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ABSTRACT

In the tropho-dynamic analysis of ecosystems the heuristic, discrete concept of trophic
level has been replaced by the more realistic, continuous definition of trophic position. In
ecological network analysis (ENA) the suite of matrix manipulations called canonical trophic
aggregation (CTA) apportions each species’ feeding activity to a series of discrete trophic
levels sensu Lindeman. The effective trophic position is computed as the sum of the fractions
of trophic activity that each species performs at different trophic levels. In this paper we
present an extension of the CTA that combines matrix manipulation and sensitivity analysis.
Applying this “extended” CTA to an hypothetical network and to real ecosystems we show
how trophic position can be computed taking into account the contribution of external
inflows, making it scale-insensitive. Moreover “extended” CTA solves ambiguities related to
trophic position in the presence of multiple non-living nodes, considering them as imports.

Canonical trophic aggregation
Imports

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

The trophic level ideal of a simple linear chain of energy pas-
sages had great appeal as an easy and intuitive description
of complex energy-based ecosystem processes. Further, this
approach has inspired several applications in ecology and
management such as the cascade trophic interaction the-
ory (Carpenter et al., 1986; Carpenter and Kitchell, 1993) and
the associated biomanipulation idea (Gophen, 1990; Shapiro,
1990). On the other hand, the structural intricacy (e.g. richness
and topology of connections between species) of food webs
gives rise to a vast array of functional behaviors that do not
easily accommodate into the framework of the “green world”
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theories (Polis and Strong, 1996). Donor-controlled diffuse om-
nivory, for example, shunts the flow of matter and energy
away from adjacent trophic components thus challenging the
idea that populations aggregate into discrete homogeneous
trophic levels each of which receives energy solely from its ad-
jacent level nearer the ultimate source of energy (the outside
or abiotic environment) and passes it to the next (Vadas, 1990;
Winemiller, 1990; Polis, 1991, 1994). The “...hawk that feeds
at five trophic levels ...” (Cousins, 1985, 1987) embarrasses
less the ecologists now that the trophic-dynamic descrip-
tion of the ecosystem needs not exclude the reticulate con-
nections between the diversity of consumers and resources.
Mapping energy movements according to feeding relation in
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complex ecological communities yields to ecological flow net-
works (Ulanowicz, 1986), from which one can appreciate the
continuum of trophic positions of the species in the ecosys-
tem. Matrix manipulation on flow coefficients allows one to
calculate trophic positions: while some species do behave as
obligate autotrophs or herbivores, many heterotrophs assume
fractional trophic position, as the result of their feeding at
multiple levels (Christian and Luczkovich, 1999). This scenario
remains problematic to many, essentially because the recog-
nition of trophic levels implies the acceptance of the tropho-
dynamic viewpoint of ecosystem organization (Cousins, 1987;
Oksanen, 1991). The more realistic notion of trophic position
or trophic role has gained ground among ecologists because
of its potential both for conceptual developments and prac-
tical applications (Burns, 1989; Pauly et al., 1998; Luczkovic
et al., 2003). In particular, investigating trophic position al-
lows insights into trophic transfer efficiencies (Christensen
and Pauly, 1993), the overall energy budget in ecosystems
(Wulff and Ulanowicz, 1989; Burns et al., 1991; Gaedke and
Straile, 1997) and ecosystems response to stress (Ulanowicz,
1996; Bondavalli et al., 2006). The emphasis in all of these stud-
ies has been at the ecosystem level but effective trophic posi-
tion can be used also to infer controlling factors in ecological
communities (Christian and Luczkovich, 1999), showing the
potential of the concept for community-level investigations.
At present, the bulk of ecological trophic analysis conducted
in the framework of ecosystem network analysis (Ulanowicz
and Kay, 1991; Christensen and Pauly, 1993; Christian and
Luczkovich, 1999) makes use of the canonical trophic aggre-
gation (CTA, Ulanowicz and Kemp, 1979; Ulanowicz, 1995) a
matrix-based algorithm that defines trophic positions as the
weighted average distance of the compartment from the ulti-
mate source of energy (imports—outside environment). When
analyzed in detail, however, we found that this method can
give rise to some inconsistencies. In particular, we noted that:
(1) there are ambiguities for the role of migratory imports (in-
flows to the system coming from another ecosystem); (2) there
is scale dependency (i.e. a species trophic position varies when
one considers just a subset of the original network); (3) the
computation can lead to ecologically unrealistic values for
trophic position when performed on networks that use cur-
rencies others than carbon (i.e. phosphorous and nitrogen),
or from multiple non-living nodes (nutrient pools, detritus,
etc.). In this work we present a natural extension of the orig-
inal formulation of the CTA algorithm (Ulanowicz and Kemp,
1979; Ulanowicz, 1995) for computing trophic positions, show-
ing how all the inconsistencies vanish after its implementa-
tion. In what follows we briefly describe the method proposed
by Ulanowicz and Kemp (1979) (detailed information can be
found in Appendix in Supplementary data) and the possible
drawbacks. Finally we explain in detail how this procedure
can be generalized, and contrast the two approaches.

