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Abstract Here, we communicate a point of departure
in the development of aquatic ecosystem models,
namely a new community-based framework, which
supports an enhanced and transparent union between
the collective expertise that exists in the communities
of traditional ecologists and model developers.
Through a literature survey, we document the growing
importance of numerical aquatic ecosystem models
while also noting the difficulties, up until now, of the
aquatic scientific community to make significant
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advances in these models during the past two decades.
Through a common forum for aquatic ecosystem
modellers we aim to (i) advance collaboration within
the aquatic ecosystem modelling community, (ii)
enable increased use of models for research, policy
and ecosystem-based management, (iii) facilitate a
collective framework using common (standardised)
code to ensure that model development is incremental,
(iv) increase the transparency of model structure,
assumptions and techniques, (v) achieve a greater
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understanding of aquatic ecosystem functioning,
(vi) increase the reliability of predictions by aquatic
ecosystem models, (vii) stimulate model inter-com-
parisons including differing model approaches, and
(viii) avoid ‘re-inventing the wheel’, thus accelerating
improvements to aquatic ecosystem models. We intend
to achieve this as a community that fosters interactions
amongst ecologists and model developers. Further, we
outline scientific topics recently articulated by the
scientific community, which lend themselves well to
being addressed by integrative modelling approaches
and serve to motivate the progress and implementation
of an open source model framework.

Keywords Ecological modelling - Open source -
Model development

Introduction

Mathematical models are one of the principal instru-
ments of modern science, and are increasingly being
acknowledged for their role in scientific understanding
and ecosystem management practices (Frigg &
Hartmann, 2006; Schmolke et al., 2010). The devel-
opment and application of numerical aquatic
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ecosystem models has been a rapidly growing field in
aquatic sciences, in particular since the 1990s, with
progression of computer technology, increasing needs
for quantitative management of aquatic environments
and a desire for more quantitative approaches in
ecology (Rigler & Peters, 1995). The applicability of
these aquatic ecosystem models spans across a wide
range of time scales (Fig. 1) and spatial scales (ranging
from zero-dimensional to three-dimensional), and their
widespread use and increasing importance are evident
from recent exponential increases in citations of these
models in the scientific peer-reviewed literature
(Fig. 2).

While a review by Jgrgensen (1995) identified the
need to make advances in the ecological representa-
tion (complexity) of ecosystems as the main challenge
for aquatic ecosystem models during the 1990s, little
progress has been made in this area during the past two
decades, despite their increasing use. We argue that
this languid progress is not caused by a lack of
knowledge about ecosystem functioning, but rather
the limited extent of open communication, inadequate
collaboration and lack of suitable structure to support
the aquatic scientific modelling community (see Mooij
et al., 2010). This is evident from the Ecobas Register
of Ecological Models (http://ecobas.org/www-server/
index.html) which indicates that >100 aquatic models
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Fig. 1 Timescales, research topics and examples of associated peer-reviewed studies for applications of lake ecosystem models
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have been in existence in the past two decades, many
of which have similar levels of ecological complexity
and intent in terms of simulating selected components
of aquatic ecosystems. This is in clear contrast to the
progress made in climate modelling, where the sci-
entific community has been able to focus and manage
the development of a limited subset of well-respected
climate models, and often apply these as an ensemble
suite to quantify uncertainty of predictions (Pennell &
Reichler, 2011). In the development of climate mod-
els, the Intergovernmental Panel on Climate Change
(IPCC) has played a key role in moderating progress,
managing the expectations around model certainty,
stimulating model sensitivity analysis and across-scale
(regional vs. global) validations, and acting as an
interface between the modellers and the public
(Randall et al., 2007).

