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Three competing models for predicting the size of species pools:
a test using eastern North American wetlands |
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With growing emphasis on protecting biodiversity, there is an increasing need for
models which can predict the size of species pools in different habitats. Three models
make predictions of how the species pool should change along envirommental
gradients. First, the preductivity model predicts that the largest species pools will
occur at high productivity {or at high biomass in herbaccous systems). Next, the
species pool model predicts that the largest species pools will occur at the same
biomass level as highest alpha diversity (the number of species in a small sample of
uniform habitat), Finally, centrifugal organization predicts that spegies pools will be
largest where biomass is low, We tested the three models to determine which was
most appropriaie using biomass/species composition data from 33 eastern North
American wetlands. The resulting 640 quadrats produced a pattern of peol size
congistent with the species pool nrodel. Both alpha diversity and the species pool were
maximum at intermediate biomass fevels. This suggests that (1) the processes of stress
tolerance, disturbance tolerance, and competition that are associated with changes in
alpha diversity may also influence the species pool, and (2) the more casily measured
alpha diversity values can be used to predict where large species pools might occur.

{. C. Wishew and P. Keddy, Dept of Biclogy, Univ. of Otrawa, P.O. Box 450, Station
A, Otrtawa, ON, Canada KIN 6N3 {present address of [CW: Dept of Biology, McGill
Univ., 1205 Ave. Docteur Penfield, Montreal, QC, Cangda H34 1Bl
fiwisheu@bio | Jun.megill.ca)).

Patterns of diversity are central in both the study of
ecology and in the development of applications for
biological conservation {May 1986). As befitting the
importance of the subject, several books have recently
been written on diversity {e.g. Ricklefs and Schiuter
1993, Hustonn 1994, Rosenzweig 1995). These books
hightight how many factors are associated with diver-
sity and how many models have been proposed io
account for variation in diversity along gradients. Sev-
eral established models focus on predicting changes in
alpha diversity, the diversity in small samples of uni-
form habitat (sensu Whittaker 1975; for example, mod-
ety by Grime (1973, 1979, Connell (1978) and Huston
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(1979)). However, a new and more pressing challenge is
1o predict changes in biodiversity.

Biodiversity is the pool of species available to colo-
nize a given habitat. The size of the species pool is
believed to be determiped by speciation and extinction
rates (Wiens 1983) and by histerical processes govern-
ing migration (Zobel 1992). It has therefore been sug-
gested that extant species richness should be viewed as
an artifact of past biogeographical and historical events
rather than as a product of ecological opportunities
{Cornell and Lawton 1992, Li and Adair 1994). How-
ever, there are few opportunities to test this view. Many
of the questions regarding the species pool can only be
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addressed at the landscape scale, and few data sets exist
at this large a scale. Nevertheless, models that make
predictions of how species pools change along environ-
mental gradients have been proposed.

There are at least three competing models in the
literature that predict where large species pools will
occur in relation to habitat biomass. The oldest model,
the productivity model, states that there will be greater
numbers of species with increasing productivity (Con-
nell and Orias 1964; sce also Southwood 1977, 1988).
With increasing productivity, larger populations are
supported and the populations tend to be sedentary.
Since these larger populations also promoie more fre-
quent interspecific assoctations and contain greater ge-
netic variability, speciation is favoured. Species
diversity is therefore related to productivity in a non-
decreasing relationship. Since productivity closely ap-
proximates biomass in herbaceous wetland vegetation
subjected to winter dieback, this prediction can be
translated in this system as larger species pools with
increasing biomass.

Next, the species peool model (Taylor et al. 1990)
predicts that the largest species pools will occur at
lower biomass than the preceding model. The species
pool should reach maximum size at the same biomass
as the maximum of alpha diversity. Like the productiv-
ity model, this newer model also relates the size of the
species pool to opportunities for speciation. The species
pool model states that larger pools are a consequence
of greater area andfor geolopical age of habiiats (see
also Eriksson 1993). However, by itself, this explana-
tion is insufficient to explain why maximum alpha
diversity and pool size should coincide. It is therefore
implicit in the model that alpha diversity is a constant
subset of the species pool. This idea is reminiscent of
Preston’s sampling hypothesis (Preston 1948, Cornell
and Lawton 1992), which suggests that species assemn-
blages are random samples drawn from a pool of
potential colonists. The second model to be tested in
this study is therefore a combination of Taylor et al.
(1990) and Preston (1948), but will be referred to as the
species pool model. The species pool model has not
been previously tested (but see Pirtel et al. 1996).