2. Canonical trophic aggregation

Ecological network analysis (Ulanowicz, 1986; Baird and
Ulanowicz, 1989; Fath and Patten, 1999; Christensen and Pauly,
1992) is a technique that depicts ecosystems as composed
of compartments (that represent species or aggregates of
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Fig. 1 - Hypothetical five species network.

species, nutrient pools, etc.) exchanging flows (that can stand
for energy or matter nutrients) with each other. One can dis-
criminate between several types of fluxes: intercompartmen-
tal fluxes denote internal exchanges (t; that stands for a flux
from compartment i to compartment j), while exchanges with
the external world can be divided into imports from the out-
side (z; indicates an external input flow to compartment j),
exports to the outside (¢j indicates an outflow from compart-
ment j), and respirations (symbolized, for the compartment j,
as rj). Such scheme is given in matrix form with three column
vectors, namely (Z): Import, (E): Export and (R): Respiration and
the matrix [T] of internal exchanges. All vectors will have S
coefficients, where S is the number of compartments, and the
matrix [T] will have dimension S x S. As an example, consider
the network depicted in Fig. 1.

The five compartment network of Fig. 1 can be represented
in matrix form as:

0300 0O 0 200 1000 0 500
0 0 0 0150 10 0 160
T=[0 0 0 40 O 7 = 0 E=| 20 |R=| 40
00 O 0O 0 10 30
0 0 1000 O 0 100 150

Effective trophic position is defined as the weighted average
length of all the pathways that originate from outside the sys-
tem and reach a given compartment. Autotrophs will have
distance (and therefore trophic position (TP)) equal to 1, her-
bivores 2 and so on. Usually TPs are fractionary: for a species
that bases half of its diet on primary producers and the other
half on herbivores, the TP will be 2 x 0.5+3 x 0.5 =2.5 (one
pathway of length 2: outside — primary producers and one of
length 3: outside — primary producers — herbivores). Organ-
isms feeding on this latter species would have TP=3.5 and
so forth. If one considers the network in Fig. 1, it is clear
that species A receives flows just from the outside, having
therefore TP = 1. Computing the other TPs is more difficult, as
there are multiple pathways connecting the external environ-
ment to each compartment. After some computation, we see
that species B is almost herbivore (TP=1.968), as the energy
(or matter) it receives from the outside (10) is much smaller
than the amount it gets from species A (300). So it acts as
a primary producer by a 3.22% (10/(10+300)) and for the re-
maining 96.78% as a primary consumer. Computation yields
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to 0.0322 x 1+ 0.9678 x 2 = 1.968. Similarly, one can compute
the trophic positions of all species in the network. When the
network under examination comprises non-living compart-
ments, such as detritus and nutrient pools, the classical anal-
ysis considers only the subsystem formed by the ensemble of
living compartments. Non-living nodes are then assigned to
trophic level 1, equiparating their outflows as imports to the
living subsystem. Even though this is the most common pro-
cedure (Cousins, 1985; Baird and Ulanowicz, 1989), other stud-
ies calculate trophic positions of non-living compartments as
the number of transfers required to reach the given compart-
ment starting from the outside (imports) (Burns et al., 1991;
Higashi et al,, 1989, 1991, 1992; Whipple and Patten, 1993;
Whipple, 1998). Cycles embedded in the network would there-
fore imply an infinity of pathways connecting any two nodes
in the same strongly connected component (Allesina et al.,
2005), making the actual trophic level computation more com-
plicated. The vast majority of cycles, however, involves non-
living compartments as an intermediate step (Pimm, 1982;
May, 1983; Ulanowicz, 1983, 1995): removing the non-living
nodes would therefore leave just a few residual cycles. Nev-
ertheless, recent studies highlight the presence of cycles in-
volving only living compartments (Dunne et al., 2002, 2004;
Williams and Martinez, 2000). According to these evidences,
while we leave to a more detailed study the problem of assign-
ing trophic positions in the presence of cycles, in what follows
we discuss the question in the framework of CTA by analyz-
ing simple networks, both hypothetical and extracted from
real ecosystems, in which living compartments do not form
cycles.

2.1.  Drawbacks of CTA

Having sketched the basic idea behind CTA, we can discuss
some general drawbacks.

2.1.1. Migratory Imports

In CTA, as it was initially conceived, all imports, correspond-
ing to inputs from outside the system, are assigned to virtual
trophic position 0, thus considering them as nutrients received
by primary producers. But this is not always true. When indi-
viduals of a prey species migrate from another area (e.g. think
about stream—forest ecosystems) there is an import with effec-
tive trophic position different from 0. Therefore, setting these
inflows to trophic level 0 will affect the final outcome of trophic
aggregation and the trophic positions of the various compart-
ments are likely to be underestimated. The principal software
packages for network analysis are NETWRK (Ulanowicz and
Kay, 1991), WAND (Allesina and Bondavalli, 2004) and ECO-
PATH (Pauly et al., 2000; Christensen et al., 2005). The first ver-
sion of NETWRK set all imports to trophic level 0, while a more
recent one (Ulanowicz, 2002) assigns migratory inputs to het-
erotrophs to the same trophic position of the receiving node,
whereas imports to primary producers are set to TP =0. WAND
and ECOPATH use an approach similar to the older NETWRK
version.

