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Aquatic Productivity and the Evolution of 
Diadromous Fish Migration 

Diadromous migration, in which some fish species migrate from freshwater and feed 
in the ocean (anadromous species) and others migrate from the ocean and feed in 
freshwater (catadromous), has long been perplexing. However, when the distribution 
of diadromous species is examined with respect to global patterns in aquatic productiv- 
ity, this apparent paradox is resolved. The contrasting directions of migration can 
largely be explained by the relative availability of food resources in ocean and 
freshwater habitats. Oceans are more productive than freshwaters in temperate 
latitudes, and anadromous species predominate. In contrast, catadromous species 
generally occur in tropical latitudes where freshwater productivity exceeds that of the 
ocean. 

L ARGE-SCALE MOVEMENTS OF ANI- 

mals are found in many taxonomic 
groups (I).  The migrations of diad- 

romous fish species, those that migrate be- 
tween the ocean and freshwater, are particu- 
larly enigmatic because this behavior neces- 
sitates physiological changes in osmoregula- 
tion (2). Diadromous fishes are found in 28 
families and include two distinctly different 
groups: (i) 87 anadromous species, such as 
salmon (Salmonidae) and lamprey (Petro- 
myzontidae), which are born in freshwater, 
migrate to the ocean, and return to freshwa- 
ter to spawn; and (ii) 41 catadromous spe- 
cies, such as some eels (Anguillidae) and 
mullets (Mugilidae), which are born in the 
ocean, migrate to freshwater, and return to 
the ocean to spawn (3). The existence of 
these contrasting directions of migration has 
long been perplexing. Indeed, it has been 
described as a paradox in animal migration 
(1). We report that diadromous migrations 
may occur in fishes because of the differen- 
tial availability of food resources in ocean 
and freshwater habitats. Moreover, it is be- 
cause the relative productivity of oceans and 
freshwaters is not constant but changes with 
latitude that the contrasting directions of 
anadromous and catadromous migration 
can exist. 

In theory (4), diadromous life histories 
will evolve through natural selection only 
when migration across the ocean-freshwater 
boundary provides a gain to individual fit- 
ness (lifetime reproductive success) that ex- 
ceeds the costs of this behavior. These costs 
may include adjustments to physiology, allo- 
cation of energy for swimming, and in- 
creased probability of mortality during mi- 
gration. Several authors (1,5-9) have specu- 
lated on what factors might favor juvenile 
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fishes deserting their habitat of birth for 
residency elsewhere. Among these have 
been decreased predation, decreased disease, 
decreased physiological stress, or increased 
food availability. To date, these hypotheses 
have not been tested quantitatively because 
of the logistic problems presented by ani- 
mals that may travel several thousand kilom- 
eters and because of our limited knowledge 
of the life histories of many fish species. 

McDowall's (3) findings on the global 
geographic distribution of diadromous spe- 
cies are shown in Fig. 1A. These data indi- 
cate latitudinal differences in the worldwide 
distribution of anadromous and catadro- 
mous fishes, with anadromy being more 
common in temperate (including arctic) lati- 
tudes and catadromy in the tropics. There- 
fore, any hypothesis for the evolution of 
diadromy must not only provide evidence 
for a substantial fitness benefit to a diadro- 
mous migrant, but must also account for the 
geographical distribution of diadromy. A 
hypothesis based on the differential avail- 
ability of food in the oceans and freshwaters 
meets these criteria. 