Year

We analysed literature relating to a subset of
aquatic ecosystem models, including those described
in Mooij et al. (2010), and those listed in the Ecobas
Register of Ecological Models. Our literature search
was limited to the medium “aquatic” and keywords
“lake(s)” and to those with an acronym/name unique
to the model (limiting the dataset to 18 different
models). The results indicate that once developed
many of the models are seldom if ever used and rarely
cited in the peer-reviewed literature (Fig. 3). This
analysis emphasizes the phenomenon identified by
Mooij et al. (2010) of ‘re-inventing the wheel’
whereby much of the lengthy phase of development
of new models repeats all but a fraction of the content
of existing models. Consequently, many of these
models quickly become obsolete and generate negli-
gible contribution to the wider modelling community
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and scientific knowledge. Only a few models, exem-
plified by a selection of four of the most cited models
(Fig. 3), have demonstrated increasing use evident
through a rise in publications and citations (Fig. 4)
albeit that it has taken 5-10 years from the initial
publication of the models before the initiation of a
rapid increase in citations. However, these models
either have restrictions on access to source codes, or
limited flexibility and/or complexity in their hydro-
dynamic and/or ecological modules, thereby compli-
cating further improvements.

Point of departure

In this article, we communicate a point of departure for
the future development of aquatic ecosystem models.
Twenty-five modellers from twelve different countries
gathered together for a three-day workshop on Lake
Ecosystem Modelling held in Silkeborg, Denmark in
September 2010. This group initiated an open forum
for aquatic ecosystem modellers—a new grassroots

network. The objective of this network, now known as
the Aquatic Ecosystem MOdelling Network (AEMON)),
is to promote and engage in development of open
source models, released under the GNU General
Public License (http://www.gnu.org/licenses/gpl.html),
so that there is open sharing and exchange of common
versions of models, and the models and model
approaches being explored remain as open software
for all users. This approach is not intended to solve the
ambiguities scientists have in conceptualizing model
structure, but rather through AEMON we aim to
(i) advance collaboration within the aquatic ecosystem
modelling community, (ii) enable increased use of
models for research, policy and ecosystem-based
management, (iii) facilitate a collective framework,
using common (standardised) code, to ensure that
model development is incremental, (iv) increase the
transparency of model structure, assumptions and
techniques, (v) achieve a greater understanding of
aquatic ecosystem functioning, (vi) increase the reli-
ability of predictions by aquatic ecosystem models,
(vii) stimulate model inter-comparisons including
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Fig. 3 Publications and citations for individual aquatic models
listed in the Ecobas Register of Ecological Models (REM,
http://ecobas.org/www-server/index.html). Number of publica-
tions and citations were based on ISI Web of Science database
search using the model acronyms as keywords. Models included
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from REM were limited to the medium “aquatic” and keywords
“lake(s)” and further limited to those with an acronym/name
unique to the model (e.g., the model “foodweb” was excluded
from the citation analysis). Three additional models were added
based on a recent modelling review by Mooij et al. (2010)
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Fig. 4 Scientific citations of the lake ecosystem models
DYRESM(1D)/ELCOM(3D)/CAEDYM (first publication in
1991), PCLake (first publication in 1995), CE-QUAL-W?2 (first
publication in 1997) and PROTECH (first publication in 1999).
Citation data were based on ISI Web of Science database search
using the model acronyms as keywords (self-citations are
included)

differing model approaches, and (viii) avoid ‘re-
inventing the wheel’, thus accelerating improvements
to aquatic ecosystem models.

A community-based framework for aquatic
ecosystem models

While it may take several years after a model has been
developed by an individual modelling group before it
is widely accepted and cited in the literature (exem-
plified by the 5-10-year lag-phase in citations in
Fig. 4), there are ways to greatly increase the exposure
of new model developments as a community. Through
use of a common vocabulary and standards, agreed
scientific hypotheses, and experiments with model
structures, different model approaches can be better
explored and scrutinized. It is envisaged that this
approach will facilitate inter-disciplinary research by
ensuring specializations common to individual
researchers can be linked together within an inter-
disciplinary scientific network that is predicated upon
a community-based modelling framework.