Finally, the centrifugal organization model predicts
that the species pool will be highest near the tow end of
the biomass gradient (Keddy 1990, Wisheu and Keddy
1992). Pool size is viewed as an artifact of habitat
diversity, with there being more different kinds of low
biomass habitats than high biomass habitats. As the
number of habitats used to generate measurements of
the species pool is increased, the size of the species poot
will rise, primarily in low biomass habitats. Maximum
pool size will not be coincident with maximum alpha
diversity. To test among the three models predicting
changes in the size of the species pool, we therefore
needed to construct and then compare patterns of afpha
diversity and pool size along a biomass gradient.
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Methods

Species composition was recorded and biomass mea-
surements were made in 33 eastern North American
wetlands. The wetlands were in seven different geo-
graphic areas, areas defined on the basis of ecoclimatic
region and drainage basin. Within each geographic
area, wetlands were selected and sampled so that low,
medium, and high biomass wetlands were represented.
SYSTAT cluster analyses (SYSTAT 1990) were used to
identify the wetlands as 33 distinct sites,

At each wetland, 0.25-m* quadrats were positioned
within the zone of emergent marsh or wet meadow
vegetation, below the shrub zone and above aquatic
macrophytes. Quadrats were positioned to represent the
full range of biomass values present at the wetland,
with no fewer than 10 quadrats at each wetland site.
From within the gquadrats, all rooted vascular plant
species were identified and all aboveground biomass
was harvested, dried for at least 24 h at 60°C in a
forced-air convection oven, and weighed to the nearest
0.1 g. The quadrats were sampled between 23 July and
1 October, intermittently from 1983 to 1992, In total,
640 quadrats were sampled from Ontario, eastern Que-
bec, and southern Nova Scotia, many of them as part
of separate projects reported elsewhere (Day et al. 1988,
Moore and Keddy 1989, Wisheu and Keddy 1989, Lee
1993, Gaudet and -Keddy 1993).

To calculate the size of the species pool, quadrats
were grouped together in a set, and then the total
number of species in the set was counted. For example,
in two quadrats with 5 species each, alpha diversity
values would be 5 in each. But the species pool for the
combined quadrats would ramge from 5 (if both
quadrats had identical spectes) to 10 (f none of the
species in the two quadrats were the same). That is,

— . . .
Poin=0nae and P, =T

where P denotes the species pool and n is the number of
quadrats grouped together in a set. Generating patterns
of how the species pool changes along a biomass gradi-
ent therefore required that quadrats be grouped. We
describe the grouping method in some detail because
this is, 1o our knowledge, one of only a few attempts to
relate species pool and alpha diversity measurements
(Cornell 1985, Cornell and Lawton 1992, Kohn and
Walsh 1994; but see Cresswell et al. 1995).

First, all quadrats from the 33 sites were ordered
from lowest to highest biomass. Then, taking sets of
100 guadrats at a time (e.g. 100 with the lowest
biomass), subsets of 50 quadrats were randomly drawn,
(The random draws were made so that the quadrats
represented exactly 9 different wetland sites from 6 of
the 7 different geographic areas. This ensured that
greater geographic diversity within some groups of
quadrats would not artificially inflate the size of the
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species pool.} Then, for this subset of 50 quadrats, pool
size was calculated, as well as average biomass and
average alpha diversity. Next, from the same initial set
of 100 quadrats, a second subset of 50 quadrats was
randomly selected, and then the size of the pool, aver-
age biomass, and average alpha diversity values were
re-calculated. Subsampling was repeated a total of 3
times, to estimate mean values of pool size and average
alpha diversity for values of average biomass. This
procedure generated a single point in each of the two
graphs in Fig. 1. Finally, the whole procedure was
repeated for other sets of 100 quadrats, shifted 20
quadrats up the biomass gradient each time.

Results

First consider the data om alpha diversity (Fig. 1,
bottom). The range of hiomass values extended from
0.37 to 1219 g per 0.25 m®> and the range of alpha
diversity values were from 1 to 24 species per quadrat.
Maximum alpha diversity occurred in the range from
10 to 60 g/0.25 m?, resuits consistent with predictions of
intermediate diversity models (Grime 1973, 1979, Hus-
ton 1979). This range of biomass values is also consis-
tent with the range reported to support maximum alpha
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Fig. 1. The size of species pools (top) and average alpha
diversity (bottom) plotted against the average biomass of
wetland habitats. Each dot represents mean values calculated
from five randomly selected sets of 50 quadrats each, with bars
representing 95% C.L°s of the means,
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Fig. 2. The ratio of average alpha diversity to pool size plotted
against the average biemass of wetland habitats. The shaded
region is where values cannot occur when n = 50.

richness in other eastern North American wetlands
(Wilson and Keddy 1988, Shipley et al. 1991).