2.1.2. Scale dependency
Assigning external input to trophic level 0, trophic positions
of network compartments are sensible to scale. If a compart-

ment is computed to have a trophic position equal to, say, x,
considering a sub-network, “external environment” boundary
changes and some intercompartmental flows in the original
network appear now as import flows, that will be assigned to
trophic level 0. Recomputing the trophic position of the com-
partment yields to a value y < x. The lack of a clear proce-
dure for handling migratory imports makes the computation
of trophic positions scale-dependent.

2.1.3. Non-living compartment trophic level

In carbon based networks primary producers receive their
requisite medium from outside the system in form of atmo-
spheric carbon dioxide and their TP is 1. Considering different
currencies, such as nitrogen or phosphorous, or also multiple
non-living nodes (i.e. nutrient pool and detritus) in a carbon
based network, the calculation is not that straightforward. To
include the contribution of non-living components to the bud-
get of the other nodes in the network one could either decide to
assimilate inflows coming from these nodes to imports (that is
to say assigning a virtual trophic position 0 to non-living com-
partments), or treat those inflows, as suggested by Ulanowicz
(1995), as primary production (assigning virtually detritus and
nutrient pools to level 1). The latter approach is axiomatically
utilized in NETWRK (Ulanowicz and Kay, 1991) and ECOPATH
(Pauly et al., 2000) softwares, because: “...it’s sometime difficult
to separate living from dead plant tissue ...” (Kay et al., 1989). It
is clear that assimilating inflows from non-living nodes as of
level 1 does not always hold. In the case of nitrogen, in fact,
this would lead to an unfeasible TP =2 for primary producers.
The same problem may arise in carbon based network with
multiple non-living nodes (e.g. nutrient pool, suspended POC,
sediment POC; see Table 4). This problem has been analyzed in
detail by Gaedke and Straile (1997). They compared four differ-
ent definitions for the trophic position of dead autochthonous
organic material, from a logical and descriptive point of view,
suggesting to allocate all the dead organic material to the “ze-
roth” trophic level. In what follows, we will describe a proce-
dure able to cope with migratory imports. The outflows of non-
living compartments will be considered to be imports with:
(1) TP=0 when non-living nodes apportion flows to, at least,
a primary producer; (2) TP=1 when non-living nodes act as
autotrophic compartments and exclusively show outflows to
heterotrophs.

3. Extending CTA

To deal with all the above inconsistencies we extended canon-
ical trophic aggregation introducing multiple imports of differ-
ent trophic position. The new algorithm naturally extends the
one presented by Ulanowicz (1995). We define an import vec-
tor (Z)° (energy or nutrients to plants) of trophic level 0, and
an import vector (Z)* for any trophic position « different from
0. Also we define a [T]jyying SUb-matrix that accounts only for
exchanges between living compartments (species or group of
species), while non-living nodes become imports aggregated
in a non-living import vector (K)®. In the next paragraphs we
present the building blocks of the algorithm and in the last
paragraph of this section we assemble them into a general
framework.
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3.1. Partial feeding matrix [G]

If we divide every non-zero coefficient in the [T]yjying matrix by
the column sum plus all the imports to that column compart-
ment we obtain a matrix [Gljying that specifies the fractionary
diet of each compartment. The columns of [G]iying Will sum to
1 in case the compartment does not receive imports, and to
less than 1 elsewhere:

= living
D1 Btz tk

gij 1

where (Z) is an undifferentiated vector with z; coefficient that

sums all the external imports (z}*), and (K) is a vector with k;

coefficient that sums all the flows from non-living nodes (k;*)
For the network in Fig. 1, [Gljying becomes:

0 0.968 0 0 0.571

0 0 000429
Gliving= |0 0 01 0

0 0 00 O

0 0 10 0

The powers of [Gliying are defined as repeated product of [G]
by itself: [G]?iving stands for the identity matrix [I], [G]llivirlg =
[Gliving: [Glying = [Gliiving * [Gliiving, and so forth. These pow-
ers account for the fraction of matter flowing from the row
compartment to the column compartment in exactly x steps,
being x the exponent of the [Gljying matrix.

3.2.  Normalized import vectors (N)*

These vectors quantify what amount of the flows to a given
compartment comes from external subsidies. They are ex-
pressed similarly to [Glyying coefficients. If a compartment j
bases its diet only on external inflows of trophic position «,
then n;?‘ will be 1. Conversely, a value of 0 means that the com-
partment is not directly connected to the surrounding system,;
if 0 < n% < 1 the node j receives matter, or energy, both from
outside and from internal exchanges. Then we may calculate
normalized import vectors (N)¥, using

z¥
J
e ————— (2)
] living
Doker Bzt k

In the example network there is an import to plants (node A)
which can be classified as of trophic level 0 (¢ = 0). Plus, an ad-
ditional import to node B (omnivores) exists. For the sake of the
methodological explanation this matter/energy is assumed to
be at trophic position 2.825 (o = 2.825). We get now

1.000 0
0 0.032
N2825 _ 0

o O O
o

3.3.  Normalized non-living import vectors (W)~

These vectors are obtained with the same procedure used
for normalized import vectors. The coefficients of normalized
non-living import vectors (W)* are computed as:

k%
w= —— ) (3)
J living
Dot TR

where the trophic position « is set to 0 when non-living com-
partments apportion to primary producers, and 1 elsewhere.
Fig. 1 network does not have non-living imports, but the cal-
culation is straightforward once one know how to compute
normalized vector of living matter.