Our overall goal is to develop a new community-
based framework for aquatic ecosystem models which
is flexible and readily expandable to allow model
users and developers to couple a diverse array of
hydrodynamic or hydrological drivers to one or

several types of biogeochemical and/or ecological
modules (Fig. 5). Hence, it is not our intention to
develop a one-for-all “super model”, but rather a
framework that readily allows the use of a range of
different models—of various complexities—which
can be used and further adapted, based on the purpose
and data availability of a given modelling exercise. By
decoupling the requirement that a particular ecolog-
ical model is tied to specific physical transport models
we will be able to more efficiently apply the model
across a diverse range of aquatic environments (e.g.,
wetlands, lakes, rivers and coastal waters) and support
our search for commonalities between systems and,
through synthesis activities, define universal descrip-
tors of processes. The challenge is to develop a
generic and flexible interface approach where bio-
geochemical and ecological processes are ‘split’ from
the components dealing with transport and mixing.
While such an approach has been demonstrated
widely with individual physical models and physical
processes, such a system has so far not been employed
within the aquatic sciences community for coupling of
biogeochemical and ecological modules to a diverse
array of physical model approaches and grid types. In
practice such a flexible system may only be realized
through community-based development capitalizing
on collaboration amongst modellers, ecologists, and
physical limnologists who invest in the substantial
setup and validation efforts at individual sites. An
example of such a framework is the Fortran-based
Framework for Aquatic Biogeochemical Models
(FABM, http://sourceforge.net/projects/fabm/, devel-
oped as part of the European FP7 project Marine
Ecosystem Evolution in a Changing Environment).
Experiences from the early development of this
framework have identified two cornerstones that are
essential for a generic framework to succeed.

Cornerstone 1: localized interaction in time
and space

To achieve independence of the specifics of hydrody-
namic and hydrological drivers, biogeochemical and
ecological modules cannot make assumptions of the
dimensionality and structure of their (modelled)
environment. By default, this suggests that the under-
lying processes are best modelled as local responses at
a single point in space and time: based on the local
value of environmental and biogeochemical variables,
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<« Fig. 5 A framework for a flexible modelling system for aquatic
ecosystem models, including a range of hydrodynamic drivers
and ecological/biogeochemical modules/packages, which can
be developed and modified by the scientific community.
Examples of ecological packages would be PDE (mass
balance-based partial differential equation), IBMs (Individual
Based Models) and empirical models

such modules modify the system by providing local
sink and source terms. The responsibility for the final
integration of these local terms across the full spatial
domain and in time comes to lie with the physical
driver, which generally includes the logic (e.g.,
numerical schemes for advection, diffusion, time
integration) for this specific purpose. By casting
biogeochemistry and ecology as local processes, the
way is open for closer integration of Eulerian
(population/community) and Lagrangian (individual-
based, IBM) models, similar to the approaches
recently demonstrated by Makler-Pick et al. (2011).
A modelling framework built upon local responses to
local conditions should just as easily couple a popu-
lation model to a grid-based physical driver, as is the
case for an IBM to a Lagrangian transport model.
Ultimately, we envisage that such a framework will
allow for the application of hybrid models (i.e., mixed
modelling approaches), which have defined sets of
variables packed together in particles or individuals,
and responding to local conditions. Hence, the frame-
work could contribute to the bridging of the tradition-
ally distinct worlds of population modelling and IBMs
(Grimm et al., 2005).

Cornerstone 2: module isolation with supervised
information sharing

No model of a specific biogeochemical or ecological
process is an island. Their response nearly always
depends on the physical environment (e.g., tempera-
ture, light). In addition, the response will often depend
on biogeochemical variables outside their specific
model domain. For instance, a model of phytoplankton
will depend on nutrient availability, which may be
described by a specific, detailed model for the
inorganic nutrient cycle. Ideally, models would be
coded once, by scientists closest to the subject matter,
and then shared. The resulting modules should inte-
grate dynamically (i.e., at run time, not compile time)
in coupled models of food webs and elemental
cycles. This requires that individual modules are