Now compare the pattern of alpha diversity to the
size of the species pool. As predicted by the species pool
hypothesis (Taylor et al. 1990}, maximum pool size
occurred at the same point along the biomass gradient
as did maximum average alpha diversity (Fig. [). At
low to intermediate biomass (36 /025 w®), fifty
quadrats contained an average total of 132 species. This
contrasts with the lowest biomass levels (4 g/0.25 m?),
where fifty quadrats supported 87 different species and
at the highest biomass levels (316 g/0.25 m?) where fifty
quadrats had only 47 species. For all points along the
biomass gradient, alpha diversity represented a nearly
constant fraction of the species pool (Fig. 2). In Fig. 2,
the fraction is consistently 7-10%, but this value
changes when species pools are generated using differ-
ent numbers of quadrats (n not equal to 50) or different
numbers of sites (Wisheu 1993).

Discussion

The patterns we observed are inconsistent with both the
first model (productivity model) and the third model
(centrifugal organization). Instead, the tight relation-
ship between alpha diversity and pool size is consistent
with the species pool model {Preston 1948, Taylor et al.
1990) which suggests that species assemblages are ran-
dom samples drawn from a pool of potential colonists.

The species pool model

This ~study supports the species pool model but the
mechanism of the model remains unclear. In the origi-
nal explanation of the species pool model {Taylor et al.
1950), 1t was explicitly proposed that greater poot size 18
determined by greater opportunities for speciation, a
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function of greater geological age and/or global area.
With this scenario, the well-known peak in alpha diver-
sity at intermediate biomass is actually caused by the
peak in pool size in this habitat type. This implies that
alpha diversity is controlled through evolution rather
than through ecological interactions.

An alternative (or complementary) view is that the
species pool may itself be controlled, in part, by the
very mechanisms {e.g. stress tolerance, disturbance tol-
erance, and competition) that have been proposed as
controls on diversity within a quadrat (Grime 1973,
1979, Connell 1978, Huston 1979). These mechanisms
may be operating at the evolutionary and biogeo-
graphic scales as well as at the quadrat scale. The
distributions of stress-tolerant isoetids (Boston and
Adams 1987) and competitive dominants (Gaudet and
Keddy 1988) within the species pool indicate that com-
petition and stress tolerance may be mechanisms oper-
ating within the species pool (Fig. 3).

While the mechanisms of tolerance and competition
may play a rele in determining the species pool, these
mechanisms continue to be forces within communities.
There are proportionally more isoetids in low biomass
quadrats and more competitive dominants in high
hiomass quadrats than a random subsample of the pool
would dictate (Fig. 4). These two groups of species are
therefore responding to the environment, indicating
that community composition is not solely an artifact of
random sampling. As species colonize, some species
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Fig. 3. Stress-tolerant isoctids {circles} and competitive domi-
nants (squates) expressed as proportion of the species pool
and plotied against the average biomass of wetland habitats.
The ten isoetid species are from a list by Boston and Adams
(1987), the five competitive dominanis are those identified by
Gaudet and Keddy (1988) as having the highest competitive
abilities of 44 wetland species. Species pools were generated
using 100 quadrats at a time.
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Fig. 4. Stress-tolerant isoetids (circles) and competitive domi-
nants (squares) expressed as proportions of either quadrats or
the species pool and plotted against the average biomass of
wetland habitats, The species are as described in Fig. 3. Light
symbols are averages of 100 quadrats, Dark symbols were
caleulated using 100 quadrats at a time.

appear to be favoured by the environment and are
therefore more frequent in the community, Other spe-
cies may colonize but occur infrequently. Alpha diver-
sity remains a constant fraction of the species pool,
with environmental factors apparently influencing
which species are chosen from the species pool.

There are important conservation implications to the
species pool model. First, because there is 2 constant
relationship between alpha diversity and pool size, the
more easily measured alpha diversity value can be used
to estimate the size of the species pool. Second, it is
now possible to predict how species pools will change
from one habitat to the next. For example, the preser-
vation of low biomass wetlands will protect a larger
species pool than the preservation of high biomass
wetlands,

Alternative models

Since the centrifugal organization model failed to pre-
dict bow the size of species pools changed along the
biomass gracdient, then either the centrifugal organiza-
tion model is wrong or there are problems with our
deduction of predictions that are consistent with the
model (Keddy 1990, Wisheu and Keddy 1992). We
suspect that the centrifugal organization model may
represent a limiting case where competitive dominants
successfully exclude subordinates to peripheral low
biomass habitats (sec also Ellenberg 1988). If this pro-
cess is less than complete or weak, then subordinates
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may invade intc higher biomass sifes with sufficient
frequency to regularly occur In species pools well away
from peripheral habitats. Such species may illustrate the
failure of competitive exclusion to create tight distribu-
tional limits along the biomass gradient. The centrifugal
organization model should not yet be discarded as
inapproptiate, but may be considered as a limiting case
in situations with strong competitive exclusion.

