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Abstract

A primary goal of macroecology is to identify principles that apply across varied

ecosystems and taxonomic groups. Here we show that the allometric relationship

observed between maximum abundance and body size for terrestrial plants can be

extended to predict maximum population densities of marine phytoplankton. These

results imply that the abundance of primary producers is similarly constrained in

terrestrial and marine systems by rates of energy supply as dictated by a common

allometric scaling law. They also highlight the existence of general mechanisms linking

rates of individual metabolism to emergent properties of ecosystems.
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The scaling of organismal form and function is a central

feature of biological diversity (Brown & West 2000).

Empirical data indicate that the rate of resource use by an

individual plant, Q, is proportional to its metabolic rate, B,

and increases with its body size, M, as Q � B � M 3/4

(Enquist et al. 1998). This observation has been attributed to

the fractal-like geometry of biological distribution networks

(West et al. 1997), although alternative views have also been

expressed (Whitfield 2001). Empirical data also indicate that

for terrestrial plants, total abundance per unit area, N,

declines with increasing body size as N � M –3/4 (Enquist

et al. 1998). This implies that N is regulated such that the

total energy flux of the population, QTot, is invariant with

respect to body size and equal to the rate of limiting

resource supply, R, from the environment (R ¼ QTot ¼
N · Q � M –3/4 · M 3/4 ¼ M 0) (Enquist et al. 1998). Spe-

cies of vastly different size are thus ‘energetically equivalent’

in terms of population energy flux (Damuth 1981).

Recent work demonstrates that unicellular algae and

vascular plants adhere to the same allometric relationship

for rates of individual biomass production, G, where

G � M 3/4 (Niklas & Enquist 2001). This relationship is

predicted by allometric theory under the assumption that

G � Q � B � M 3/4. The equations above therefore pre-

dict that the two groups should also share a common power

function relating abundance to body size.

We test this prediction by combining a global compen-

dium of terrestrial plant size and abundance (Enquist et al.

1998; Enquist & Niklas 2002) with an 11-year survey (1986–

95) of marine phytoplankton in Sweden (Belgrano et al.

1999). The maximum abundance of marine phytoplankton

(black points, Fig. 1) is well predicted by the power function

describing the maximum abundance–body size relationship

for terrestrial plants (N ¼ 948 · M –0.757, n ¼ 365, 95%

confidence interval (CI) for the normalization constant: 796

to 1130, 95% CI for the exponent: –0.773 to –0.741).

Indeed, if we fit the same model using maximum abundance

data for the terrestrial plants and phytoplankton combined,

the updated parameter estimates are well within the 95%

confidence limits of those calculated for the terrestrial plant

model (N ¼ 1020 · M –0.765, n ¼ 376). The implication is

that maximum plant abundance is similarly constrained in

terrestrial and marine systems by energy supply.

The –3/4-power scaling relationship observed here

between maximum abundance and body size contrasts with

previous work conducted in aquatic systems (Duarte et al.

1987; Cyr 2000). These other studies showed a steeper slope

(i.e. N � M –a, a > 3/4), but are not comparable to the

present study because they aggregated data across trophic

groups. Steeper abundance–body size relationships may

exist for heterotrophic consumers than for autotrophs

because of allometric relationships between predator size,
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prey size, and productivity of the prey base (Carbone

& Gittleman 2002).

We note that phytoplankton abundance varies by more

than 2 orders of magnitude among samples even after

controlling for body size (grey triangles, Fig. 1). This is

consistent with other studies showing that phytoplankton

abundance and body size exhibit pronounced intra-annual

variation in response to changes in nutrient supply (Lindahl

et al. 1998) and vertical mixing of the water column

(Rodriguez et al. 2001). Nevertheless, our results clearly

show that marine phytoplankton and terrestrial plants

adhere to the same power function relating maximum

abundance to body size. This result, combined with

previous work on rates of individual biomass production

(Niklas & Enquist 2001), suggests that maximum rates of

productivity are identical for terrestrial and marine ecosys-

tems.
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Figure 1 Relationship between maximum plant abundance and average body size for terrestrial plants (grey circles) and marine phyto-

plankton (black circles and grey triangles). The terrestrial plant data included estimates of maximum abundance (individuals m–2) and body

size (g) for diverse plants including woody gymnosperms and angiosperms (Enquist & Niklas 2002) and non-woody plants (Enquist et al.

1998). The maximum of total phytoplankton abundance was calculated for each of 11 years (black circles) based on a total of 175 samples

(grey circles) taken approximately once each month. Total phytoplankton abundance per unit area was calculated based on average

phytoplankton abundance per unit volume over depths of 0–20 m. For each sample, the average body mass across all individuals was

calculated based on estimates of phytoplankton size (Edler 1977) for the 40 species sampled during the survey. The model in the figure was

fitted to the terrestrial plant data using reduced major-axis regression (Isobe et al. 1990) after applying a logarithmic transformation to both

variables.
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