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a  b  s  t  r  a  c  t

Systems  ecology  is  sufficiently  developed  today  to  offer  a  consistent  theory  about  ecosystem  function
due  to the contributions  from  a number  of  system  ecologists  during  the  last  forty  to  fifty  years.  During
the  last  five  years,  additional  important  contributions  to  systems  ecology  have  been  published  in  Ecolog-
ical  Modelling  in  the  areas  of  hierarchy  theory,  landscape  processes,  and  thermodynamic  indicators.  For
example,  research  showed  that  hierarchical  organization  has  an  important  damping  effect  in the  higher
levels  on  disturbances  occurring  in the lower  levels  and  that  the  damping  effect  increases  with  increasing
biodiversity;  this  result  is consistent  with  experimental  and  model  results.  A  first  attempt  has  been  made
to  integrate  hierarchical  and  network  theory  on  the  levels  of ecosystems/landscapes  using  model  exper-
iments.  The model  experiments  point  toward  an expansion  of  the  Ecological  Law  of  Thermodynamics
(ELT) to ecosystems  developing  on  the  landscape,  where  it previous  was  shown  valid  for  populations
fitting  in  an ecosystem.  Regarding  thermodynamic  indicators  of ecological  organization,  flow  transfers
were  used  to  quantify  the  usable  work  energy,  including  the  work  energy  of information,  in ecologi-
cal  networks.  In  particular,  this  new  approach  included  the  cycling  of  information,  which  is  changed  by
transfers  of  work  energy  due  to different  values  of the  donors  and  the  receptors.  These  changes,  however,
distribute  to all  the  components  of  the  network.  The  cardinal  network  hypotheses  proposed  by  B.  Patten
have  been  expanded  (published  in  this  issue  of  Ecological  Modelling)  and  it has  been  shown  that  both  the
maximization  of power  (the  flows  of  useful  work  energy)  and  the maximization  of the  storage  of usable
work  energy  including  that of  information  in ecosystems’  networks  are  valid  and  complementary.  This
result  represents  a  first integration  of the  Maximum  Power  Hypothesis  and  the  Ecological  Law  of  Ther-
modynamics  with  Network  Theory,  and  it is presumed  that  a complete  integration  of  all  three  theories,
hierarchical,  network  and  thermodynamic,  could  be  expected  in  the  coming  years.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

During the last quarter of the 20th century, several scientists
contributed to the development of systems ecology with a number
of important publications. Today, systems ecology is considered an
important ecological sub-discipline as the application of ecological
models, use of ecological engineering, selection of ecological indi-
cators, and quantifications of ecosystem services inevitably require
a good knowledge of how ecosystems are working as systems – or
in other words – their basic ways of functioning (e.g., Bondavalli
and Bodini, 2014; Farnsworth et al., 2012; Sciubba, 2013).

∗ Corresponding author at: Department of Biological Sciences, Towson University,
Towson, MD,  USA. Tel.: +1 410 704 2535; fax: +1 410 704 2405.

E-mail addresses: msijapan@hotmail.com (S.E. Jørgensen), bfath@towson.edu
(B.D. Fath).

Systems ecology builds on the four columns of (1) hierar-
chy, (2) thermodynamics, (3) networks, and (4) biogeochemistry
(Jørgensen, 2012). These approaches, each with its own strengths,
weaknesses, and perspectives, have often been developed in par-
allel and further progress arises with their continued integration.
Each of the four foundational columns is described briefly below
and later within and across column advances are presented.

(1) Hierarchy theory—the understanding of the hierarchical struc-
ture of ecosystems in all its forms, physically embedded as
vertical hierarchies, but also control hierarchies thereby form-
ing a boundary to the cybernetics processes of the systems
(Nielsen, 2016).

(2) Thermodynamics—the understanding of the use, need, and
transfer of energy by ecosystems, understood as a breakdown
of an imposed gradient by irreversible, dissipative process

http://dx.doi.org/10.1016/j.ecolmodel.2015.08.007
0304-3800/© 2015 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.ecolmodel.2015.08.007
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2015.08.007&domain=pdf
mailto:msijapan@hotmail.com
mailto:bfath@towson.edu
dx.doi.org/10.1016/j.ecolmodel.2015.08.007


S.E. Jørgensen et al. / Ecological Modelling 319 (2016) 112–118 113

(Aoki, 2012) that may  serve as indicators of functional state
or be subjected to optimization by adaptive and selective pro-
cesses (Nielsen and Jørgensen, 2013).

(3) Network theory—the understanding of the functions and eco-
logical advantages of ecological networks which allow for
identification and quantification of interdependence through
complex, indirect pathways (Borrett et al., 2014; Patten, 2016).

(4) Biogeochemistry—the understanding of the biogeochemical
processes in ecosystems which focuses on the circulation of
matter usually concentrating on the cycling of particular ele-
ments of quantitative important elements as C, N, O, P, and S
(see Morowitz, 1968).