3.4.  Trophic positions

Two types of trophic transformation matrices (Ulanowicz,
1995) can be computed: [A]%, that considers imports of living
matter with various trophic positions, and [D]* that refers to
non-living compartments. Computation can be conducted one
row at a time, using the formulas:

o a\T i—
ai = (N%)" x Giiv%ng (4)
T -1
d? = (Wa) X G}iving (5)

where i stands for the row number and the superscript T
stands for transpose form. Putting the rows together we de-
fine the final form of matrices [A]° and [A]?8%° for the example
network of Fig. 1:

(1 o 0 0 0
00968 0 0 0571
A— |0 0 0571 0 0415
0 0 04150571 0
0 0 0 0415 O
(00032 0 0 0
00 o0 0 0.014
A285 _ |0 0 0014 O 0
0 0 0 0014 O
0 0 © 0 0

Therefore, there are two vectors of trophic positions (TP)J(.) and

(TP)J?‘825 whose coefficients (i.e. trophic positions) are com-
puted as:

N
0 0 ;
TP = E A i (6)
i=1

N
Tszszs _ ZA?j,szs (i +2.825) 7)
=1
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Fig. 2 - Crystal River Creek network.

yielding to:
1 0
1.935 0.123
TP? — | 3.373 | TP2825 — | 0.081
4.359 0.095
2.387 0.067

The final vector of trophic positions results from the sum of
(TP)° and (TP)%8%:

1
2.058
3.454
4.454
2.454

TPFinal _

This procedure can be generalized into

b T

TPFinal _ Z (- 1+[12345]) x [M]* ®)
i=1

This relation allows computing the trophic position in the sys-
tem with different types of import flows. In particular, «; rep-
resents the scalar TP of the ith import and b the total number
of imports (including non-living compartments). [M]% is the
trophic transformation matrix associated to the input with TP
;. In our example b=2, in fact we have o1 = 0, and «p = 2.825.
The number of nodes in the system is five, and the trophic
transformation matrices are: [M]* = [A]°, and [M]*2 = [A]>8%.
So, for the five-species system of Fig. 1 the compact represen-
tation becomes explicit as follows:

TPFnal — ((0-1+4[12345]) x [A])T

+((2.825 -1+ [12345]) x [A]?825)T

4, Results

4.1. Crystal River network with multiple migratory
imports

We now apply the “extended” CTA to the Crystal River Creek
ecosystem (Homer and Kemp, unpublished data; see also
Ulanowicz, 1983, 1986), to highlight differences in trophic
positions of each compartment respect to the outcomes ob-
tained with “classical” CTA. In this example (Fig. 2) flows are
measured in mgC/(m? day), and there are 21 compartments:
20 living nodes (mainly vertebrate fish) and 1 non-living
compartment (detritus). The network consists of 6 imports
(to compartment microphytes, macrophytes, bay anchovy,
needlefish, gulf killifish and pinfish), 20 exports (one for each
compartment, excluding microphytes), 21 respiratory flows
and 82 internal exchanges. Although much currency cycles
between detritus and various living compartments, there is
no need for decyclization because our trophic analysis treats
non-living nodes (detritus) like exogenous inputs. Therefore,
we carry out “extended” CTA on 20 living compartments.
The new subsystem (Fig. 2) is comprised of 2 imports of light
or energy (to microphytes and macrophytes), 4 migratory
imports (to bay anchovy, needlefish, gulf killifish and pinfish),
20 exports, 21 respiratory flows, 52 internal exchanges, 10
non-living imports from detritus to living compartments
(zooplankton, benthic invertebrates, striped anchovy, bay
anchovy, sheepshead killifish, goldspotted killifish, silverside,
moharra, silver jenny and mullet) and 20 exports from living
nodes to detritus. We consider imports to primary produc-
ers (microphytes and macrophytes) as light or energy with
trophic level equal to 0, while other imports are migratory
income with trophic position far from O because they are
directed to fish. There is no logic to think of these imports
to fish as light or energy. To fish receiving migratory imports
in Crystal River Creek network, we assign the following
trophic positions, according to the Florida Bay network
dataset (Ulanowicz et al., 1998):
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TP import to bay anchovy=2.55.
TP import to needlefish=2.9.

TP import to gulf killifish =2.24.
TP import to pinfish =2.07.

The trophic position of migrating prey is estimated by sub-
tracting 1 from the average trophic position of the receiving
compartment. This method is what we recommend to ap-
ply. The average trophic position of a compartment should be
obtained from existing datasets and literature (i.e. FishBase
database available on the web site http://www.fishbase.org,
Florida Bay network dataset), or should be set to the trophic
position of the receiving node without the contribution of the
imported prey.