The productivity model also failed to predict patterns
in the sizes of species pools in eastern North American
wetlands, yet this model has previously proven success-
ful using North American trees (Currie and Paquin
1987). We can only speculate that the differing results
may be due to (1) the consideration of an entire flora
versus a dominant growth form, (2) the lengths of the
productivity gradients and the ensuing effects of scale
{(Wright et al. 1993), 1.e., an east-west array of wetland
sites versus a longer north-south gradient of tree diver-
sity, or (3), the nature of the productivity gradients.
The wetland gradient is probably a gradient of nutrient
or light availability (a resource gradient sensu Austin
and Smith 1989). The gradient in Curric and Paquin
(1987} is a gradient of annual evapotranspiration, prob-
ably related to temperature (a regulator gradient,
Austin and Smith 1989). When species are distributed
along resource gradients soch as nutrient or light
availability, competition will occur and some species
will be excluded, even if (or especially when) some
resources are in high supply. When species are dis-
tributed along regulator gradients such as temperature,
competition may not occur and a greater number of
species may coexist (Austin and Smith 1989). Further
testing of both the species pool model and the produc-
tivity model may determine when each of the two
models is appropriate.

There is still much to be resolved regarding patterns
of diversity but we now have one more tool for predict-
ing where centres of biodiversity might occur. By using
the species pool model and the intermediate diversity
models (Grime 1973, 1979, Connell 1978, Huston 1979,
we can now predict how alpha diversity and the species
pool will change along biomass gradients. Since patterns
of alpha diversity and pooi size parallel each other, at
least in this case, the more easily measured alpha
diversity value might be used to predict maximum
biodiversity. While the applicability of this relationship
in other systems remains to be explored, we now know
that for wetlands in eastern North America, protecting
the low-intermediate biomass wetlands with high aipha
diversity will protect large species pocls as well.

Acknowledgements - We appreciate comments on this
manuscript from Evan Weiher, David Currie, and Martin
Zobel, David Currie's comments on the productivity model
were especially valuable. Financial support was received
through an Ontario Graduate Student Scholarship, and
through grants to Paul Keddy from the Natural Sciences and
Engineering Research Council of Canada.

OIKOS 76:2 (1996)

References

Austin, M. P. and Smith, T. M. 1989, A new model for the
continuum concept. — Vegetatio 83; 35-47.

Boston, H. L. and Adams, M. §. 1987. Produciivity, growth
and photosynthesis of two small ‘isoetid’ plants, Lirtorella
uniflora and Isoetes macrospora. — J. Ecol. 75: 333-350.

Connell, J. H. 1978. Diversity in tropical rain forests and coral
reefs. — Science 199: 1302-1310.

_ and Orias, E. 1964, The ecological regulation of species
diversity. — Am. Nat. 98: 359-414.

Cornell, H. V. 1985. Local and regional richness of cynipine
gall wasps on california oaks. — Ecology 66: 1247-1260.

_ and Lawton, J. H. 1992. Species interactions, local and
regional processes, and limits to the richness of ecological
communities: a thearetical perspective. — J. Anim. Ecol.
61: 1-12.

Cresswell, J. E., Vidal-Martinez, V. M. and Crichton, N. J.
1995. The investigation of saturaticn in the species richness
of communities; some comments on methodology. — Oikos
72: 301-304,

Currie, D. 3. and Paquin, V. 1987. Large-scale biogeographical
patterns of species richness of trees. — Nature 329 326—
327.

Day, R. T., Keddy, P. A, MeNeill, J. and Carleton, T. 1988.
Fertility and disturbance gradients: a summary model for
riverine marsh vegetation. — Bcology 69: 1044-1054.

Ellenberg, H. 1988 Floristic changes due to nitrogen deposi-
tion in central Europe. — In: Nilsson, J. and Grennfelt, P.
(eds), Critical loads for sulphur and nitrogen. Neordic
Council of Ministers, Skokloster, Sweden, pp. 375383

Eriksson, ©. 1993, The species-pool hypothesis and plant
community diversity. — Oikos 68: 371-374.