self-contained and agnostic about each other’s pres-
ence. To achieve this, modules should register both the
variables they describe and the external environmental
and biogeochemical variables they depend on, but they
must relinquish control over the location of the
variable values. A modelling framework should
therefore include pre-processing macros that handles
these operations, and should maintain up-to-date
values for all variables, and pass these to individual
modules when needed. Through this division, a
coupling/communication layer (part of the frame-
work) can be nested between the central variable store
and individual modules, allowing it to link variables
from the different biogeochemical and ecological
modules (as well as those residing in the physical
driver) according to user-supplied, simulation-specific
settings. Such a construction permits dynamic recom-
bination of biogeochemical modules in large coupled
models. Moreover, it places this functionality in the
hands of users, not programmers. An early demon-
stration of the feasibility of such a generic framework
is found in the Framework for Aquatic Biogeochem-
ical Models (FABM), which, while in an early stage of
development, is already capable of hosting multiple
coupled biogeochemical modules and connecting to
several 1D and 3D hydrodynamic drivers. On top of
FABM, a highly generic, modular aquatic ecosystem
model is currently being developed (M. R. Hipsey,
unpublished), which is based on the philosophy of the
two cornerstones outlined in this article. This consists
of a collection of flexible model objects implemented
in Fortran 2003, this language is chosen to maximise
compatibility with existing codes and hydrodynamic
drivers. Each model object will focus on a key
ecosystem component (e.g., nutrients, phytoplankton,
organic matter, macrophytes, fish), and constructed so
users can easily add/remove variables within a model
component with limited coding (e.g., multiple phyto-
plankton groups in the phytoplankton module), or
alternatively port in existing code. The framework is
also designed to embrace mixed-modelling
approaches and thereby facilitate linking of modules
that adopt different underlying model approaches.
Cross-module dependencies (e.g., phytoplankton
module depends on nutrient module) are able to be
setup by registering them within a central coupling
layer, as proposed above. Importantly, through its
description of spatially localized interactions and
abstraction from the physical driver, the code library
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allows coupling with a diverse range of hydrodynamic
model grids, thereby encouraging adoption of the
model across a range of environmental applications.

Scientific topics addressed by the community

The motivation for engaging in open source model
development, which will also benefit others who may
apply the models, will primarily be to advance
scientific understanding using the models as a tool to
predict and potentially to manage ecosystem behav-
iour. During the AEMON workshop in Silkeborg, a list
of eight currently pertinent scientific topics was
outlined, which lend themselves well to being
addressed by the community. These topics include:

— application of the ensemble suite of model
conceptualizations developed through AEMON
to elucidate the influence of model complexity on
predictive capability;

— exchanging data from a globally distributed net-
work of lake observatories for a generalized model
validation across broad ranges of time scales and
key ecosystem gradients, such as lake size, mixing
regime, trophic status, and geological and land-use
settings;

— development of models that include state variables
which directly or indirectly can be used as
indicators and predictors of biodiversity and
functional diversity;

— coupling of aquatic ecosystem models with mete-
orological models and catchment models to quan-
tify responses of aquatic ecosystems (structure and
process rates) to climate change and land use
change across the globe;

— development and application of models that
include sufficient complexity to reflect multiple
responses of aquatic ecosystems to perturbations
and anthropogenic forcings, including resilience,
hysteresis and non-linearity;

— development of aquatic ecosystem models that
equally well encompass top-down (predation and
grazing dependence) and bottom-up (microbial
loop and nutrient dynamics) effects for application
in ecosystem based management, including
fisheries;

— elucidating and untangling pathways of elemental
cycles and stoichiometric transitions through

@ Springer

improvements in model conceptualization and
representation of food webs, the microbial loop
and sediment—water interactions;

— standardising calibration and uncertainty estima-
tion techniques, and elucidating the uncertainty
underlying model structures and parameters,
thereby enabling the ability to obtain weighted
averages of the predictions as well as uncertainty,
from different models developed for the same
system.

Summary and conclusions

In this article, we communicate a point of departure in
the development of aquatic ecosystem models, namely
a new community-based framework, which supports
an enhanced and transparent union between the
collective expertise that exists in the communities of
traditional ecologists and model developers. An initial
basis of the framework, derived from open collabora-
tion within the community, has already been docu-
mented in the review paper by Mooij et al. (2010),
which sets the scene for the open aquatic modelling
community through a review of the existing lake
ecosystem models and identification of the main
pitfalls that the development of these models exhibits.
A public website has also been set up, with the main
purpose of sharing information, ensuring ongoing
open communication, and to provide a discussion
forum (https://sites.google.com/site/aquaticmodelling/).
It is our intention to ensure that progress is made on the
model framework through additional workshops—to
be announced on the public website—thus motivating
development and application of models within the
framework and providing ongoing support to the
community. Other grassroots organisations such as the
Global Lake Ecological Observatory Network
(GLEON) have specific aligned working groups (e.g.,
Ecosystem Modelling) that offer an additional
opportunity to more rapidly advance the community-
based modelling framework through common
researchers, provision of high-frequency data suitable
for rigorously testing models, and disseminating the
use of the models in a broader ecological community.
These types of activities will also help to identify and
resolve the impediments to an open source model
framework that is essential for addressing the current
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scientific and management challenges for aquatic
systems across the globe.

