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THE MARINE TROPHIC INDEX (MTI),
THE FISHING IN BALANCE (F1B) INDEX
AND THE SPATIAL EXPANSION OF FISHERIES!
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ABSTRACT

The Marine Trophic Index (MTI), used by the Convention of Biological Diversity (CBD) as an index of
marine biodiversity has been recently shown to display increases in the absence of recovery of traditionally
exploited high-trophic level groups. This is interpreted here as the result of the spatial expansion of
fisheries, as can be demonstrated by widespread increases of the Fishing-in-Balance (FiB) Index, which
can be re-interpreted as an indicator of spatial expansion. We show that it is possible to modify the MTI
such that it explicitly accounts for the spatial expansion. This leads to a new index, the Fisheries
Sustainability Index (FSI), the potential utility of which is briefly discussed with reference to Regional
Seas.

INTRODUCTION

Globally, fisheries are in decline, mainly due to overfishing, with pollution and habitat degradation, and
possibly global warming, adding to the stresses. However, defining indicators that reflect the state of
fisheries is often challenging, especially in data-sparse contexts. The Convention of Biological Diversity’s
(CBD) Marine Trophic Index (MTI) was developed, based on the contribution of Pauly et al. (1998), on the
assumption that a decline of the mean trophic level of fisheries catch (mTL=MTI) is generally due to a
fisheries-induced reduction of the biomass and hence biodiversity of vulnerable top predators. The MTI
tracks changes in mean trophic level (mTL), defined for year k as:

mTLy = ¥(YacTL) / X(Ya) 1)

where Yi is the catch of species i in year k, and TL; the trophic level of species (or group) i, the latter
usually obtained from the diet composition studies in FishBase (www.fishbase.org).

Usually, mTL (and hence, the MTI) declines as the result of fishing pressure being focused on the higher
trophic levels at the start of the fishery, which is then replaced by pressure on the lower trophic levels as
the abundance of high trophic level species declines. Therefore, the MTI can be seen as an index of the
biodiversity of the top predators (Appendix 9). The occurrence of ‘fishing down marine food webs’
(FDMW) was initially documented globally using FAO landings data from 1950 to 1994, combined with
estimates of trophic levels extracted from 60 published mass-balance trophic models from every major
aquatic ecosystem type (Christensen and Pauly, 1993; Pauly and Christensen, 1993; Christensen, 1995;
Pauly and Christensen, 1995). Since it was first proposed in 1998, the notion that we are ‘fishing down’ has
been largely validated through numerous studies on a large number of marine and freshwater ecosystems
(see, e.g., Jackson et al., 2001; Worm and Myers, 2003; Bellwood et al., 2004; Hutchings and Reynolds,
2004; Frank et al., 2005; Scheffer et al., 2005; Morato et al., 2006), and it has been straightforward to
fend off its earlier critics (Pauly, 2010). However, several recent studies demonstrate that a downward
MTI trend can be masked when a geographic expansion of the fisheries of a given region or country has
occurred, which enables them to maintain or even augment their catch of high-trophic level species.
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of fisheries. In: Christensen, V., Lai, S., Palomares, M.L.D., Zeller, D., Pauly, D. (eds.), The State of Biodiversity and Fisheries in
Regional Seas, pp. 41-44. Fisheries Centre Research Reports 19(3). Fisheries Centre, University of British Columbia [ISSN 1198-
6727].
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The effect of geographic expansion on the trophic level of catch was first analyzed with an index called
Fishing-in-Balance (FiB; Appendix 10). This index was developed to address what may occur when the
decline in mTL is attributable to the deliberate choice of targeting low trophic level species. In this case,
one might assume that fishers may choose to fish lower in the food web because biological production is
higher at lower trophic levels (Pauly et al., 2000). If the choice to fish lower in the food web is deliberate,
one would expect there to be an increase in the catch that is commensurate with the decline in mTL. This
leads to the development of the FiB (Pauly ef al., 2000Db), defined for any year k:

FiB = log(Yx * (1/TE)™Tly) - log(Y, = (1/TE) ™TL;) ..2)

where Y is the catch, TL is the mTL in the catch, TE is the transfer efficiency between trophic levels, and o
refers to the year used as a baseline. The FiB is calculated with the geometric mean of each of the terms
thereby preserving the relationship between equivalent amounts of fish at different trophic levels.
Therefore, this index should:

e remain constant (=0) if the fishery is ‘balanced’, i.e., all trophic level changes are matched by
‘ecologically equivalent’ changes in catch;

e increase (>0) if there are (a) bottom-up effects (e.g., an increase in PP, as described above and in
Caddy et al., 1998), or (b) geographic expansion of the fishery to new waters which in effect
expands the ecosystem exploited by the fishery; or

e decrease (<0) if discarding occurs that is not represented in the catch, or if the ecosystem
functioning is impaired by the removal of excessive levels of biomass.

The FiB is an index, which, as proposed, was meant to be viewed jointly with the MTI, whose
interpretation it was supposed to facilitate. However, few if any authors account for changes in the FiB
index when they examine trends in mTL. If they did, they would notice that generally, mTLs fail to decline
in regions where the FiB index increases (see MTI and FiB trends for all maritime countries and Large
Marine Ecosystems of the world at www.seaaroundus.org).

Butchart et al. (2010) and Sethi et al. (2010) reported that for many regions, and for the world ocean as a
whole, mTLs, while declining from the 1950s to the early 1980s, have tended to increase in the 1990s and
2000s. As there is no independent evidence that high trophic level fish populations have been rebuilt
throughout the world, we must conclude that either:

1. the mTL of fisheries catches cannot be used as indicators of fisheries impacts on biodiversity
because trophic levels may change in unpredictable fashion, or similar ad hoc explanation; or

2. the mTL can detect fishing down reliably, but only after accounting for one or several ‘hidden
variables’.

We present the case for (2) and suggest that the ‘hidden variable’ is the spatial expansion of fisheries from
the late 1980s to the 2000s.

METHODS FOR CORRECTING FOR GEOGRAPHIC EXPANSION

Spatial considerations are relatively easy to incorporate into the trophodynamic considerations underlying
FDMW and the FiB index. Ecosystems may be conceived as biomass flow pyramids whose base is
proportional to the amount of primary productivity in the system, and the top angle is related to the
transfer efficiency between trophic levels. Such pyramids, when exploited (say from the top down), imply
that a relatively small catch is available at higher trophic levels and larger catches at lower trophic levels,
with the mTL of the catch providing an indication of a fishery’s position.

Thus, as presented before for the FiB index, when a fisheries exploits a given area (and pyramid), the catch
should increase when mean trophic level of the catch decreases and vice versa, the relationship between
these two quantities being mediated by the transfer efficiency (TE) between trophic levels (i.e., the slope of
the pyramid). However, when the catch increases more than is compatible with the observed change in
trophic level, this suggests that, in effect, another adjacent pyramid is being exploited, ie., that the
fisheries has expanded (and conversely for a decline in catch not matched by a simultaneous increase in
mTL, suggesting that a contraction of fisheries has occurred). The key assumption here is that ‘adjacent
pyramids’ have the same productivity. This assumption obviously does not hold in reality. However, it can
be assumed that fisheries are generally initiated in areas of relatively high productivity (e.g., inshore), and
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then move into areas of lower productivity (e.g., offshore). Therefore, the assumption of equal productivity
would generally lead to an underestimation of spatial expansion (see Bhatal and Pauly, 2008). Thus, we
can derive the mTLs, which would be realized if geographic expansion had not occurred. The main
assumptions for this are:

e Spatial expansion and contraction of fisheries do in fact occur, i.e., the increase in the FiB is not
due to other factors (such as bottom-up effects); and
e FiB remains at o when there is no expansion or contraction of the fisheries.