Let us first consider whether such a hy- 
pothesis can allow for significant fitness 
benefits through migration. The importance 
of food intake for body growth (10) and the 
contribution of growth to fitness through 
decreased mortality (1 1 ), increased fecundi- 
ty (12), and improved male (13) and female 
(14) breeding success have been docu- 
mented in many fishes. There are also well- 
studied cases of growth rates increasing with 
movement across the freshwater-ocean 
boundary. Juvenile anadromous Pacific 
salmon, for example, can experience a 10 to 
50% increase in their daily growth rate 
during their first week of ocean life (1 1 ). In 
addition, a recent survey by Gross (4) of 
diadromous and nondiadromous popula- 
tions within seven salmonid species showed 
that the only significant difference in major 
life history traits was that individuals in 
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Fig. 1. (A) The number of anadromous and 
catadromous fish species found in each 5" interval - 

of latitude, averaged from both Northern and 
Southern hemispheres. We reanalyzed 
McDowall's (3) data on the latitudinal ranges of 
all known diadromous fishes and calculated the 
number of anadromous or catadromous species 
found within each 5" interval. As such, wide- 
ranging species will be counted in more than one 
latitudinal interval. (B) Annual primary produc- 
tivity, measured in grams of carbon fixed per 0.5 10.15 20.25 30.35 40.45 50.55 60.65 70.75 

square meter per year, of freshwater and ocean Latitude (5" intervals) 
habitats with latitude. The most complete sets of 1000,B 
productivity data that allow comparison of fresh- 

..... waters are by Burgis and Dunn (16), Brylinsky 1 Freshwater 
- Ocean 

(1 8), Westlake e t  al. ( I  7) ,  Wetzel (1 9), and Kahn 
(20). These sources provided annual primary pro- ' 'i 
ductivity data for 135 freshwater bodies which we 
grouped into intervals of 5' latitude. Following 
Brylinsky we combined data from the Northern g - and Southern hemispheres because of a paucity of g 200 - 
data in some latitudes. Plotted are the mean ' 1 
SEM; sample sizes are shown. There were no data 
for the 15" to 20" or 75" to 80" latitudinal ranges. 0.5 10.15 20.25 30.35 40.45 50.55 60.65 70-75 

Note that we excluded an extreme productivity Latitude (5" intervals) 

value [for Red Rock Tam, 2200 g of carbon per square meter per year (20)] because it is nearly four 
times the next largest value in that latitudinal range (n = 9, range 24 to 614 g m-2 year-'). The open 
circle indicates where the mean would have fallen had the point been included. Marine productivity is 
from Bunt (21, figure 8-1) who divides the world's ocean waters into five productivity categories (O- 
50,50-100,100-200,200-400 and >400 g m-' year-'). We calculated the productivity for each 5" 
of latitude by multiplying the number of points of each productivity catego by the average value of 
that category, that is, 25,75, 150, and 300 g m-' year-' (we used 400 g my as a conservative 
value for the over 400 category). We combined the data from both the Northern and Southern 
hemispheres to be comparable with the freshwater data (the ocean values for the Northern and 
Southern hemispheres showed similar trends with latitude and were highly correlated when values 
equidistant from the equator were plotted against each other; = 0.81, df = 93, P < 0.001). The 
58,129 values taken from Bunt's map produced an average of 3,633 points per 5" interval (SEM = 211, 
range 1,869 to 4,660). Only the means are plotted; error bars are too small to illustrate. 

Fig. 2. The relation between relative productivity 
of the world's oceans and freshwaters and the 
proportion of diadromous fishes that are anadro- 
mous. The data from Fig. 1B were converted to O 
the log,, of ocean productivity divided by fresh- 60 
water (FW) productivity in grams of carbon per 2 
square meter per year. These calculations were 2 
made for each 5" of latitude and thus approximate g 
neighboring oceans and freshwaters. 'hg(ocean 
to freshwater) productivity is zero when the pro- 2 
ductivity of neighboring oceans and freshwaters is 4 
equivalent. The heavy bar is the theoretically -1.2 -0.6 -0.4 o 0.4 0.8 1.2 

frequency ofanadromy. The productivi- Log (oceanlfreshwater) productivity 
ty of freshwater is greater than productivity in the 
ocean to the left of the vertical bar, and conversely the ocean productivity is greater than freshwater on 
the right. The latitude for each point is shown. 

diadromous populations produced more 
eggs than those in nondiadromous popula- 
tions as a consequence of the former's larger 
body size. Finally, an experimental increase 
in the availability of freshwater food was 
found to decrease the incidence of anadro- 
mous migration by arctic char (Salvelznus 
alpinus) (15). These studies indicate that 
access to food resources for body growth is 
an important benefit from diadromy. 