Acknowledgments We are grateful to CLEAR (a “Villum
Kann Rasmussen Centre of Excellence Project on lake
restoration”) for providing funding support for the workshop
on Lake Ecosystem Modelling, Silkeborg, Denmark, 20-22
September 2010, and to GLEON (Global Lake Ecological
Observatory Network), CRES (Centre for Regional Change in
the Earth System) and REFRESH (a project on Adaptive
Strategies to Mitigate the Impacts of Climate Change on
European Freshwater Ecosystems, funded under the EU 7th
Framework Programme), for additional funding support.

References

Arhonditsis, G. B., M. Winder, M. T. Brett & D. E. Schindler,
2004. Patterns and mechanisms of phytoplankton vari-
ability in Lake Washington (USA). Water Research 38:
4013-4027.

Burger, D. F., D. P. Hamilton & C. A. Pilditch, 2008. Modelling
the relative importance of internal and external nutrient
loads on water column nutrient concentrations and phyto-
plankton biomass in a shallow polymictic lake. Ecological
Modelling 211: 411-423.

Chan, W. S., F. Recknagel, H. Cao & H. D. Park, 2007. Eluci-
dation and short-term forecasting of microcystin concen-
trations in Lake Suwa (Japan) by means of artificial neural
networks and evolutionary algorithms. Water Research 41:
2247-2255.

De Stasio, B. T., D. K. Hill, J. M. Kleinhans, N. P. Nibbelink &
J. J. Magnuson, 1996. Potential effects of global climate
change on small north-temperate lakes: physics, fish, and
plankton. Limnology and Oceanography 41: 1136-1149.

Elliott, J., 2010. The seasonal sensitivity of cyanobacteria and
other phytoplankton to changes in flushing rate and water
temperature. Global Change Biology 16: 864-876.

Elliott, J. A. & L. May, 2008. The sensitivity of phytoplankton in
Loch Leven (UK) to changes in nutrient load and water
temperature. Freshwater Biology 53: 32—41.

Frigg, R. & S. Hartmann, 2006. Models in science. In The
Stanford Encyclopedia of Philosophy, Spring 2006
Edition.

Grimm, V., E. Revilla, U. Berger, F. Jeltsch, W. M. Mooij, S.
F. Railsback, H. H. Thulke, J. Weiner, T. Wiegand &
D. L. DeAngelis, 2005. Pattern-oriented modeling of
agent-based complex systems: Lessons from ecology.
Science 310: 987-991.

Hambright, K. D., M. Gophen & S. Serruya, 1994. Influence of
long-term climatic changes on the stratification of a sub-
tropical, warm monomictic lake. Limnology and Ocean-
ography 39: 1233-1242.

Hambright, K. D., W. Eckert, P. R. Leavitt & C. L. Schelske,
2004. Effects of historical lake level and land use on
sediment and phosphorus accumulation rates in Lake
Kinneret. Environmental Science and Technology 38:
6460-6467.

Hamilton, D. P., 1999. Numerical modelling and lake man-
agement: applications of the DYRESM model. In Tundisi,

J. G. & M. Straskraba (eds), Theoretical Reservoir Ecology
and Its Applications. Backhuys Publishers, The Nether-
lands: 153-174.

Hipsey, M. R., J. P. Antenucci & J. D. Brookes, 2008. A generic,
process-based model of microbial pollution in aquatic
systems. Water Resources Research 44: W(07408.

Jgrgensen, S. E., 1995. State of the art of ecological modelling in
limnology. Ecological Modelling 78: 101-115.

Makler-Pick, V., G. Gal, J. Shapiro & M. R. Hipsey, 2011.
Exploring the role of fish in a lake ecosystem (Lake Kin-
neret, Israel) by coupling an individual-based fish popu-
lation model to a dynamic ecosystem model. Canadian
Journal of Fisheries and Aquatic Sciences 68: 1265-1284.

