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Each day as the sun rises and retires 
the beautiful green bays like great creatures 
breathe in and out.  

Odum & Hoskins, 1958 
OCB Sum

m
er W

ork
sh

op 2019



1 2  |  VA N C E  A N D  D O E L

Tidal terms were depicted as two peaks, with long wavelengths and high power 
at a 12- and 24-hour timing. While intending to illustrate a general point, 
Stommel went on to provide a practical example. He used the plot to evaluate 
the results of the Argo research cruise in the Indian Ocean, undertaken by 
Scripps in 1960 as part of the Indian Ocean Expedition. (Fig. 2b) On this plot 
he indicated the spectra researchers expected to see (B) and the spectra actually 
observed on the cruise (C). In so doing, he showed how a cruise designed to 
measure one set of spectra could not correctly map another set of spectra due 
to the mismatch in the timing and spacing of the samples researchers had 
taken. What made the diagram particularly significant and potentially useful 
was that it portrayed all of these relationships simultaneously. 

At the time, researchers in physical oceanography were quite familiar with 
a wide range of techniques to visually display data and theoretical relationships. 
Throughout the 1950s and early 1960s one of the prime periodicals in the field, 

on attempts to detect the latter see Harry Collins, Gravity’s Shadow: The Search for Gravitational 
Waves (Chicago: University of Chicago Press, 2004). 

FIG. 2A The original Stommel Diagram, “Schematic Diagram of the Spectral Distribution of 
Sea Level.” A three-dimensional graphical depiction of four-dimensional phenomena, it por-
trays space and time scales of physical phenomena in the high seas, from tsunamis to ice 
ages. Source: Stommel, “Varieties” (ref. 28), 573. Reprinted with permission from AAAS.
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As oceanographers, we are interested in processes 
that span many orders of magnitude in space and time

 Varieties of

 Oceanographic Experience

 The ocean can be investigated as a hydrodynamical
 phenomenon as well as explored geographically.

 Henry Stommel

 When oceanographers set forth to ob-
 serve and explore the ocean they are
 hampered by many adversities, such as
 bad weather, faulty instruments, and
 seasickness. There is often a far more

 serious handicap: an inadequate design
 of the expedition as a whole. If we re-
 gard an expedition as a scientific experi-
 ment, then we must propose to answer
 certain specific questions, and the strat-
 egy of exploration, the disposition of
 ships and buoys, and so on, must be de-
 signed with a view to obtaining quanti-
 tative, statistically significant answers to
 these questions. More often than not
 the design characteristics of oceano-
 graphic experiments are such that few
 statistically significant answers are ob-
 tained. This variety of oceanographic
 experience should be helpful in improv-
 ing the design of future expeditions. It
 may also help us to distinguish the kinds
 of questions that can be meaningfully
 asked from those that cannot be.

 Suppose we wish to map the tempera-
 ture of the deep water in a large oceanic
 basin to within + 0.05?C; we might
 have in mind mid-regions of the Gulf of
 Mexico, or the Red Sea, or the eastern
 North Atlantic below 3000 meters. We

 know that in such basins there is very
 little fluctuation in water temperature
 over several decades, and that therefore
 102 to 103 point observations would be

 adequate for such a mapping. It is not
 necessary that all the observations of
 temperature be taken simultaneously-
 indeed, they may be scattered over many
 seasons and years. In many cases it is
 not necessary to organize a special ex-
 pedition to make a map of this kind.
 One merely makes use of data accumu-
 lated gradually, and nearly randomly,
 on cruises sent out for other purposes.

 Let us consider mapping another va-
 riable-the month-by-month variation
 in sea level in the South Pacific Ocean.

 At first this looks easy, but it is in fact
 more difficult than the first task by sev-
 eral orders of magnitude, and it requires
 an elaborate network of carefully main-
 tained stations operating over several
 years. We decide to install 102 tide
 gauges at oceanic islands and along the
 coasts. Ideally we also would have some
 new and ingenious instrument for mea-
 suring sea level at places where islands
 are sparse, so that we could spread our
 102 measuring points nearly uniformly
 over the South Pacific. We suppose that
 these deep-sea gauges obtain records
 within much the same response time as
 an island-based tide gauge. The annual
 range of sea level, we learn from experi-
 ence, is of the order of 20 centimeters.
 Let us suppose that we want to deter-
 mine mean monthly averages to an ac-
 curacy within a significant figure of 2
 centimeters. How easy this would be if
 the only variable involved were seasonal
 variability. Twelve observations at each
 station would be sufficient; 103 observa-
 tions in all would suffice for mapping
 the annual variation of sea level in the

 South Pacific. Oceanographic experi-
 ence, however, divests us of any inno-
 cent optimism on this score. We know
 that there is a whole spectrum of phe-
 nomena (on both the periodic and the
 geometric scale) associated with varia-
 tions in sea level-for example, gravity
 waves and tides. The biggest range is of
 course in the ice-age variations. There
 are also variations of sea level associ-

 ated with geostrophic turbulence, and
 with synoptic meteorological events. It
 is convenient to depict these different
 components of the spectral distribution
 of sea level on a diagram (Fig. 1) in
 which the abscissa is the logarithm of

 period P, in seconds, and the ordinate
 is the logarithm of horizontal scale, L,
 in centimeters. If we knew enough we
 could plot the spectral distribution quan-
 titatively by contours on this period-
 wavelength plane. Here we will only
 label the areas schematically.

 Because so many periods and scales
 are involved simultaneously in the vari-
 able sea level, obtaining a significant
 measurement of the annual variation of

 sea level requires many more than 10'
 measurements. The short-period gravity
 waves are filtered out of the records of

 tide gauges by the instruments them-
 selves. Waves of longer period, such as
 tides, register very nearly perfectly on
 tide gauges, so they must be filtered out
 through the use of running means, or
 by elaborate numerical filters if neces-
 sary. This requires that values of sea
 level be recorded at hourly intervals, to
 obtain the monthly means. Changes in
 sea level that occur over periods of
 several weeks as a result of irregular
 changes in the density of the sea and of
 other phenomena associated with mete-
 orological conditions cannot be distin-
 quished from seasonal change in a sin-
 gle monthly average. Therefore, in prac-
 tice we need hourly readings for several
 years-at least 4-to establish the an-
 nual variation of sea level at each geo-
 graphical position of the network of
 stations (1-3). We estimate, therefore,
 that to obtain a statistically significant
 map of annual variation of sea level in
 the South Pacific actually requires about
 3 X 106 hourly observations-consider-
 ably more than a first glance at the
 problem would lead one to expect. Here,
 then, we have a clear-cut example of
 the way in which attempts to measure
 one part of the spectrum are disrupted
 by energy in other parts.