We tested the ability of the food availabil- 
ity hypothesis to predict direction of migra- 
tion by comparing the direction of diadro- 
mous movement with the relative availabil- 
ity of food. This hypothesis predicts that 

anadromy will be more likely to evolve when 
ocean productivity is greater than that in 
neighboring freshwaters; catadromy will 
evolve when freshwater food productivity 
exceeds that of the ocean. As an estimate of 
food productivity in different biomes we 
employed annual primary productivity data. 
Measured in grams of carbon fixed per 
square meter per year, primary productivity 
is probably well correlated to food availabil- 
ity for many planktivorous fishes and indi- 
rectly correlated for piscivorous or macro- 
phagus species (1 6). 

Primary productivity data for oceans and 
freshwaters throughout the world (Fig. 1B) 

show a sharp peak in freshwater productivi- 
ty relative to marine waters in tropical lati- 
tudes; marine productivity significantly ex- 
ceeds that of freshwater in temperate and 
polar latitudes. Although primary produc- 
tivity is known to be influenced by many 
variables, including temperature, solar radia- 
tion, currents, upwellings, and nutrient sup- 
ply (1 7-21 ), the basis for this pattern shown 
in Fig. 1B is not well understood (1 7). Such 
a pattern in aquatic productivity does sug- 
gest, however, that some fishes in temperate 
latitudes may experience greater foraging 
opportunities in the oceans than in fresh- 
waters, whereas certain fishes in tropical 
latitudes have greater foraging opportunities 
in freshwater habitats. When we reexamine 
McDowall's data on the direction of dia- 
dromy in conjunction with our data on 
patterns of primary productivity (Fig. 1, A 
and B), we see that migration to freshwater 
(catadromy) is more frequent in tropical 
latitudes, where freshwater productivity is 
greater than that of oceans. Similarly, migra- 
tion to the oceans (anadromy) is more fre- 
quent in temperate latitudes, where ocean 
productivity is greater than that in freshwa- 
ter. 

We can refine our test by examining only 
those fish species that are known to be able 
to migrate and predicting their direction of 
diadromy. By comparing relative produaiv- 
ity against the direction of diadromous mi- 
gration, we focus attention on the relation 
between food and migration behavior. 
Where the ocean is more productive than 
neighboring freshwater, diadromous fishes 
should be anadromous; and where freshwa- 
ter is more productive than the neighboring 
ocean, diadromous fishes should be catadro- 
mous. 

The observed frequencies of anadromy 
and catadromy follow the prediction (Fig. 
2): where the productivity of the ocean 
exceeds that of neighboring freshwaters, as 
much as 100% of diadromous fishes are 
anadromous. Conversely, where freshwater 
productivity exceeds that of neighboring 
oceans, catadromy is the dominant form of 
diadromy. Where neighboring oceans and 
freshwaters are similar in productivity, a 
threshold exists in the relative frequency of 
anadromy and catadromy. Thus, the differ- 
ential productivity of aquatic habitats ap- 
pears to explain the contrasting directions of 
diadromous migration in fishes. 