Mooij, W. M., J. H. Janse, L. N. De Senerpont Domis, S.
Hiilsmann & B. W. Ibelings, 2007. Predicting the effect of
climate change on temperate shallow lakes with the eco-
system model PCLake. Hydrobiologia 584: 443-454.

Mooij, W. M., D. Trolle, E. Jeppesen, G. Arhonditsis, P.
V. Belolipetsky, D. B. R. Chitamwebwa, A. G. De-
germendzhy, D. L. De Angelis, L. N. De Senerpont Domis,
A.S.Downing, J. A. Elliott, C. R. Fragoso Jr, U. Gaedke, S.
N. Genova, R. D. Gulati, L. Hakanson, D. P. Hamilton, M.
R. Hipsey, J. Hoen, S. Hiilsmann, F. H. Los, V. Makler-
Pick, T. Petzoldt, I. G. Prokopkin, K. Rinke, S. A. Schep,
K. Tominaga, A. A. Van Dam, E. H. Van Nes, S. A. Wells
& J. H. Janse, 2010. Challenges and opportunities for
integrating lake ecosystem modelling approaches. Aquatic
Ecology 44: 633-667.

Pennell, C. & T. Reichler, 2011. On the effective number of
climate models. Journal of Climate 24: 2358-2367.

Randall, D. A., R. A. Wood, S. Bony, R. Colman, T. Fichefet, J.
Fyfe, V. Kattsov, A. Pitman, J. Shukla, J. Srinivasan, R.
J. Stouffer, A. Sumi & K. E. Taylor, 2007. Climate models
and their evaluation. In Solomon, S., D. Qin, M. Manning, Z.
Chen, M. Marquis, K. B. Averyt, M. Tignor, & H. L. Miller
(eds), Climate Change 2007: The Physical Science Basis.
Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge.

Rigler, F. H. & R. H. Peters, 1995. Science and Limnology.
Ecology Institute, Oldendurf/Luhe: 239 pp.

Robson, B. J. & D. P. Hamilton, 2004. Three-dimensional
modelling of a Microcystis bloom event in the Swan River
estuary, Western Australia. Ecological Modelling 174:
203-222.

Schmolke, A., P. Thorbek, D. L. DeAngelis & V. Grimm, 2010.
Ecological models supporting environmental decision
making: a strategy for the future. Trends in Ecology &
Evolution 25: 479-486.

Spillman, C. M., D. P. Hamilton & J. Imberger, 2009.
Management strategies to optimise sustainable clam
(Tapes philippinarum) harvests in Barbamarco Lagoon,
Italy. Estuarine, Coastal and Shelf Science 81: 267-278.

Trolle, D., H. Skovgaard & E. Jeppesen, 2008. The Water
Framework Directive: Setting the phosphorus loading tar-
get for a deep lake in Denmark using the 1D lake ecosystem
model DYRESM-CAEDYM. Ecological Modelling 219:
138-152.

Trolle, D., D. P. Hamilton, C. A. Pilditch, I. C. Duggan &
E. Jeppesen, 2011. Predicting the effects of climate change
on trophic status of three morphologically varying lakes:

@ Springer



34

Hydrobiologia (2012) 683:25-34

Implications for lake restoration and management. Envi-
ronmental Modelling and Software 26: 354-370.

van Ginkel, C., H. Cao, F. Recknagel & S. du Plessis, 2007.
Forecasting of dinoflagellate blooms in warm-monomictic
hypertrophic reservoirs in South Africa by means of rule-
based agents. Water SA 33: 531-538.

@ Springer

Wallace, B. B., M. C. Bailey & D. P. Hamilton, 2000. Simula-
tion of vertical position of buoyancy regulating Micro-
cystis aeruginosa in a shallow eutrophic lake. Aquatic
Sciences 62(4): 320-333.



	A community-based framework for aquatic ecosystem models
	Abstract
	Introduction
	Point of departure
	A community-based framework for aquatic ecosystem models
	Cornerstone 1: localized interaction in time and space
	Cornerstone 2: module isolation with supervised information sharing

	Scientific topics addressed by the community
	Summary and conclusions
	Acknowledgments
	References