 Islands on which tide gauges are lo-
 cated are very unevenly distributed,
 hence the mapping of the annual varia-
 tion in sea level has not been as accurate

 as one might like. However, no one pro-
 poses to set up an international program
 solely to increase our knowledge on this
 particular aspect of oceanography be-
 cause such a tremendous organized ef-
 fort would be required to improve the
 figures we now have. For much the
 same reason proposals to organize ex-
 tensive world cruises in the North At-

 lantic and Pacific oceans for the pur-
 pose of increasing our knowledge of the
 seasonal variation in surface tempera-
 ture do not make much sense; there are
 already many randomly gathered data
 on surface temperature in the files of
 data depositories, and to improve them
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 significantly would require an impos-
 sibly expensive cruise.

 Therefore, it is not to install extra
 tide gauges or collect data on sea-sur-
 face temperatures that expeditions are
 launched; however, such data might
 be useful by-products of other types
 of investigation. These jobs, and others
 like them, are often planned as part
 of larger efforts, such as the Indian
 Ocean Expedition. The danger is that
 the larger effort may have as its objec-
 tive simply an agglomeration of many
 unprofitable minor objectives, that it
 may not be well thought out and ade-
 quately planned.

 Tides and Turbulence

 If the existing tide-gauge network
 were operated for only 3 months, much
 useful information would be obtained

 on astronomical tides but very little
 would be obtained on geostrophic tur-
 bulence, because the tides and the geo-
 strophic eddies occur on different geo-
 graphical scales. To study the latter,
 a network of instruments with a finer

 grid would be necessary. This illus-
 trates a further point: a single net does
 not catch fish of all sizes; the existing
 net of tide-gauge stations does not suf-
 fice for a study of geostrophic turbu-
 lence. It is necessary to decide which
 part of the spectrum of each variable
 one wants to measure. No economical

 plan for mounting an expedition or set-
 ting up an observational program can
 encompass all the scales and periods;
 each plan must provide a definite sig-
 nificance level within a limited part
 of the spectrum despite contamina-
 tion from other parts of the spectrum.
 Finally, it must be shown that the de-
 sired significance level will be an im-
 provement on that already obtainable
 from data now in the files.

 The degree of contamination varies
 surprisingly for measures that at first
 seem very similar in character. For
 example, the degree of contamination,
 by internal gravity waves, of measures
 of the diurnal variation in surface-water
 temperature is less than the contamina-
 tion in measures of the diurnal varia-
 tion in heat storage in the upper layers.
 The latter determination requires a
 vertical integration of the temperature
 field, which is particularly sensitive to
 contamination by internal gravity
 waves. On the other hand, when the
 upper layers are nearly homogeneous,
 contamination from this source is at
 a minimum. Woodcock and Stommel

 15 FEBRUARY 1963

 (4) found both situations in a study of A Cautionary Tale
 diurnal heating in the Gulf of Mexico
 during the early spring. At first, while
 the upper layers were isothermal, the
 diurnal heat storage could be easily
 calculated from hourly soundings, but
 only a few weeks later, when a stratified
 thermal structure had been established,
 the heat storage could not be measured.
 Study of this problem thus would re-
 quire different strategies of investiga-
 tion, applied at different times.

 However, there are further compli-
 cations in the study of the tem-
 perature of the surface layer of the sea.
 The rate of heat transfer in the vertical
 direction depends upon very-small-
 scale fluctuations in temperature and
 in the vertical component of velocity,
 due to turbulence, and direct measure-
 ment of these fluctuations poses in-
 strumental problems of yet another
 sort. These turbulence processes de-
 pend, in turn, upon events with scales
 and periods associated with the me-
 teorological synoptic scale. For each
 of these problems a particular observa-
 tional network, density of stations,
 duration of experiment, and frequency
 of observation is required. One must
 specify what degree of precision he ex-
 pects to achieve in the result, and to
 guarantee that previous work has not
 already revealed at least as much as
 he hopes to find. And it is not imme-
 diately obvious why any one of these
 possible studies of the surface-layer
 temperature should have highest
 priority.

 One may well say that where so
 much is unknown, such detailed plan-
 ning is impracticable-unexpected com-
 plications may arise. I reply that where
 so much is known we dare not proceed
 blindly-the risk of obtaining insig-
 nificant results is too great. Here is a
 tale that illustrates the impossibility of
 always achieving a perfect design. The
 equatorial undercurrent in the Pacific
 is so strong and steady and so fixed in
 position that, as Knauss has shown, its
 velocity can be mapped to a high de-
 gree of accuracy by ordinary current
 meters. The time of year does not ap-
 pear to be critical. The current is nar-
 row but long, and therefore two length
 scales are used. It is evidently steady
 over many years. Knauss (5) mapped it
 by making short north-south sections at
 rather wide east-west intervals. There
 appears to be no significant contamina-
 tion of the values by low-level fluctua-
 tion in velocity such as may exist in
 other parts of the spectrum. In the
 Indian Ocean the winds at the equator
 vary with the monsoons. It seemed
 possible that observation of a similar
 kind made twice, once during the
 southwest monsoon and once during
 the northeast monsoon might reveal
 a nice annual reversal of the current
 (or at least show a predominantly an-
 nual component). Thus, the spectral
 density function for velocity at the
 equator might show two large peaks
 of different geometrical scale and of

 Tsunamis

 Fig. 1. Schematic diagram of the spectral distribution of sea level.
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Tidal terms were depicted as two peaks, with long wavelengths and high power 
at a 12- and 24-hour timing. While intending to illustrate a general point, 
Stommel went on to provide a practical example. He used the plot to evaluate 
the results of the Argo research cruise in the Indian Ocean, undertaken by 
Scripps in 1960 as part of the Indian Ocean Expedition. (Fig. 2b) On this plot 
he indicated the spectra researchers expected to see (B) and the spectra actually 
observed on the cruise (C). In so doing, he showed how a cruise designed to 
measure one set of spectra could not correctly map another set of spectra due 
to the mismatch in the timing and spacing of the samples researchers had 
taken. What made the diagram particularly significant and potentially useful 
was that it portrayed all of these relationships simultaneously. 

At the time, researchers in physical oceanography were quite familiar with 
a wide range of techniques to visually display data and theoretical relationships. 
Throughout the 1950s and early 1960s one of the prime periodicals in the field, 

on attempts to detect the latter see Harry Collins, Gravity’s Shadow: The Search for Gravitational 
Waves (Chicago: University of Chicago Press, 2004). 