The trophic level of imports from detritus, in Crystal River
Creek ecosystem, is fixed to 1 because this compartment does
not show flows directed to primary producers.

4.2. Comparison with “classical” CTA

We stress now the differences between the trophic positions
of species in Crystal River Creek determined using our “ex-
tended” CTA with respect to those computed with the “classi-
cal” CTA (see Table 1).

It is evident that microphytes and macrophytes conserve
the same trophiclevel of 1 both in “classical” and in “extended”
CTA because their inflows are exclusively external inputs that
maintain trophic level 0 in both the methods. Also zooplank-
ton, benthic invertebrates and mullet maintain their trophic
level (2) since they are strictly herbivores depending on mi-
crophytes (primary producers) and detritus (placed to trophic
level 1 as default in both CTA versions in this case). Longnosed
killifish and blacktip shark maintained their trophic level (3),
being placed in an hypothetical linear chain without other in-
flows (detritus — benthicinvertebrates — longnosed killifish,

Table 1 - Trophic positions for living compartments in

Crystal River Creek, calculated according to “classical”
CTA (CTA) and its extended version (“extended” CTA)

Species CTA “Extended”  Variation
CTA (%)
Microphites 1.000 1.000 0.000
Macrophites 1.000 1.000 0.000
Zooplankton 2.000 2.000 0.000
Benthic invertebrates 2.000 2.000 0.000
Blacktip shark 3.000 3.000 0.000
Stingray 3.833 3.847 0.364
Striped anchovy 2.667 2.667 0.000
Bay anchovy 2.020 3.138 55.373
Needlefish 3.438 3.949 14.864
Sheepshead killifish 2.109 2.109 0.000
Goldspotted killifish 2.446 2.446 0.000
Gulf killifish 3.392 3.531 4.105
Longnosed killifish 3.000 3.000 0.000
Silverside 2.937 2.937 0.000
Moharra 2.859 2.859 0.000
Silver jenny 2.846 2.846 0.000
Sheepshead 2.500 2.500 0.000
Pinfish 3.225 3.706 14.930
Mullet 2.000 2.000 0.000
Gulf flounder 3.820 4.155 8.759

and microphytes — mullet — blacktip shark), playing the role
of primary carnivores. Migratory imports that change their
trophic values from 0 to a scalar number «, in the “extended”
CTA, affect directly bay anchovy, needlefish, gulf killifish and
pinfish, and indirectly gulf flounder (that feeds on bay anchovy
and on pinfish), and stingray (that feeds on gulf killifish). It is
interesting to notice that with the exception of the bay an-
chovy the others compartments show both direct and indi-
rect dependence on migratory imports: needlefish that feeds
on bay anchovy and pinfish; gulf killifish and pinfish that feed
on bay anchovy. The last column of Table 1 presents the per-
centage of variation produced by considering the trophic po-
sition of imports with a scalar number « far from 0 respect to
what happens in “classical” CTA. The percentage of variation
is calculated as the difference between the trophic position
obtained considering migratory import trophic positions dif-
ferent from 0 and the trophic position calculated setting all
the imports to 0, divided by the latter and multiplied by 100.

4.3. Sensitivity analysis of migratory imports

Prey migration counts for about 49% (1.57/(1.57 +0.64 + 1)) of
bay anchovy diet, while other species rely less on external in-
puts: needlefish =1.3%; gulf killifish = 2.4%; pinfish = 3.4%. Bay
anchovy distributes its outflows in some intra-compartmental
exchanges (to needlefish, gulf killifish, pinfish and gulf floun-
der), and it is more connected than needlefish, gulf killi-
fish and pinfish. Therefore, we decided to perform a sen-
sitivity analysis on migratory imports to bay anchovy. We
carry out 10,000 random samplings of migratory import
amounts to bay anchovy, into a range that is £50% its original
value, obtaining the following interval: 0.755 mgC/(m? day) <
1.57 mg C/(m? day) < 2.355 mg C/(m? day). The relative impor-
tance of prey migration flow with respect to total inflows
into bay anchovy, in this simulation, varies between 32%
(0.785/(0.785 + 1+ 0.64) and 59% (2.355/2.355 +0.64 + 1). For each
value sampled, considered as a possible amount of prey mi-
gration, we apply the “extended” CTA to calculate trophic posi-
tions of different compartments and their confidence interval
at 95 and 99% (see Table 2).

Only compartments that are directly (bay anchovy) or in-
directly (stingray, striped anchovy, needlefish, gulf killifish,
silverside, silver jenny, pinfish and gulf flounder) affected by
the prey migration to bay anchovy show a confidence interval
around their mean values. Confidence interval are bigger for
bay anchovy, needlefish, gulf killifish, pinfish and gulf floun-
der, because these nodes are closer to prey migration than
others.

4.4.  Scale independence

Trophic positions of compartments depicted in Fig. 2 are sum-
marized in the column labeled “extended” CTA of Table 1. If we
selected a subsystem (Fig. 3) composed by gulf killifish and
longnosed killifish, CTA would treat inflows to these nodes
from benthic invertebrates, bay anchovy, sheepshead killifish,
goldspotted killifish, silverside, moharra and mullet as energy
fluxes with trophic level equal to 0, while our “extended” CTA
allows to maintain the same trophic positions they had in the
whole network.
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Gulf killifish MIGRATORY IMPORTS

Longnosed killifish

Moharra

Sub-network

Fig. 3 — Crystal River Creek: a sub-network.