The computations involved here consist of solving the FiB for the trophic level that would have been
realized if geographic expansion had not occurred, then using that difference to correct the MTL
Therefore, equation (2) can be used to define, for any year k, a stationary mean trophic level where we
have corrected for expansion (mTLgwt) where:

MTLg: = mTL, - log(Yi/Yo) -3)

This correction factor is then subtracted from the mTL in a given year and the absolute value of this
difference used to express a ‘Corrected Trophic Index’ (CTI):

CTIx = mTLy - |[mTLy — mTLgl 4)

The absolute value of the difference is necessary because FiB can fluctuate in both the negative and the
positive direction from the first year (chosen arbitrarily as 1950, the first year of the time series in this
case), and it is the magnitude of this difference that we are correcting for. Finally, we define a new ‘Fishing
Sustainability Index’ (FSI), which is simply the CTI re-expressed in standard deviation units, so that the
ordinate scale indicates change without reference to absolute trophic levels. This latter point is necessary
given that CTI values can be very low, even negative, which would not be accepted by most users, even by
those who understand that CTT values reflect a hypothetical situation (i.e., the mTL a fishery would have if
it had not expanded). Thus, we have, finally:

FSI = (CTIx — Acr)/SDcm =)
where CTIx is the CTI in a given year k, Acrr is

the average of the CTI, and SDcry is the standard
deviation of the CTL. f
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indicates that had geographic expansion not allowed for tapping into a previously unexploited, high-
trophic level fish community, the MTI would have continued the decline it featured in the 1950s and
1960s.

Based on the newly defined FSI, it is suggested that the increasing trends in MTI occurring in some
regions since the 1980s are mainly due to geographic expansion of the fisheries. As this expansion reaches
its limits, we expect that landings will decrease more rapidly, and that ‘fishing down’ effects will become
more obvious in Regional Seas and the world ocean.

ACKNOWLEDGEMENTS

The Sea Around Us project, on which this study relies, is a scientific cooperation between The University
of British Columbia and the Pew Environment Group.

REFERENCES
Bellwood, D.R., Hughes, T.P., Folke, C., Nystrom, M., 2004. Confronting the coral reef crisis. Nature 429, 827-833.

Bhatal, B. Pauly, D., 2008. “Fishing down marine food webs” and spatial expansion of coastal fisheries in India, 1950-2000. Fisheries
Research 91, 26-34.

Butchart, S.H.M., Walpole, M., Collen, B., van Strien, A., Scharlemann, J.P.W., Almond, R.E.A., Baillie, JE.M., Bomhard, B., Brown,
C., Bruno, J., Carpenter, K.E., Carr, G.M., Chanson, J., Chenery, A M., Csirke, J., Davidson, N.C., Dentener, F., Foster, M., Galli,
A., Galloway, J.N., Genovesi, P., Gregory, R.D., Hockings, M., Kapos, V., Lamarque, J-F., Leverington, F., Loh, J., McGeoch,
M.A,, McRae, L., Minasyan, A., Hernandez Morcillo, M., Oldfield, T.E.E., Pauly, D., Quader, S., Revenga, C., Sauer, J.R., Skolnik,
B., Spear, D., Stanwell-Smith, D., Stuart, S.N., Symes, A., Tierney, M., Tyrell, T.D., Vie, J-C., Watson, R., 2010. Global
biodiversity: indicators of recent declines. Science 328 (5982), 1164-1168.

Christensen, V., 1995. A model of trophic interaction in the North Sea in 1981, the year of the stomach. Dana 11 (1), 1-28.
Christensen, V., Pauly, D., 1993. Trophic Models of Aquatic Ecosystems. ICLARM Conference Proceedings 26, Manila, 390 p.

Frank, K.T., Petrie, B., Choi, J.S., Leggett, W.C., 2005. Trophic cascades in a formerly cod-dominated ecosystem. Science 308(5728),
1621-1623.

Hutchings, J.A., Reynolds, J.D., 2004. Marine fish population collapses: consequences for recovery and extinction risk. Bioscience
54(4), 297-300.

Jackson, B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque, B.J., Bradbury, R.H., Cooke, R., Erlandson, J.,
Estes, J.A,, Hughes, T.P., Kidwell, S., Lange, C.B., Lenihan, H.S., Pandolfi, J.M., Peterson, C.H., Steneck, R.S., Tegner, M.J.,
Warner, R.R., 2001. Historical overfishing and the recent collapse of coastal ecosystems. Ecology 84, 162-173.

Morato, T., Watson, R., Pitcher, T.J., Pauly, D., 2006. Fishing down the deep. Fish and Fisheries 7 (1), 23-33-
Pauly, D., 2010. Five Easy Pieces: The Impact of Fisheries on Marine Ecosystems. Island Press, Washington, DC, 193 p.