FIG. 2A The original Stommel Diagram, “Schematic Diagram of the Spectral Distribution of 
Sea Level.” A three-dimensional graphical depiction of four-dimensional phenomena, it por-
trays space and time scales of physical phenomena in the high seas, from tsunamis to ice 
ages. Source: Stommel, “Varieties” (ref. 28), 573. Reprinted with permission from AAAS.
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How velocity scales with size is a fundamental 
aspect of organismal biology

The Explosion Network
The simplest centralized network that minimizes transport dis-
tances to the service volumes is an explosion network (27), with
∼B independent straight-line routes radiating out from a single
central source to supply each of ∼B service volumes (Fig. 1A).
We begin with this simple network to derive an upper bound on
the metabolic scaling exponent. We first show that if particles
travel at a constant velocity, v, not only within a body but also
across bodies of varying size, this simple network and the
assumptions above generate a metabolic scaling exponent of 2/3
(consistent with ref. 25). Then we allow v to increase with in-
creasing body size and show that the metabolic scaling exponent
can also increase, but only up to an upper bound of 3/4. This
upper bound is determined by the characteristic length of the

service volume, ls, and this length and the velocity, v, will both be
shown to scale as M1/12.
First we hold v constant and calculate B. The total number

of particles in transit, N, is the number of routes times the mean
number of particles in transit per route. Because there are ∼B
service volumes (A8), there are ∼B routes. The number of par-
ticles in transit per route equals the length of a route divided by the
separation distance, s, between particles on the route. The average
length of a route is the mean distance from the source to each of
the B service volumes, which scales as L ∼ V1/3 (from A3 and A4).
The steady-state assumption (A2) requires a relationship be-

tween the velocity of particles on a route and the separation dis-
tance between particles (Fig. 2). Consider a single route between
the source and a service volume. From A8, one particle is con-
sumed by the service volume in a fixed unit of time. From A2, for

Fig. 1. Sketches of 2D supply networks. Similar considerations apply to 3D animals. All three networks depict the supply routes from a single source to the
service regions. (A) Radial explosion network. An individual route directly connects the central source to each service volume. The average length of a route is
proportional to the length (L) of the animal, where L∼M1/3. The shortest routes (solid lines) are those to service volumes adjacent to the source, so their length is
ls ∼ (V/B)1/3 ∼ (M/B)1/3. The scale of the velocity is set by these routes and yields Eq. 3. (B) Hierarchical branching network, similar to that described byWest et al.
(10). The shortest pipes (capillaries, solid lines) are proportional to the radius of the service volume (M/B)1/3. There is backtracking through the pipes, so that the
distance from the heart through the arteries to each service volume is the same and is equal to the length (L) of the animal, where L ∼ M1/3. (C) Hierarchical
branching network without backtracking. The network is similar to A in that there is no backtracking as blood flows from the central source to the service
volumes and it is similar to B in that nearby supply routes are aggregated and the lengths of the shortest pipes (capillaries, solid lines) are proportional to the
radius of the service volume (M/B)1/3.

Fig. 2. Schematic demonstration of how length scales change with animal mass (M) in the radial explosion network. In each animal, the length scale (L) and
average distance between the central source and the service regions (d) are proportional toM1/3, the volume of the service region is ∼M/B, and from Eq. 1, the
length of the service volumes (ls) is proportional to (M/B)1/3. The length of the shortest pipe is ∼ls , and thus the maximum separation between particles, s, is ∼ls.
From Eqs. 1 and 5, ls ∼M1/12. Thus, inA, s is slightly larger (∼M1/12) and d is much larger (∼M1/3) than inB. Because velocity is proportional to s (Eq. 2), we have the
following relationships: v∼ s∼ ls ∼ ðM  = BÞ1=3 ∼M1=12, d∼L∼M1=3:

Banavar et al. PNAS | September 7, 2010 | vol. 107 | no. 36 | 15817
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Many biological processes, from cellular metabolism to popula-
tion dynamics, are characterized by allometric scaling (power-
law) relationships between size and rate1±10. An outstanding
question is whether typical allometric scaling relationships–
the power-law dependence of a biological rate on body mass–can
be understood by considering the general features of branching
networks serving a particular volume. Distributed networks in
nature stem from the need for effective connectivity11, and occur
both in biological systems such as cardiovascular and respiratory
networks1±8 and plant vascular and root systems1,9,10, and in
inanimate systems such as the drainage network of river
basins12. Here we derive a general relationship between size and
Øow rates in arbitrary networks with local connectivity. Our
theory accounts in a general way for the quarter-power allometric
scaling of living organisms1±10, recently derived8 under speciÆc
assumptions for particular network geometries. It also predicts
scaling relations applicable to all efÆcient transportation net-
works, which we verify from observational data on the river
drainage basins. Allometric scaling is therefore shown to origi-
nate from the general features of networks irrespective of dyna-
mical or geometric assumptions.
In euclidean geometry, a D-dimensional compact object, char-

acterized by a linear size L and having a constant density (indepen-
dent of L), has a volume V and a mass M that scale as LD. Thus,
simple geometrical attributes that depend on L should scale with the
mass as a function of M1/D. For example, the surface area of such
objects scales as M(D-1)/D. For three-dimensional objects (where
D à 3), onemay therefore expect scaling to hold with the exponents
being related to the factor 1/3. But we will show here that, for
systems comprising transportation networks, this simple 1/D-
scaling is no longer valid.
To model the metabolic system of living organisms, we postulate

that the fundamental processes of nutrient transfer at the micro-

scopic level are independent of organism size. In a D-dimensional
organism (denoted the service region), the number of such transfer
sites scales as LD (here L is measured in units of l, the mean distance
between neighbouring sites). Each transfer site is fed with nutrients
(for example, through blood) by a central source through a network
providing a route for the transport of the nutrients to the sites. The
total amount of nutrients being delivered to the sites per unit time,
B, simply scales as the number of sites or as LD. The total blood
volume C for a given organism at any given time depends, in the
steady-state supply situation, on the structure of the transportation
network. It is proportional to the sum of individual Øow rates in the
links or bonds that constitute the network. We deÆne the most
efÆcient class of networks as that for which C is as small as possible.
Note that this does not coincide with the assumption made in ref. 8,
where the energy dissipation was minimized within a hierarchical
model.
Our key result is that, for networks in this efÆcient class, C scales