Table 2 - Trophic position sensitivity analysis for

migratory imports to bay anchovy (Crystal River Creek
ecosystem): confidence interval at 95 and 99%

In Table 3 results of “extended” CTA are compared with
those of “classical” CTA. The trophic position of gulf killifish
and longnosed killifish remains the same in the whole net-
work and in the selected subsystem when using “extended”

Species 95% 99% CTA.

Microphytes 1.000 + 0.000e+00 1.000 + 0.000e+00 ) ) )

Macrophytes 1.00040.000e+00  1.0000.000e+00 4.4.1. The role of inorganic nutrients

Zooplankton 2.000 = 0.000e+00 2.000 = 0.000e+00 “Extended” CTA permits to consider flows from non-living
Benthic invertebrates 2.000 -£ 0.000e+00 2.000 -£ 0.000e+00 nodes of a system as inputs from outside. We may set non-
Blacktip shark 3.000+0.000e+00 3.000+0.000e+00 living nodes trophic position to 0 when primary producers
Stingray 3.844 +3.028e—-05 3.844 +4.542e—-05

Striped anchovy
Bay anchovy

2.667 + 8.882e—18
2.708 £ 3.990e—03

2.667 +1.332e—17
2.708 +5.986e—03

(plants, phytoplankton, etc.) receive flows from them, or 1 else-
where. Here follows an application to Ythan estuary ecosys-
tem (Baird and Milne, 1981), whose scheme is depicted in Fig.

Needlefish 3.767+1.681e—03  3.767 +2.522e—03

Sheepshead killifish 2.109 £ 0.000e+00 2.109 £ 0.000e+00 4.

Goldspotted killifish 2.446 +0.000e+00 2.446 4+ 0.000e+00 Flows are measured in g C/(m? year). There are 13 compart-
Gulf killifish 3.498 £ 3.028e—04 3.498 £4.542e-04 ments: 10 living (benthic macrophytes, phytoplankton, ben-
Longnosed killifish 3.000 +0.000e+00 3.000 +0.000e+00 thic microflora, herbivorous birds, zooplankton, invertebrate
Silverside ZEEEREH=E 28Ry le=1 suspension feeders, meiofauna, invertebrate deposit feeders,
Moharra 2.859 £+ 0.000e+00 2.859 £+ 0.000e+00 . . . o

Silver jenny 2 846 4.5.8806—18 A T ST carnivorous birds and carnivorous fish) and 3 non-living (nu-
Sheepshead 2,500 0.000e+00 2,500 0.000e+00 trient pool, suspended POC and sediment POC). Non-living
Pinfish 3.548+1.462e-03  3.548+2.193e03 nodes apportion to living ones as follows:

Mullet 2.000 £ 0.000e+00 2.000 £ 0.000e+00 . .

Gulf flounder 4034+ 1.1246—03 4.034 4+ 1.6866—03 ® Nutrient pool — benthic macrophytes, phytoplankton and

benthic microflora (three primary producers).

Herbivorous Birds

e‘F‘i'uylc»;:rlanklon

Benthic Microflora,

Benthic Macrophytes

Nutrient Pool

*
Invertebrate Suspension Feeders

Carnivorous Fish

O : i
Carnivorous Birds

Invertebrate Deposit Feeders

Suspended POC

Sediment POC

Fig. 4 - Ythan estuary ecosystem.
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Table 3 - Gulf killifish and longnosed killifish trophic
positions investigated with “classical” and “extended”

CTA, at different scale levels (Crystal River Creek
ecosystem)

Gulf killifish Longnosed

killifish
Whole network “classical” CTA 3.392 3.000
Whole network “extended” CTA 3.531 3.000
Subsystem “classical” CTA 1.005 1.000
Subsystem “extended” CTA 3.531 3.000

® Suspended POC — zooplankton and invertebrate suspen-
sion feeders.

® SedimentPOC — meiofauna and invertebrate deposit feed-
ers.

The network consists of 2 imports into nutrient pool and
suspended POC, 10 exports (from benthic macrophytes, phy-
toplankton, zooplankton, invertebrate suspension feeders,
meiofauna, invertebrate deposit feeders, carnivorous birds,
carnivorous fish, nutrient pool and suspended POC), 12 res-
piration flows (one for each node, excluding nutrient pool)
and 40 intercompartmental exchanges. We isolated a sub-
network that includes only living compartments, using flows
from non-living nodes as imports. We set to 1 the trophic
level of suspended POC and sediment POC, while to 0 the
trophic level of the nutrient pool flowing to primary pro-
ducers (benthic macrophytes, phytoplankton and benthic mi-
croflora). The “living subsystem” that we isolated from the
whole network is comprised of 7 imports (formerly flows
from non-living to living nodes), 8 exports, 10 respiratory
flows, 12 internal exchanges and 17 “non-living exports”
(formerly flows to non-living compartments). Results af-
ter applying CTA and “extended” CTA are summarized in
Table 4.