Pauly, D., Christensen, V., 1993. Stratified models of large marine ecosystems: a general approach and an application to the South
China Sea. In: Sherman, K., Alexander, L.M., Gold, B.D. (eds.), Large Marine Ecosystems: Stress, Mitigation and Sustainability,
PP- 148-174. AAAS Press, Washington, DC.

Pauly, D., Christensen, V., 1995. Primary production required to sustain global fisheries. Nature 374, 255-257.
Pauly, D., Christensen, V., Dalsgaard, J., Froese, R., Torres Jr, F.C., 1998. Fishing down marine food webs. Science 279, 860-863.

Pauly, D., Christensen, V., Walters, C., 2000. Ecopath, ecosim, and Ecospace as tools for evaluating ecosystem impact of fisheries.
ICES Journal of Marine Science 57, 697-706.

Scheffer, M., Carpenter, S., de Young, B., 2005. Cascading effects of overfishing marine systems. Trends in Ecology and Evolution
20(11), 579-581.

Sethi, S.A., Branch, T.A., Watson, R., 2010. Global fishery development patterns are driven by profit but not trophic level.
Proceedings of the National Academy of Science 107 (2), 12163-12167.

Worm, B., Myers, R.A., 2003. Rapid worldwide depletion of predatory fish communities. Nature 423, 280-283.



The State of Biodiversity and Fisheries in Regional Seas, Christensen et al. 45

ECOSYSTEM SIZE SPECTRA AS INDICATOR FOR REGIONAL SEAS!
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ABSTRACT

The size-spectra of organisms are informative about the status of exploitation or ‘stress’ of marine
ecosystems such as Regional Seas, but are very difficult to construct from observed data because of the
extremely wide range of organisms to be considered (phytoplankton to whales). Here, a method is
proposed which allows the construction of ecosystems’ size-spectra from balanced trophic (Ecopath)
models and growth parameters for each of the functional groups therein. An example pertaining to the
South China Sea ecosystem is provided.

INTRODUCTION

Different ecosystems have characteristic size distributions of the organisms they contain. These
distributions are usually represented as ‘size-spectra’, i.e., double logarithmic plots of the biomass of
organisms of different sizes vs. their body weights (Kerr and Dickie, 2001). In practice, however, size-
spectra covering the whole range of the different size domains (i.e., from phytoplankton to whales) in an
ecosystem are difficult to produce. Thus, most empirically obtained size-spectra cover a narrow range of
sizes, as obtained by, e.g., plankton nets or water samplers for phyto- and zooplankton or trawls for fish
(Sheldon et al., 1972; Bianchi et al., 2000).

However, trophic spectra can be constructed from the relative biomasses of the various functional groups
of Ecopath models of ecosystems. Thus, once a food web has been constructed and balanced with Ecopath,
including biomasses that are mutually compatible over a certain period, at least (Christensen and Pauly,
1992), the biomasses of each functional group can be re-expressed as biomass by log size and then
summed over all functional groups. Details are given below as well as an example with a brief discussion of
potential applications to Regional Seas.

MATERIAL AND METHODS

The method to construct size-spectra from balanced Ecopath models, assuming steady-state, does the
following (adapted from Pauly and Christensen, 2002, p. 221):

e uses the von Bertalanffy growth curves and the values of P/B (i.e., total mortality, Z; Allen, 1971)
entered for each group in the model to re-express its biomass in terms of a size-age distribution;

e divides the biomass in each (log) weight class by the time, At, required for the organisms to grow
out of that class (to obtain the average biomass present in each size class);

e adds the B/At values by (log) class, irrespective of the groups to which they belong.

RESULTS AND DISCUSSION

Figure 1 presents two size-spectra, for different periods, constructed as described above. As might be seen,
their slopes reflect the intensity of stress (due to fishing) exerted on the ecosystem, which here contains
fewer large organisms than the earlier period. A number of other inferences can be drawn from such
spectra as may be verified in the literature cited above. Important here is that given Ecopath models for all
Regional Seas (and they exist, see Ahrens and Christensen, this volume), size spectra could be
straightforwardly constructed for Regional Seas given the present availability of growth parameters for
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