fertilizer input. According to the natural N:P stoichiometric
requirements of phytoplankton (Klausmeler et al., 2004), N uptake is
favored (from the elevated N levels in the pond water from fertilizer
decomposition), thus contributing to the reduced N:P ratio in the
sediment.

3.5. Model-supported assessment of ecosystem services

The process model-based simulations were used to identify
ecosystem service (ES) and dis-service (EDS) indicators for fishpond
aquaculture. Freshwater pond ES assessments often lack detailed
ecosystem function descriptions and quantitative justifications. To
address this, we selected ES indicators from Maes et al. (2014) and other
pond aquaculture studies (Hoess and Geist, 2022; Rey-Valette et al.,
2024; Willot et al., 2019), aligning them with the Common International
Classification of Ecosystem Services (CICES). The indicators were cate-
gorized into provisioning, regulating, and maintaining, and cultural
services to suit freshwater aquaculture. A detailed categorization linked
ES to model compartments, elements, and processes, as shown in
Table 2. The model simulations also captured ES flows between the
universe of discourse and the environment, as well as within the system
boundaries such as oxygen production by phytoplankton and nutrient
transfers between pond and soil.

The simulated quantitative outputs can also be used to determine the
other categories of ES such as cultural services by using proxy indicators.
These can be easily characterized based on rule-based qualitative layer
generated by the simulations of the quantitative models. Pond attrac-
tiveness and recreational appeal are closely tied to water clarity,
commonly measured using Secchi depth. This metric, influenced by
phytoplankton, detritus, dissolved oxygen, and nutrient levels (Alam
et al., 2017), can be predicted using empirical relationships (Zou et al.,
2020). The model can integrate a rule-based assessment of aesthetic
value: If Secchi depth = ‘range’ (i.e., between 0.25 and 0.30 m (Terziyski
et al., 2007) then aesthetics = ‘supported’. Depending on the range of
Secchi depths prescribed for different types of water bodies, the rule may
be modified. In many European regions, reed harvesting for construction
materials (e.g., mats, fencing, insulation, roofing) is a long-standing
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tradition, enriching cultural heritage and tourism appeal (Kobbing
et al., 2013). This practice can serve as a proxy indicator for cultural
value, modeled using the following rule: if reed for use = ‘large_amount’
(e.g., reed cover in pond > 20 % and harvesting 75 % or more) then thatched
houses = ‘many’ (e.g., between 10-20) and compostable_used roof = ‘yes’
(i.e., nitrogen and phosphorous return to soil) and heritage = ‘supported’ and
aesthetics = ‘supported’ and recreation = ‘supported’.

While ecosystem services (ES) provide benefits, certain processes
also result in negative environmental impacts, termed ecosystem dis-
services (EDS). In fishpond aquaculture, key EDS include land use,
poor water quality in discharge, high water consumption, and effects on
groundwater and soil (Bosma and Verdegem, 2011; Tucker and Har-
greaves, 2009). Despite their significance in overall environmental as-
sessments, EDS remain underexplored (von Dohren and Haase, 2015),
and no standardized classification exists for pond aquaculture. There-
fore, the quantitative simulation of the developed models was further
used to define appropriate EDS indicators (Table 3), enabling a balanced
evaluation of trade-offs between fishpond-related services and
dis-services. For example, during droughts or low rainfall, pond water
requirements may conflict with other critical water needs. Society’s
perception of macrophyte overgrowth also varies depending on recre-
ational activity and user type (Thiemer et al., 2023).

4. Conclusion and outlook

In line with our main aim, this work has demonstrated a novel
approach for better understanding and more effective application of a
quantitative balance-based holistic background of environmental in-
teractions and ecosystem services. The methodology was demonstrated
via a typical case study of carp production pond partially covered by
reed vegetation and surrounded by reed beds.

The objective (i) focused on using the Programmable Process
Structures (PPS) framework to implement the conceptual model for the
fishpond-reed agroecosystem. PPS allowed the development of a dy-
namic model based on unified state and transition elements, integrating
physical, chemical, biological, ecological, technological, and managerial
processes. Approximate stoichiometric [C, H, O, N, P] compositions of
the pond food web elements, reed, feed, and fertilizer, were considered
in the model. Multi-year simulations were used to reduce the sensitivity
to arbitrary initial values. From the second year onwards, the model
started in a dormant state and evolved naturally from previous



P. Sharma et al.

Table 3
Categorization of model outputs as ecosystem dis-services from pond-reed
system.

Definition Indicator Model Model Explanation
compartment  element
/process

Regulatory dis- Released Land reed Soil CO;, released
service: Local CO, respiration by soil to the
climate atmosphere
destabilization Land reed + Plant CO,, released
by increase of Pond reed respiration by plants to
greenhouse gas the
concentrations. atmosphere

Pond Desorption CO, released
by pond
water to the
atmosphere

Regulatory dis- Emission Pond Wastewater COy, N, and P
service: of excess and are released
Release/ nutrients biowaste in areas
dispersion/ (N, P) and discharge surrounding
emission toxic the pond
/Dispersal from gases
ecosystems. (CO2)

Provisioning dis- Vol. of Pond Water Amount of
service: natural water supply water
abiotic used required for
ecosystem pond filling
inputs conflicts with

water for
human needs

simulations. This approach not only stabilized the results, but also
captured the natural adaptation and self-regulation of the ecosystem. In
line with objective (ii), the developed model was then set up and
implemented for a baseline case of typical fishpond management in
Hungary. Detailed outputs were generated showing the impact of pond
management interventions on environmental processes, including spe-
cific process rates and the comprehensive set of environmental impacts.
In contrast to the individual assessment of different environmental im-
pacts (such as greenhouse gas emissions (GHG), nutrient use efficiency,
nutrient emissions into the natural water network, etc.), the developed
novel approach made the intrinsically linked sub-processes visible
within the integrated model of the studied system. This made it possible
to analyze dynamic balances, causal relationships and material flows
between and within the studied subsystems. Considering objective (iii),
the application of model for the analysis of the impact of different hy-
pothetical management scenarios on the environmental interactions was
demonstrated. Finally, as stated in objective (iv), model inputs and
outputs defined by environmental interactions were used to determine
most of the regulating and provisioning ES. Cultural and habitat sup-
porting services for biodiversity were represented by qualitative and
semi-quantitative rules. The negative environmental impacts of the
fishpond (ecosystem dis-services (EDS)), were also identified using
model simulations. The applied approach and framework in this study
helped to clarify the apparent partly overlapping position of environ-
mental interactions and ES.

The main limitation of the developed model is the insufficient vali-
dation in the lack of long-term measurements for Phragmites australis
growing in semi-intensively managed fishponds. However, the sug-
gested method provides a feasible basis for further validation and im-
provements. The more detailed sensitivity analysis of the model
motivates also the experimental design of future field measurements.

Our ongoing work also aims to develop the full set of systematized
rules that can be combined with the quantitative model in a decision
support tool for the assessment of quantitatively represented (e.g.,
scaled, or fuzzy) or fully qualitative indicators of ES.
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