“Classical” CTA yields to strange results: primary producers
appear at trophic level 2 (benthic macrophytes, phytoplankton
and benthic microflora), with a consequent shift in the trophic
position of herbivorous birds, that now feed at trophic level
2. These incongruities arise because in the “classical” trophic
analysis all the non-living nodes are positioned at trophic level

Table 4 - Trophic positions in the Ythan estuary living

sub-network, calculated according to “classical” CTA
(CTA) and its extended version (“extended” CTA)

Species CTA  “Extended” Variation
CTA (%)

Benthic macrophytes 2.000 1.000 50.000
Phytoplankton 2.000 1.000 50.000
Benthic microflora 2.000 1.000 50.000
Herbivorous birds 3.000 2.000 33.333
Zooplankton 2.143 2.000 6.667
Invertebrate susp. feed. 2.151 2.000 7.006
Meiofauna 2.049 2.000 2411
Invertebrate dep. feed. 2.053 2.004 2.411
Carnivorous birds 3.125 3.030 3.047
Carnivorous fish 3.062 3.003 1.918

1, including those that contribute to primary producers (nutri-
ent pool). In “extended” CTA we distinguish the trophic level
of non-living nodes (0 if the compartment outflows flux to pri-
mary producers, and 1 elsewhere). Trophic positions of the
Ythan estuary sub-network are ecologically consistent when
computed using “extended” CTA:

® Benthic macrophytes, phytoplankton and benthic mi-
croflora (primary producers)=TP 1.
® Herbivorous birds=TP 2.

Applying the “extended” CTA instead of the “classical” ap-
proach, these nodes largely change their trophic position. The
other compartments (zooplankton, invertebrate suspension
feeders, meiofauna, invertebrate deposit feeders, carnivorous
birds and carnivorous fish) present a lower variation.

5. Discussion and conclusion

Canonical trophic aggregation is a matrix-based device that
has been developed for ecosystem trophic analysis. One of
its outcomes is the trophic position that species occupy in an
ecosystem (Kercher and Shugart, 1975; Levine, 1983; Higashi
et al., 1989; Christian and Luczkovich, 1999; Heymans et al.,
2002). In the algorithm for calculus, inputs from outside the
system are all allocated to the “zeroth” trophic level. The con-
sequences of this assumption is that organisms first assimi-
lating this energy are allocated to trophic level 1. In doing so,
however, the procedure completely excludes from the anal-
ysis the question of ecosystem subsidies, that is, imports of
energy and nutrients from other ecosystems (Polis and Hurd,
1996). There is a vast array of publications that highlight the
importance of ecosystem subsidies (Polis et al., 1997, 2004 and
citations in there) and other address the problem of the import
of nutrients or non-living organic matter (Gaedke and Straile,
1997). Whereas non-living imports can easily be treated in
the “classical” canonical trophic aggregation, the many other
forms of living material exchanges between ecosystems, such
as immigration, prey migration and so forth, still need to be
accommodated in the CTA. Living imports and their effect on
the trophic position of species has not been treated exten-
sively in the literature. Gaedke and Straile (1997) consider this
as a scale problem, stating that “...If physical ecosystem bound-
aries are chosen in such a way that species immigrating from other
systems constitute major prey items, we suggest that they main-
tain the trophic position they had in their previous food web, and
that this number is included into the calculations ...”. However,
they do not treat the question in detail and restricted their
analysis to dead material. In this paper, while we generalize
the CTA procedure by including any kind of import (i.e. living
and non-living), we also show how this approach can over-
come the difficulties posed by ecosystem boundaries and re-
lated scale problems. The “extended” CTA allows, in fact, to
maintain the same trophic position when sub-models of the
original food web are analyzed. Often, incidentally, the trophic
position of an immigrating prey is not known. In those cases
it is not possible to calculate exactly the trophic position of
the species that receive this incoming energy (detailed infor-
mation on simulation approaches can be found in Appendix
in Supplementary data). However, in this respect a reason-
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able guess can be made considering the type of organism and
its ecology, by taking into account that no organism can ef-
ficiently combine different ways of energy intake (Oksanen,
1991). Although the main object of investigation of this work
are import flows, the “extended” CTA provides insight into the
problem of trophic position as related to flows from inorganic
nutrients and non-living organic matter present in the sys-
tem. Assigning all non-living organic matter to the first trophic
level like autotrophs (Pimm, 1988; Wulff et al., 1989) raises the
problem of having plants feeding at trophic level 2 when the
currency is inorganic nutrients. Gaedke and Straile (1997) crit-
icized this approach and emphasized that the trophic position
of the various species is largely independent from the cur-
rency (organic or inorganic) when all the non-living organic
material is considered as system input. Accordingly, primary
producers and bacteria would be allocated to trophic level 1;
we think that this assumption underestimates the trophic role
played by bacteria that can perform either as autotrophs and
heterotrophs (Azam et al., 1983; Pomeroy, 1984; Bratbak, 1987,
Sherr et al,, 2003; Bennett et al., 1990). The “extended” CTA
results show that bacteria can be allocated either at trophic
level 1 or higher according to their function but this requires
that non-living material be allocated: (1) to trophic level 1 if
bacteria act as heterotrophs; (2) to trophic level 0 when bac-
teria are autotrophs. Through the “extended” CTA we have
been able to solve some ambiguities related to trophic posi-
tion in the presence of multiple non-living nodes connected to
living compartments. Instead of considering non-living mat-
ter as part of the system, we propose to place it as import
flows (see Fig. 4). Setting the nutrient pool trophic level to 0
avoids the strange trophic position 2 that happens to charac-
terize benthic macrophytes, phytoplankton and benthic mi-
croflora, changing it to a more reasonable first level (Table
4). Conversely, if suspended POC and sediment POC trophic
levels are equal to 1 we obtain ecologically robust outcomes
for meiofauna, zooplankton and invertebrate feeders (herbi-
vores with trophic level 2). What comes out from suspended
POC and sediment POC (Fig. 4) substantially corresponds to
what Gaedke and Straile (1997) call autochthonous dead or-
ganic matter. Although our choice of considering suspended
POC and sediment POC as inflows into the system matches
with their “biospheric point of view” that abolish the distinc-
tion between allochthonous and autochthonous material, still
a difference remains in assigning these compartments to a
trophic level. We set up these flows (to herbivores) at trophic
level 1, whereas the above cited authors keep them at trophic
level 0. Their approach seems beneficial for the clarity and
meaningfulness of various trophic measures such as trophic
position as indicative of number of assimilation events, trans-
fer efficiency between trophic levels, homogeneity of trophic
level composition. However, it seems that the same achieve-
ments could be obtained by setting up dead organic material
(irrespective of its endogenous or exogenous origin) to trophic
level 1 or to the respective trophic position of its sources, as
likely, what matters in their context is the difficulty of treat-
ing dead organic material as part of the system. We reiterate,
however, that dead organic material, as external source of en-
ergy (i.e. inorganic nutrients), should be allocated to trophic
level 0 if inconsistencies involving the trophic positions of
plants have been noticed, while it should be set up to 1 when