as L(D+1). The total blood volume increases faster than the metabolic
rate B as the characteristic size scale of the organism increases. Thus
larger organisms have a lower number of transfer sites (and henceB)
per unit blood volume. Because the organism mass scales1±3,5±7 (at
least) as C, the metabolic rate does not scale linearly with mass, but
rather scales asMD/(D+1). In the non-biological context, the number
of transfer sites is proportional to the volume of the service region,
which, in turn, leads to a novel mass±volume relationship.
We consider a single network source that services LD sites

uniformly distributed in a D-dimensional space. Each site is con-
nected to one or more of its neighbours, which results in a
transportation network that spans the system. Such a network
may be a well connected one with loops, or merely a spanning
tree, an extreme example of which is a spiral structure11 (Fig. 1a±d).
Each siteX is supplied by the source at a steady rate FX, no less than a
positive value Fmin and no larger than a value FmaxÖFmax $ FminÜ, both
of which may depend on l. A simple, special case would correspond
to a uniform constant rate for all sites. We set l à 1 without loss of
generality. Such a system could represent a biological organism that
needs a steady supply of nutrients to all its parts1±8. The metabolic
rate of such a biological organism is given by B à SXFX and simply
scales as LD. Another example is the (inverse) problem of the
drainage basin of a river where the sites represent source areas, FX
is the net rainfall rate of landscape-forming events12 and the network
provides routes for transport of water and sediments.
Any transportation network must provide a route from the

source to all the LD sites and consists of interconnected links in
each of which, in steady state, the Øow rate does not change with
time. Each link starts or terminates at the source or a site. Let the
scalar quantity |Ib| represent the magnitude of the Øow on the b-th
link. The source has an outward Øow, whose rate exactly equals the
sum of the Øow rates into all the sites. At a junction of the links, a
conservation law for the net Øow holds–the inØow must exactly
balance the outØow plus the amount supplied to the site. This
conservation law does not determine uniquely the Øow on each link
for an arbitrary network. The degrees of freedom in the choice of the
Øow pattern is controlled by the number of independent loops equal
to Öthe number of linksÜ2 Öthe number of sitesÜ á 1. The total
quantity of nutrients in the network at any instant of time, C, is
given simply by Sb|Ib| on setting the constant of proportionality
equal to 1.
We propose the theorem that for any spanning network in D

dimensions, C scales at least as LD+1 and at most as L2D for large L.
Equivalently, the number of transfer sites or B scales at most as
CD/(D+1) and at least as C1/2. The general proof of the theorem is
presented as Supplementary Information. A simple argument is that
C is equal to the number of transfer sites (LD) multiplied by the
mean distance of the transfer sites to the source (the father away a
transfer site is from the source as measured along the network, the
larger the amount of blood that will be needed to nourish it). This
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Many biological processes, from cellular metabolism to popula-
tion dynamics, are characterized by allometric scaling (power-
law) relationships between size and rate1±10. An outstanding
question is whether typical allometric scaling relationships–
the power-law dependence of a biological rate on body mass–can
be understood by considering the general features of branching
networks serving a particular volume. Distributed networks in
nature stem from the need for effective connectivity11, and occur
both in biological systems such as cardiovascular and respiratory
networks1±8 and plant vascular and root systems1,9,10, and in
inanimate systems such as the drainage network of river
basins12. Here we derive a general relationship between size and
Øow rates in arbitrary networks with local connectivity. Our
theory accounts in a general way for the quarter-power allometric
scaling of living organisms1±10, recently derived8 under speciÆc
assumptions for particular network geometries. It also predicts
scaling relations applicable to all efÆcient transportation net-
works, which we verify from observational data on the river
drainage basins. Allometric scaling is therefore shown to origi-
nate from the general features of networks irrespective of dyna-
mical or geometric assumptions.
In euclidean geometry, a D-dimensional compact object, char-

acterized by a linear size L and having a constant density (indepen-
dent of L), has a volume V and a mass M that scale as LD. Thus,
simple geometrical attributes that depend on L should scale with the
mass as a function of M1/D. For example, the surface area of such
objects scales as M(D-1)/D. For three-dimensional objects (where
D à 3), onemay therefore expect scaling to hold with the exponents
being related to the factor 1/3. But we will show here that, for
systems comprising transportation networks, this simple 1/D-
scaling is no longer valid.
To model the metabolic system of living organisms, we postulate

that the fundamental processes of nutrient transfer at the micro-

scopic level are independent of organism size. In a D-dimensional
organism (denoted the service region), the number of such transfer
sites scales as LD (here L is measured in units of l, the mean distance
between neighbouring sites). Each transfer site is fed with nutrients
(for example, through blood) by a central source through a network
providing a route for the transport of the nutrients to the sites. The
total amount of nutrients being delivered to the sites per unit time,
B, simply scales as the number of sites or as LD. The total blood
volume C for a given organism at any given time depends, in the
steady-state supply situation, on the structure of the transportation
network. It is proportional to the sum of individual Øow rates in the
links or bonds that constitute the network. We deÆne the most
efÆcient class of networks as that for which C is as small as possible.
Note that this does not coincide with the assumption made in ref. 8,
where the energy dissipation was minimized within a hierarchical
model.
Our key result is that, for networks in this efÆcient class, C scales

as L(D+1). The total blood volume increases faster than the metabolic
rate B as the characteristic size scale of the organism increases. Thus
larger organisms have a lower number of transfer sites (and henceB)
per unit blood volume. Because the organism mass scales1±3,5±7 (at
least) as C, the metabolic rate does not scale linearly with mass, but
rather scales asMD/(D+1). In the non-biological context, the number
of transfer sites is proportional to the volume of the service region,
which, in turn, leads to a novel mass±volume relationship.
We consider a single network source that services LD sites

uniformly distributed in a D-dimensional space. Each site is con-
nected to one or more of its neighbours, which results in a
transportation network that spans the system. Such a network
may be a well connected one with loops, or merely a spanning
tree, an extreme example of which is a spiral structure11 (Fig. 1a±d).
Each siteX is supplied by the source at a steady rate FX, no less than a
positive value Fmin and no larger than a value FmaxÖFmax $ FminÜ, both
of which may depend on l. A simple, special case would correspond
to a uniform constant rate for all sites. We set l à 1 without loss of
generality. Such a system could represent a biological organism that
needs a steady supply of nutrients to all its parts1±8. The metabolic
rate of such a biological organism is given by B à SXFX and simply
scales as LD. Another example is the (inverse) problem of the
drainage basin of a river where the sites represent source areas, FX
is the net rainfall rate of landscape-forming events12 and the network
provides routes for transport of water and sediments.
Any transportation network must provide a route from the