The hypothesized relation between aquat- 
ic productivity and the direction of diadro- 
mous migration is evident in spite of several 
complicating factors. For instance, primary 
productivity is imperfectly correlated with 
food availability for species feeding at higher 
levels of the food chain (16). Second, our 
analysis overlooks the fact that some species 
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move north or south after crossing the 
ocean-freshwater boundary [for example, 
some anadromous salmon leaving the Fraser 
River, British Columbia, eventually move 5" 
to 15" north in the ocean (22)l. Third, 
selection for migration will also be affected 
by other factors (I) ,  including the presence 
of com~etitors in a habitat. which influence 
food abundance, and predators and disease, 
which affect survivorship. These factors are 
not considered in our analysis because of the 
lack of such data for each latitude. However, 
it would be of interest to investigate the 
significance of these factors in explaining the 
variation in Fig. 2. The remaining paradox, 
that in some waters both anadromous and 
catadromous species co-exist (I), may re- 
quire survivorship data or more detailed 
foraging data. 

In spite of these potentially complicating 
factors, the food availability hypothesis ap- 
pears to be consistent with the global geo- 
graphic pattern of diadromy in fishes. We 
therefore conclude that food availability is 
an important factor in explaining not only 
where diadromous fishes occur, but also 
why fish migrate across the ocean-freshwa- 
ter boundary, as well as their direction of 
movement. 

REFERENCES AND NOTES 

1. R. R. Baker, The Evolutwnaty Ecology of Animal 
Mbratwn (Holmes & Meier, New York, 1978). 

2. B. A. McKeown, Firh Mbratwn (Timber Press, 
Beaverton, OR, 1984). 

3. R. M. McDowall, Am. Fish. Soc. Symp. 1, 1 (1987). 
4. M. R. Gross, ibid., p. 14. 
5. G. V. Nikol'skii, The Ecology of Fishes (Academic 

Press, New York, 1963). 
6. F. R. Harden Jones, Fish Mip-atwn (Arnold, Lon- 

don, 1968). 
7. E. E. Werner and J. F. Gilliam,Annu. Rev. Ewl. Syst. 

15, 393 (1984). 
8. T. G. Northcote, in Ecology of Freshwater Fish Pro- 

duct&, S. D. Gerking, Ed. (Wiey, New York, 
1978), pp. 326-359. 

9. J. E. Thorpe, Am. Firh. Soc. Symp. 1, 244 (1987). 
10. A. M. Weatherley and M. S. Gill, The Biology $Fish 

Growth (Academic Press, London, 1986). 
11. J. D. Neilson, G. H. Geen, D. Bottom, Can.J. Fish. 

Aquat. Sci. 42, 899 (1985). 
12. R. J. Wootton, Symp. 2001. Soc. London 44, 133 

(1979). 
13. M. R. Gross, in Firh Repmduction: Strategies and 

Tactics, G. W. Pons and R. J. Wootton, Eds. 
(Academic Press, London, 1984), pp. 55-76. 

14. E. P. Van Den Berghe and M. R. Gross, Emlutwn, 
in press. 

15. H. Nordeng, Can. J. Fhh. Aquat. Sci. 40, 1372 
(1983). 

16. M. J. ~ u r g i s  and I. G. Dunn, in Ecology $Freshwater 
Fish Productwn, S .  D. Gerking, Ed. (Wiley, New 
York, 1978), pp. 137-158. 

17. D. F. Westlake et d., in The Functionirlq of Freshwa- 
ter Ecoystems, E. D. Le Cren and R. H. Lowe- 
McConnell, Eds. (Cambridge Univ. Press, New 
York, 1980), pp. 141-246. 

18. M. Brylinsky, in The Functioning $Freshwater Eco- 
systems, E. D. Le Cren and R. H.  Lowe-McConnell, 
Eds. (Cambridge Univ. Press, New York, 1980), 
pp. 411-453. 

19. R. G. Wenel, Limnolo~y (Saunders College Publish- 
ing, Toronto, ed. 2, f983). 

- 
20. M. A. Kahn, Hydrobiology 135, 233 (1986). 
21. J. S. Bunt, in Primuty Prodw'f ty ofthe Bwphere, H. 