it just apportion its outflows to heterotrophic compartments.
Lindeman (1942) allocated dead organic material at trophic
level 1, and this choice was criticized as an arbitrary conven-
tion (Cousins, 1987). However, while we show that in doing
so one avoids many inconsistencies in the trophic aggrega-
tion scheme and that the entire CTA acquires internal coher-
ence, we also point out that a distinction should be made be-
tween detritus (i.e. suspended POC and sediment POC in our
example) and dead organic material. In many cases detritus
includes living organisms and in this case particular atten-
tion should be devoted in separating living from non-living
things before calculating the trophic position of this entity
(Gaedke and Straile, 1997). The same authors draw their con-
clusion discussing the trophic position of autochthonous dead
organic material from a logical-empirical point of view. They
make evident how the various approaches used in the litera-
ture to calculate trophic position in ecosystems generate in-
consistencies when dead organic material is included in the
computation and show how these inconsistencies can be re-
solved. Although they provide a logical - step by step - re-
construction of the potential consequences of the different
assumptions concerning the trophic position of the dead or-
ganic matter, they do not generalize their point of view in a rig-
orous procedure for calculation. Because we developed our ar-
guments within the canonical trophic aggregation framework,
which is basically manipulation of ecosystem flow matrices,
our outcomes are fairly general. Despite the fact that conclu-
sions drawn in this paper differ from Gaedke and Straile’s,
rather than seeing the two approaches in contrast with one
another we perceive the potential for their integration. In re-
cent times, the shift of emphasis from local stability dynamics,
toward a more comprehensive analysis of ecosystem persis-
tence and nonlinear dynamics, has allowed to reconsider the
importance of cycles in networks. As a consequence, the fact
that we used simple acyclic ecosystem models to derive our
“extended” CTA may cast doubts on the realism of our ap-
proach. We stress, however, that our aim was to resolve the
inconsistencies arising in CTA. Therefore, we started from the
very same set of assumptions (Ulanowicz, 1995, 2004), and we
treated flows from non-living compartments as imports to liv-
ing. The choice of using an acyclic model is coherent within
this framework. Since cycles play a major role in ecosystems,
and recent studies show a greater evidence of cycles involv-
ing living nodes (Dunne et al., 2002, 2004; Williams and Mar-
tinez, 2000), next amendment to CTA should deal with them,
replacing decyclization routine that over simplifies the net-
works. We have not tested the consequences of our approach
on the trophic attributes of real ecosystems such as efficiency
of transfer, trophic pyramids and interpretation of analysis of
the overall energy flow. Applications to real ecosystems are
required to perform these investigations, and they will cer-
tainly be carried out in the near future. Also a more functional
CTA should explore the effect of cycling but this is a ques-
tion that we inherited from the original formulation of the
canonical trophic aggregation. Whether the concept of trophic
position has resolved many ambiguities associated with that
of trophic level, this latter idea remains as a reference point
because the calculation of the trophic position is made in re-
lation to a classification scheme that sets plants as the first
level.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ecolmodel.2006.06.005.
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