source to all the LD sites and consists of interconnected links in
each of which, in steady state, the Øow rate does not change with
time. Each link starts or terminates at the source or a site. Let the
scalar quantity |Ib| represent the magnitude of the Øow on the b-th
link. The source has an outward Øow, whose rate exactly equals the
sum of the Øow rates into all the sites. At a junction of the links, a
conservation law for the net Øow holds–the inØow must exactly
balance the outØow plus the amount supplied to the site. This
conservation law does not determine uniquely the Øow on each link
for an arbitrary network. The degrees of freedom in the choice of the
Øow pattern is controlled by the number of independent loops equal
to Öthe number of linksÜ2 Öthe number of sitesÜ á 1. The total
quantity of nutrients in the network at any instant of time, C, is
given simply by Sb|Ib| on setting the constant of proportionality
equal to 1.
We propose the theorem that for any spanning network in D

dimensions, C scales at least as LD+1 and at most as L2D for large L.
Equivalently, the number of transfer sites or B scales at most as
CD/(D+1) and at least as C1/2. The general proof of the theorem is
presented as Supplementary Information. A simple argument is that
C is equal to the number of transfer sites (LD) multiplied by the
mean distance of the transfer sites to the source (the father away a
transfer site is from the source as measured along the network, the
larger the amount of blood that will be needed to nourish it). This
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It has been known for decades that the metabolic rate of animals
scales with body mass with an exponent that is almost always <1,
>2/3, and often very close to 3/4. The 3/4 exponent emerges natu-
rally from two models of resource distribution networks, radial ex-
plosion and hierarchically branched, which incorporate a minimum
of specific details. Both models show that the exponent is 2/3 if
velocity of flow remains constant, but can attain a maximum value
of 3/4 if velocity scales with its maximum exponent, 1/12. Quarter-
power scaling can arise evenwhen there is no underlying fractality.
The canonical “fourth dimension” in biological scaling relations can
result from matching the velocity of flow through the network to
the linear dimensionof the terminal “service volume”where resour-
ces are consumed. These models have broad applicability for the
optimal designof biological and engineered systemswhere energy,
materials, or information are distributed from a single source.

allometric | fractal | hierarchical | metabolic rate | network

Allometric scaling laws reflect changes in biological structure
and function as animals diversified to span >12 orders of

magnitude in body size. Since the seminal work of Kleiber in 1932,
it has been known that the metabolic rate, B, or rate of energy use
inmost animals andplants scales as approximately the 3/4 power of
bodymass,M (1–8), and thisB∼M3/4 scaling has come to be known
as Kleiber’s rule. Most other biological rates and times, such as
heart rates, reproductive rates, blood circulation times, and life
times, scale with characteristic quarter powers, asM−1/4 andM1/4,
respectively (4–9). This unusual fourth dimension came as a sur-
prise to biologists, who expected that heat dissipation would cause
metabolic rate to scale the same as body surface area and hence
geometrically as the 2/3 power of volume or mass. Quarter-power
scaling lacked a unified theoretical explanation until 1997, when
West et al. (WBE) (10) produced a model based on optimizing
resource supply and minimizing hydrodynamic resistance in the
supply network.
The WBE model stimulated a resurgence of interest in allo-

metric scaling in biology. It initiated a lively debate about the
empirical generality of 3/4-power metabolic scaling and its theo-
retical explanation (11–26). A recent study revived the case for
geometric scaling by showing that simple models of distribution
networks generate metabolic scaling exponents of 2/3 (25). Nev-
ertheless, the increasing number of empirical studies repeatedly
finds exponents>2/3,<1, andoften very close to 3/4 (14, 24, 26, 28–
30). Here we show that an exponent of 3/4 emerges naturally as an
upper bound for the scaling ofmetabolic rate in two simplemodels
of vascular networks. Furthermore, quarter power scaling is shown
to hold evenwhen there is no underlying fractal network. Aunique
prediction of our models is that blood velocity scales as the 1/12
power of animal mass. These models have broad application to
biological and human-engineered systems where resources are
distributed from a single source.
We explore two different models in which resources flow from

a central source to supply a 3D volume. For simplicity, we omit
constants of proportionality that are independent of animal mass,

and which ensure that all quantities have proper dimensions. Both
models start by making the following simplifying assumptions:

A1. Definition of metabolic rate: Metabolic rate, B, can bemea-
sured as the rate offlowof discrete particles througha supply
network. In mammals, for example, metabolic rate is rou-
tinely measured as the rate of oxygen consumption, and the
oxygen molecules are transported in the blood vessels from
a central source, the heart, to terminal units, the mitochon-
dria, where they are consumed.

A2. Steady-state postulate: The flux of resources is at steady
state, so supply matches demand, the rate B of particles
being consumed by the terminal units matches the rate B
of particles leaving the source, and the number of particles
in transit does not change over time.

A3. Geometric similarity: Animals, especially those in the
same taxonomic or functional group, are geometrically
similar, so their geometry can be characterized by length,
L, surface area, A, and volume, V, and simple Euclidean
geometrical scaling gives V ∼ L3 and A ∼ L2.

A4. Directed transport: The average distance (d) from the
source to each terminal unit is proportional to the length,
L, of the animal (11).

A5. Velocity, v, is assumed to be uniform within an animal.
The average transit time, τ, scales as τ ∼ d/v.

A6. Mass is proportional to volume: The density of protoplasm
is approximately constant across animals, so mass, M, is
proportional to volume, V.

A7. Particles in transit are contained within animal volume:
The number of resource particles in transit, N, scales lin-
early with M and V.

A8. Definition of service volume:We define a service volume as
a unit of tissue that has a fixed metabolic rate independent
of animal mass. Thus the number of service volumes is pro-
portional to B. In an animal with volume V, each service
region has volume proportional to V/B and radius or length

ls ∼ ðV=BÞ1=3: [1]

The service volume does not necessarily correspond to any bi-
ological structure, although in mammals the service volume can
be thought of as the volume of tissue supplied by a capillary, the
terminal unit of the vascular network.
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capillaries (shown inFig. 1B andC).A design that incorporates the
above modifications of WBE is depicted in Fig. 1C. This design is
a centralized, branched network with variable-length paths that
minimize distance from the heart to the service volumes.
We assume that the velocity is uniform within a body but, unlike