Gaudet, C. L. and Keddy, P. A. 1988. A comparative ap-
proach to predicting competitive ability from plant traits.
— Nature 334: 242-243.

— and Keddy, P. A. 1995. Competitive performance and
species distribution in shoreline plant communities: a com-
parative approach. — Ecology 76; 280-291.

Grime, J. P. 1973. Competitive exclusion in herbaccous vegeta-
tion. — Nature 242: 344-.347.

— 1979, Plant strategies and vegetation processes. — Wiley,
Chichester.

Huston, M. 1979. A general hypothesis of species diversity. —
Am. Nat. 113: 81-10L.

— 1994, Biological diversity: the coexistence of species on
changing landscapes. — Cambridge Univ. Press, Cam-
bridge.

Keddy, P. A. 1990. Competitive hierarchies and centrifugal
organization in plant communities. — In: Grace, J.B. and
Tilman, D. (ads), Perspectives on plant competition. Aca-
demic Press, San Diego, CA, pp. 265-290.

Kohn, D. D. and Walsh, I». M. 1994. Plant species richness —
the effect of island size and habitat diversity. — J. Ecol. 82:
367-377.

Lee, H. T. 1993. The effects of eutrophication on wetland
plant communities. — Thesis, Univ. of Ottawa, Ontario,
Canada.

Li, S. and Adair, K, T. 1994. Species pocls in eastern Asia and
North America. — STDA Contrib, Bot. 16: 281-299,

May, R. M. 1986, The search for patterns in the balance of
nature: advances and vetreats. — Ecology 67: 1115-1126.

Moore, D. R, J. and Keddy, P. A. 1989. The relationship
between species richness and standing crop in wetlands: the
importance of scale, - Vegetatio 79: 99106,

Pirtel, M., Zobel, M., Zobel, K. and van der Maarel, E. 1996.
The species pool and its relation to species richness —
evidence from Estonian plant communities. — Oikos 75
111117

Preston, F. W. 1948, The commonness, and rarity, of species.
— Ecology 29: 254283,

Ricklefs, R. E. and Schluter, . 1993. Species diversity in
ecological communities: historical and geographical per-
spectives. — Univ. of Chicago Press, Chicago.

257



Rosenzweig, M. L. 1995, Species diversity in space and time. —
Cambridge Univ. Press, Cambridge.

Shipley, B., Keddy, P. A., Gaudet, C. and Moore, D. R. J.
1991. A model of species density in shoreline vegetation. —
Ecology 72: 16581667,

Southwood, T. R. E. 1977. Habitat, the templet for ecological
strategies? - J. Anim. Ecol. 46; 337-365.

~ 1988. Tactics, strategies and templets. — Oikos 52: 318,

SYSTAT 1990. SYSTAT Version 50. - SYSTAT, Inc,
Evanston, IL.

Taylor, D. R., Aarssen, L. W_ and Lochle, C. 1990. On the
relationship between r/K selection and environmental car-
rying capacity: & new habitat templet for plant life history
strategies. — Qikos 58 239-250.

Whittaker, R. H. 1975. Communities and ecosysterns, 2nd ed.
— Macmillan, New Yerk.

Wiens, J. A. 1983, Avian community ecology: an iconoclastic
view. — In: Brush, A.H. and Clark Jr., G.A. (eds), Perspec-
tives in ornithology. Cambridge Univ. Press, Cambridge,
pp. 355403,

258

Wilson, S. D. and Keddy, P. A. 1988, Species richness, sur-
vivorship, and biomass accumulation along an environ-
mental gradient. — Oikos 53: 375-380.

Wisheu, 1. C. 1995. Shared preference niche organization:
implications for community organization and diversity. -
Thesis, Univ, of Ottawa, Ontario,

~ and Keddy, P. A. 1989, Species richness—standing crop
relationships along four lakeshore gradients: constraints on
the general model. — Can. J. Bot. 67: 16071617,

— and Keddy, P. A. 1992. Compeiition and centrifugal orga-
pization of plant communities: theory and tests. — J. Veg.
Sci. 30 147-156.

Wrignt. D. H., Carrie, . J. and Maurer, B. A. 1993. Energy
supply and patterns of species tichness on local and re-
gional scales. — In: Ricklefs, R.E. and Schluter, D, (eds),
Species diversity in ecological commumities. Uriv. of
Chicago Press, Chicago, pp. 66-74.

Zohel, M. 1992, Plant species coexistence — the rofe of histor-
ical, evolutionary and ecological factors. — Oikos 65 214
320.

OIKOS 76:2 (1956)