Leith and R. H.  Whittaker, Eds. (Springer-Verlag, 

New York, 1975), pp. 169-183. Society meeting on Common Strategies in Anadro- 
22. W. F. Royce, L. S. Smith, A. C. Ham, U.S. Fish. mow and Catadromous Fishes, Boston, MA, 1986, 

Wildl. Sew. Fish. Bull. 66,444 (1968). for bringing M.R.G. and R.M.M. together to work 
23. We thank R. Cartar, L. Dill, I. Fleming, N. Gerrish, on this problem. Supported by an NSERC of 

R. Peterman, T. Quinn, J. Reynolds, and especially Canada operating grant to M.R.G. 
R. C. Ydenberg for helpful comments and discus- 
sion, and the organizers of the American Fisheries 16 September 1987; accepted 21 January 1988 

Nicotinic Antagonists Enhance Process Outgrowth 
by Rat Retinal Ganglion Cells in Culture 

Punctional nicotinic cholinergic receptors are found on mammalian retinal ganglion 
cell neurons in culture. The neurotransmitter acetylcholine (ACh) can be detected in 
the medium of many of these retinal cultures, after release presumably fiom the choline 
acetyltransferase-positive amacrine cells. The postsynaptic effect of endogenous or 
applied ACh on the ganglion cells can be blocked with specific nicotinic antagonists. 
Here it is shown that within 24 hours of producing such a pharmacologic blockade, the 
retinal ganglion cells begin to sprout or regenerate neuronal processes. Thus, the 
growth-enhancing effect of nicotinic antagonists may be due to the removal of 
inhibition to growth by tonic levels of ACh present in the culture medium. Since there 
is a spontaneous leak of ACh in the intact retina, the effects of nicotinic cholinergic 
drugs on process outgrowth in culture may reflect a normal control mechanism for 
growth or regeneration of retinal ganglion cell processes that is exerted by ACh in vivo. 

N ICOTINIC CHOLINERGIC DRUGS 

have long been studied for their 
role in synaptic transmission in the 

nervous system. Besides their function in 
intercellular communication, trophic effects 
of acetylcholine (ACh) and other presurnp- 
tive neurotransmitters have been postulated 
in the mammalian central nervous system. 
For example, the activation of ACh, nor- 
epinephrine, and N-methyl-D-aspartate 
(NMDA) receptors appears to facilitate the 
synaptic plasticity that affects ocular domi- 
nance columns after monocular visual depri- 
vation (1). Factors that inhibit neuronal 
growth have often been associated with glial 
cells (2). Recently, however, in invertebrate 
and submammalian vertebrate nervous sys- 
tems, growth-inhibiting properties have 
been attributed to classical neurotransmit- 
ters (3). Hence, neuronal interactions, possi- 
bly mediated by neurotransmitters, may be 
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important determinants of the cytoarchitec- 
ture of the central nervous system (4). 

In some cell culture systems neurotrans- 
mitters leak into the culture medium (5) ,  
and spontaneous release of ACh occurs in 
retinal cultures such as those described here 
(6). This release of ACh resembles at least to 
some degree a naturally occurring event in 
the intact retina (7). Thus, in tissue culture it 
may be possible to investigate the chemical 
nature of neuronal interactions associated 
with cell growth in a precisely controlled 
environment. 

In the present study we used cultures of 
postnatal rat retinal cells because they pro- 
vide a system in which neurite outgrowth 
can be monitored from an identified central 
neuron, the retinal ganglion cell (8, 9).  We 
found that the addition of nicotinic antago- 
nists to the culture medium for the first 24 
hours after plating resulted in a striking 
increase in process outgrowth by the gangli- 
on cells. During the same period, there was 
no effect of nicotinic antagonists on the 
survival of the ganglion cells compared to 
controls, suggesting that the effect was in 
some way specific for the growth of neurites 
and not merely influencing the overall health 
and welfare of the cells. 

Retinal cultures were produced as de- 
scribed previously from 7- to 12-day-old rat 
pups (8) and grown in a specific batch of rat 
serum; under these conditions the culture 
fluid was found to have endogenous levels 
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