WBE, we allow velocity to vary as a function of animal massM. As
in the explosion network, for every red blood cell arriving in
a capillary and delivering its oxygen in a service volume, a red blood
cell leaves the heart (A2). Again the velocity must be proportional
to the shortest path from heart to the nearest service volume, and
therefore to the radius of a service volume, giving v ∼ (M/B)1/3
(fromEq. 2). In thismodel having velocity scale as v∼M1/12 has two
effects. First, blood cells are packed together at constant density
within arteries. But only the blood cells destined for a particular
service region are separated by a distance s∼M1/12, as shown inFig.
3. Second, for the velocity to increase with M, the cross-sectional
area of the arteries must be reduced relative to the number of
capillaries (also shown inFig. 3). Bloodvolume is keptproportional
to M by having the M3/4 capillaries supplied by a single aorta with
cross-sectional area ∼M2/3 and a network length L ∼M1/3.
Now, we invoke the same simplifying assumptions as above (A1–

A8), which lead to the same equations (Eqs. 3–6). So our branching
model, a significant modification of WBE’s, predicts the quarter-
power scaling exponents including metabolic rate scaling as M3/4

and velocity as M1/12, both exponents being upper bounds. To see
why a larger exponent is not possible without violating the above
assumptions, letB∼Mθ. The velocity v scales as (M/B)1/3∼M(1−θ)/3.
B is also proportional to the volume rate of flow of metabolites,
so B ∼ Aav, where Aa is the cross-sectional area of the aorta. Thus,
Aa∼B/v∼M(4θ−1)/3. The total blood volume scales asAa times aorta
length (L ∼ M1/3) and therefore as M4θ/3. By A7, blood volume
scales at most as M. Thus, the maximum value of θ is 3/4. As
a counter example, if θ=4/5, then v∼ ls∼M1/15,Aa∼ B/v∼M11/15,
and blood volume ∼M16/15, violating assumption A7.
Our hierarchical branchingmodel retains the fractal-like design

of WBE but shows how the self-similar branching through the
hierarchy of arteries arises naturally, with the number of capil-
laries (proportional to the metabolic rate) scaling as the cube (in
3D animals) of the ratio of the aorta length (∼M1/3) to the cap-
illary length (∼M1/12). Thus, the aorta length scales as the Eu-
clidean length of the organism while ensuring that blood volume
scales linearly with M. The changes from WBE—having blood
velocity scaling asM1/12 rather than asM0, aorta length scaling as
M1/3 rather than M1/4, and average cross-sectional area of the
network scaling as M2/3 rather than M3/4—solve the problem of
fitting the fractal-like network into an animal with a fundamen-
tally Euclidean geometry (17).

Conclusions
Two different designs for distribution systems, radial explosion
and hierarchically branched networks, give identical scaling ex-
ponents: a maximum of 3/4 for metabolic rate, a maximum of
1/12 for velocity, and Euclidean 1/3 for vessel lengths and radii.
Empirical studies support the velocity and length scaling pre-
dictions (1, 31). Moreover, the empirically observed M1/4 circu-
lation times (4–9) and M1/3 transport distances can be achieved
only if blood velocity scales as M1/12.
Real biological networks may deviate from the idealized sim-

plified networks shown above when other factors result in alter-
native designs. Deviations toward 2/3-power scaling are likely if
velocity does not vary significantly with animal mass. Deviations
toward linear scaling are likely if there is no vascular systemor if the
range of body sizes is sufficiently small that blood volume is able to
scale superlinearly. Indeed, several studies have recently shown
that basal or resting metabolic rate of mammals does not scale as
a single power law, but instead the exponent changes from ≈2/3 to
3/4 as body size increases (24, 26, 28). This result is not surprising,
because real mammalian metabolic and circulatory systems have
many complications that are not included in simple models. These
complications include the capacity to vary rate of metabolism and
oxygen supplymany fold between resting and active states (32) and
theneed to increase cross-sectional areasof the smallest vessels and
reduce blood velocity by several orders of magnitude before blood
enters the capillaries (33). Differences between resting, field, and
maximummetabolic rates can also arise because of deviations from
the basic assumptions, e.g., being in steady state. The canonization
of “Kleiber’s law” of M3/4 scaling of metabolic rate has led to
a search for the “fourth dimension of life” (3, 34, 35). Quarter-
power scaling does not arise from fractality, although it emerges
naturally in hierarchically branched, fractal-like designs that are so
common in both animals and plants. We show how this fourth di-
mension arises from the scaling of velocity to match the charac-
teristic linear dimension, ls, of the service volume, which in turn
comes from the fundamental space-filling property of the resource
supply network. The service volume has its analog in other trans-
portation systems that distribute energy, materials, and in-
formation from a central source to dispersed locations and that
have been designed to maximize performance (36). Examples in
engineered networks are the “last mile” that connects individual
consumers to global infrastructure networks such as the Internet or
the electrical power grid. The absolute length of the “isochronic
region” to which timing signals are delivered in computer chips is
measured in nanometers, but despite its miniscule size, it deter-
mines the frequency of the clock and thus the information pro-
cessing power of the chip (37), in the same way that that the length
of the service volume in an animal determines the speed of oxygen
delivery and ultimately rate of metabolism. The service volume is
also where a package flown across the globe at a speed of hundreds
of miles per hour is walked to a door by a mail carrier and where
passengers exit high-speed planes and trains to take slower modes
of transport home. The length and speed of transport over this last
mile ultimately constrain delivery rates. Strikingly, human engi-
neering and natural selection have both come up with the same
principles for the design of resource supply networks.
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Fig. 3. Red blood cells in a branching network with no backtracking, as in Fig.
1C. Blood cells are packed into arteries at constant density, whereas blood cells
destined for a particular service regionare separatedby adistance, s∼ ls∼M1/12.
Each cell is labeledwith the service region it will be delivered to. In this case, ls is
approximately the length of two red blood cells. In a larger organism, ls would
be larger, and there would be more red blood cells between cells labeled with
the same service region. Here there are eight service regions, each serviced by
one capillary, soB∼ 8∼M3/4, and eight red blood cells are releasedper unit time
from the central heart. Those eight red blood cells are squeezed into an aorta
with cross-sectional area∼M2/3, which causes the separation distance(s) and the
velocity of blood cells, v, both to be proportional to M1/12.
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For the problem of efficiently supplying material to a spatial region from a single source, we present a

simple scaling argument based on branching network volume minimization that identifies limits to the

scaling of sink density. We discuss implications for two fundamental and unresolved problems in

organismal biology and geomorphology: how basal metabolism scales with body size for homeotherms

and the scaling of drainage basin shape on eroding landscapes.
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In both natural and man-made systems, branching net-
works universally facilitate the essential task of supplying
material from a central source to a widely distributed sink
population. Branching networks also underlie the comple-
mentary process of collecting material from many sources
at a single sink. Such networks typically exhibit structural
self-similarity over many orders of magnitude: river net-
works drain continents [1–3], arterial and venal networks
move blood between the macroscopic heart and micro-
scopic capillaries [4], and trees and plants orient leaves
in space taking on the roles of both structure and
transportation.