During the last five years, additional important contributions
to systems ecology have been published in the journal Ecological
Modelling, which shows that systems ecology is under continuous
development.

The next section gives a short overview of these recent results
achieved during the last five years. The results are, in this context,
considered a further development of the systems ecology published
in A New Ecology: Systems Perspective (Jørgensen et al., 2007) and
partly in Integration of Ecosystem Theories: A Pattern (Jørgensen,
2002). This is followed by a section that tries to understand and pre-
sume in which direction systems ecology will develop in the coming
decade. The last section concludes on the most important results of
this paper. The presentation has been concentrated around three
of the above columns as the advances in the biogeochemical area
has been mainly practical rather than theoretical.

2. Recent results in systems ecology

A short review of papers published the last five years in Ecolog-
ical Modelling with new results in systems ecology is given below
and organized in an attempt to relate the findings to the theory
presented in A New Ecology: Systems Perspective.  The references are
indicated together with the most important results presented in
the publications.

2.1. The hierarchy column

In hierarchy theory, the following new results should be men-
tioned:

Jørgensen and Nielsen (2013) have shown that hierarchical
organization has an important damping effect in the higher lev-
els on disturbances occurring in the lower levels and that the
damping effect increases with increasing biodiversity, which is con-
sistent with the experimental results by Allan et al. (2011). The
paper proposes and shows that biodiversity – representing the con-
tinuous existence of a “possibility to take other, new and better
routes” – is an important stabilizing property for ecosystems and
for landscapes encompassing several ecosystems playing an impor-
tant role to ecosystem services (Bastian, 2013; Schneiders et al.,
2012). Loreau and de Mazancourt (2008, 2013) also show using
mathematical models that biodiversity is an important property
for the stability of ecosystems when community ecology and the
hierarchical organization are considered. These current results are
in contradiction to the classic paper by May  (1981), where he used
simple models to show that biodiversity does not play any role
for the capacity to absorb disturbances by ecosystems. This paper
dominated the discussion in ecological circles for decades. In it, May
determined the stability by finding a stable equilibrium point of the
differential equations used to describe each species and their inter-
action with others (usually a Lotka–Volterra equation was  applied).
Clearly the more equations (i.e., more species, and hence higher
diversity), the harder it will be to find an equilibrium solution.
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Fig. 1. The hierarchical levels in biology and ecology – molecules, cells, organs, orga-
nisms, populations, ecosystems, landscapes and the ecosphere – appear, at first
sight, to be working two-by-two (molecules/cells, cells/organs, organs/organism,
organisms/population, populations/ecosystems and landscapes/the eco-sphere),
with levels like molecules, organs, populations and landscapes forming competing
horizontal more firmly linked networks, which are driven by an energy input which
takes place on the cell, organism, ecosystem and ecosphere level, respectively.

Ecosystems do not work, however, according to Lotka–Volterra
equations, especially not with many interacting species. Networks
and other approaches should be used to look at system interac-
tions (e.g., Patten, 2010). His conclusion was  correct according to
his model, but the model was  wrong.

Jørgensen and Nielsen (2015) have made the first initial step
to consider an integration of hierarchy theory and network the-
ory. The various biological networks are not operating in isolation,
but are connected and interact with the networks on other levels
of the entire ecological hierarchy. This implies that both vertical
and horizontal connections and interactions come into play and
should be considered. The vertical effects and their integration
with the horizontal networks are, however, a new challenge, as
network theory has largely only considered the horizontal connec-
tions and dominantly on the ecosystem level. The key question is
how two or more networks in two or more different levels of the
hierarchy can interact and function together. The hierarchical lev-
els in biology and ecology – molecules, cells, organs, organisms,
populations, ecosystems, landscapes and the ecosphere – appear at
first sight to be working two-by-two molecules/cells, cells/organs,
organs/organism, organisms/population, populations/ecosystems,
and landscapes/eco-sphere), with levels like molecules, organs,
populations and landscapes forming competing horizontal more
firmly linked networks, which are driven by an energy input which
takes place on the cell, organism, ecosystem and ecosphere level,
respectively. This hierarchical image is obviously dependent on
how the networks are described. However, all the levels have
networks but the levels of molecules, organs, populations, and land-
scape have generally a more complex network than the four other
levels. Fig. 1 illustrates this idea of the hierarchical organization.
The problems related to this type of analysis are strongly related
to the fact that the hierarchical organization of the biological hier-
archy as the ontological existence of physically embedded systems
somewhat dissolves around the level of organisms and populations
(Nielsen, 2009).

Jørgensen and Nielsen (2015) present a network model study
of a landscape consisting of ecosystems that are represented by
networks within a network to answer the key question. The study
has shown that the ecosystem including the constellation of sub-
systems, which is able to use the resources with the highest
efficiency in the landscape, will emerge. Based on the results
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