We address the following questions regarding supply
networks. (1) What is the minimum network volume re-
quired to continually supply material from a source to a
population of sinks in some spatial region!? (2) How does
this optimal solution scale if ! is rescaled allometrically?
(For convenience, we use the language of distribution, i.e.,
a single source supplying many sinks.) Our approach is
inspired by that of Banavar et al. [5,6] who sought to derive
scaling properties of optimal transportation networks in
isometrically growing regions based on a flow rate argu-
ment; Banavar et al.’s approach followed the seminal work
of West et al. [7] who suggested supply networks were key
to understanding the metabolic limitations of organisms,
and focused on network impedance minimization (see
[8,9]). In contrast to this previous work, our treatment is
explicitly geometric. We also accommodate four other key
features: the ambient dimension, allometrically growing
regions, variable sink density, and varying speed of mate-
rial transportation.

We consider the problem of network supply for a general
class of d-dimensional spatial regions in a D " d dimen-
sional space. Each region ! has volume V and overall
dimensions L1 # L2 # $ $ $ # Ld [see Fig. 1(a)]. We allow
these length scales to scale as Li / V!i, creating families
of allometrically similar regions. For isometric growth, all
dimensions scale uniformly meaning !i ¼ 1=d, while for
allometric growth, we must have at least one of the f!ig
being different. For the general case of allometry, we

choose an ordering of f!ig such that the length scales are
arranged from most dominant to least dominant: !max ¼
!1 " $ $ $ " !d.
We assume that isolated sinks are located throughout a

contiguous spatial region ! (volume V) which contains a

single source located at ~x ¼ ~0. We allow sink density to
follow "& "0ðVÞð1 þ ak ~xkÞ!# where a is fixed, # " 0,
and k ~xk is the distance from the source. When the exponent
# ¼ 0, " is constant throughout the region (as for capil-
laries in organisms), but remains a function of the region’s

b)

a)

c)

FIG. 1. (a) We consider families of d-dimensional spatial
regions that scale allometrically with Li / V!i, and exist in a
D-dimensional space where D " d. For the d ¼ D ¼ 2 example
shown, !max ¼ !1 > !2, and L1 grows faster than L2. We
require that each spatial region is star-convex, i.e., from at least
one point all other points are directly observable, and the single
source must be located at any one of these central points.
(b) Distribution (or collection) networks can be thought of as a
superposition of virtual vessels. In the example shown, the
source (circle) supplies material to the three sinks (squares).
(c) Allowing virtual vessels to expand as they move away from
the source captures a potential decrease in speed in material flow.
For scaling of branching network form to be affected, the radius
r of a virtual vessel must scale with vessel length s (measured
from the sink) as s!$.
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In both natural and man-made systems, branching net-
works universally facilitate the essential task of supplying
material from a central source to a widely distributed sink
population. Branching networks also underlie the comple-
mentary process of collecting material from many sources
at a single sink. Such networks typically exhibit structural
self-similarity over many orders of magnitude: river net-
works drain continents [1–3], arterial and venal networks
move blood between the macroscopic heart and micro-
scopic capillaries [4], and trees and plants orient leaves
in space taking on the roles of both structure and
transportation.

We address the following questions regarding supply
networks. (1) What is the minimum network volume re-
quired to continually supply material from a source to a
population of sinks in some spatial region!? (2) How does
this optimal solution scale if ! is rescaled allometrically?
(For convenience, we use the language of distribution, i.e.,
a single source supplying many sinks.) Our approach is
inspired by that of Banavar et al. [5,6] who sought to derive
scaling properties of optimal transportation networks in
isometrically growing regions based on a flow rate argu-
ment; Banavar et al.’s approach followed the seminal work
of West et al. [7] who suggested supply networks were key
to understanding the metabolic limitations of organisms,
and focused on network impedance minimization (see
[8,9]). In contrast to this previous work, our treatment is
explicitly geometric. We also accommodate four other key
features: the ambient dimension, allometrically growing
regions, variable sink density, and varying speed of mate-
rial transportation.

We consider the problem of network supply for a general
class of d-dimensional spatial regions in a D " d dimen-
sional space. Each region ! has volume V and overall
dimensions L1 # L2 # $ $ $ # Ld [see Fig. 1(a)]. We allow
these length scales to scale as Li / V!i, creating families
of allometrically similar regions. For isometric growth, all
dimensions scale uniformly meaning !i ¼ 1=d, while for
allometric growth, we must have at least one of the f!ig
being different. For the general case of allometry, we

choose an ordering of f!ig such that the length scales are
arranged from most dominant to least dominant: !max ¼
!1 " $ $ $ " !d.
We assume that isolated sinks are located throughout a

contiguous spatial region ! (volume V) which contains a

single source located at ~x ¼ ~0. We allow sink density to
follow "& "0ðVÞð1 þ ak ~xkÞ!# where a is fixed, # " 0,
and k ~xk is the distance from the source. When the exponent
# ¼ 0, " is constant throughout the region (as for capil-
laries in organisms), but remains a function of the region’s
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one point all other points are directly observable, and the single
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mean distance scales at least as L and at most as LD. The latter result
holds for a network with a one-dimensional topology as in a space-
Ælling spiral, whereas the former result is obtained when the
network has all links directed away from the source (or towards a
collection point or the outlet in the river basin). Indeed, C scales as
LD+1 for all directed networks (the Øow in all but the links of the
directed maximal network (Fig. 1b) are necessarily zero in these
cases) independent of whether they have loops or a tree-like
structure, provided Ib is non-negative on each link. Such solutions
do indeed exist and include all directed trees (Fig. 1c). These
solutions belong to the class of the most efÆcient networks in that
they lead to the smallest value of C. In such networks, B scales as CD/

(D+1). Thus, for D à 3, when quantities related to the network are
scaled with respect to C, we obtain quarter-power scaling rather
than the one-third power behaviour discussed earlier.
The application of our theorem to the problem of allometric

scaling in living organisms, which span size scales that range over
many orders of magnitude1±8, is straightforward. In spite of an
impressive array of scales and the accompanying diverse require-
ments in the resources needed for sustaining the organism, a robust
and common feature is that a variety of biological quantities
(generically denoted as Y) that are related to blood circulation
scale algebraically with the massM of the organism. The relation is
given as Y,Ms, where s is a scaling exponent1±8. Even though the
organisms are three-dimensional, the exponent s is usually consis-
tently found to be obtained from the fraction 1/4.

West, Brown and Enquist8 have constructed a model of space-
Ælling hierarchical networks of branching tubes to explain allo-
metric scaling. In our analysis, the massM of an organism scales as
the blood volume C, so that in the simplest and most efÆcient
scenario B,M3=4, which is the central result of allometric scaling1±10.
Many of the other exponents derived in ref. 8 follow from simple
dimensional analysis, thus accounting for their robustness, whereas
others depend on detailed assumptions. The scaling exponent is
universal. Our analysis shows that the basic result does not require
any assumptions regarding the hierarchical nature of the network
nor does it necessarily demand a tree-like structure. However, the
presence of a tree would greatly shorten the total length of the
network, thereby increasing its viability and efÆciency. Observed
differences in scaling within a species and between species1±7 could
arise from factors extrinsic to the network that limit the amount of
nutrients delivered to the sites (see Supplementary Information).
We now turn to a test of the theorem within the context of river

networks12. An elevation map of the soil heights of the rugged
landscape may be used to derive a spanning tree that deÆnes unique
routes from each location within the basin to the global outlet,
where the main stream is formed. Suitably accurate data and
objective procedures to extract the network are known, and the
reliability of the observational results are well established12. Each site
X in the basin is associated with a sub-basin that drains into it. The
role of the metabolic rate for this sub-basin is taken by the total
contributing area, which is deÆned by the recursion relation
AX à SZ[nnÖXÜAZ á 1, where nn(X) are the nearest neighbours of X
that drain into X through appropriate steepest-descent drainage
directions. Note that the added unity is the area of the elementary
pixel, the analogue of FX. Indeed, ifA is the area of the sub-basin that
drains into a given site X, the analogue of C is deÆned by SZ[gAZ
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Figure 1 Sketches of transportation networks. a, An example of a fully connected

network, deÆned as the connection pattern of links that join the sites, generically

denoted by X, characterized by different distances LX from the source O. The

nodenumber in the drawing represents the value ofLXdeÆned to be theminimum

number of sites encountered among all the routes along the network fromO to X.

The cross-hatched area represents the elementary service volume VX of one of

the sites. Each site X may be thought of as serving an elementary volume VX

requiring the necessary nutrient supply FX. Two sites are deÆned as neighbours if

their service volumes share a part of their boundaries of non-zero measure. The

arrows denote orientated links that are directed away from the source.b,Maximal

directed network. Only orientated links are retained from the fully connected

network. c, A directed spanning tree. Each site is connected to the source by a

single path, the shortest, belonging to the maximal network. d, A spiral pattern,

which yields limiting scaling behaviour. Note that within the assumed framework

of local connectivity, the possibility of explosion patterns11 connecting all sites

directly to the source is not admissible.
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Figure 2 Allometric scaling in river networks. Double logarithmic plot of

C ~ SX[gAX versus A for three river networks characterized by different climates,

geology and geographic locations (Dry Fork, West Virginia, 586 km2, digital terrain

map (DTM) size 303 30m2; Island Creek, Idaho, 260 km2, DTM size 303 30m2;

Tirso, Italy, 2,024 km2, DTM size 2373 237m2). The experimental points are

obtained by binning total contributing areas, and computing the ensemble

average of the sum of the inner areas for each sub-basin within the binned

interval. The Ægure uses pixel units in which the smallest area element is

assigned a unit value. Also plotted is the predicted scaling relationship with

slope 3/2. The inset shows the raw data from the Tirso basin before any binning

has been done.

capillaries (shown inFig. 1B andC).A design that incorporates the
above modifications of WBE is depicted in Fig. 1C. This design is
a centralized, branched network with variable-length paths that
minimize distance from the heart to the service volumes.
We assume that the velocity is uniform within a body but, unlike

WBE, we allow velocity to vary as a function of animal massM. As
in the explosion network, for every red blood cell arriving in
a capillary and delivering its oxygen in a service volume, a red blood
cell leaves the heart (A2). Again the velocity must be proportional
to the shortest path from heart to the nearest service volume, and
therefore to the radius of a service volume, giving v ∼ (M/B)1/3
(fromEq. 2). In thismodel having velocity scale as v∼M1/12 has two
effects. First, blood cells are packed together at constant density
within arteries. But only the blood cells destined for a particular
service region are separated by a distance s∼M1/12, as shown inFig.
3. Second, for the velocity to increase with M, the cross-sectional
area of the arteries must be reduced relative to the number of
capillaries (also shown inFig. 3). Bloodvolume is keptproportional
to M by having the M3/4 capillaries supplied by a single aorta with
cross-sectional area ∼M2/3 and a network length L ∼M1/3.
Now, we invoke the same simplifying assumptions as above (A1–

A8), which lead to the same equations (Eqs. 3–6). So our branching
model, a significant modification of WBE’s, predicts the quarter-
power scaling exponents including metabolic rate scaling as M3/4

and velocity as M1/12, both exponents being upper bounds. To see
why a larger exponent is not possible without violating the above
assumptions, letB∼Mθ. The velocity v scales as (M/B)1/3∼M(1−θ)/3.
B is also proportional to the volume rate of flow of metabolites,
so B ∼ Aav, where Aa is the cross-sectional area of the aorta. Thus,
Aa∼B/v∼M(4θ−1)/3. The total blood volume scales asAa times aorta
length (L ∼ M1/3) and therefore as M4θ/3. By A7, blood volume
scales at most as M. Thus, the maximum value of θ is 3/4. As
a counter example, if θ=4/5, then v∼ ls∼M1/15,Aa∼ B/v∼M11/15,
and blood volume ∼M16/15, violating assumption A7.
Our hierarchical branchingmodel retains the fractal-like design

of WBE but shows how the self-similar branching through the
hierarchy of arteries arises naturally, with the number of capil-
laries (proportional to the metabolic rate) scaling as the cube (in
3D animals) of the ratio of the aorta length (∼M1/3) to the cap-
illary length (∼M1/12). Thus, the aorta length scales as the Eu-
clidean length of the organism while ensuring that blood volume
scales linearly with M. The changes from WBE—having blood
velocity scaling asM1/12 rather than asM0, aorta length scaling as
M1/3 rather than M1/4, and average cross-sectional area of the
network scaling as M2/3 rather than M3/4—solve the problem of
fitting the fractal-like network into an animal with a fundamen-
tally Euclidean geometry (17).

Conclusions
Two different designs for distribution systems, radial explosion
and hierarchically branched networks, give identical scaling ex-
ponents: a maximum of 3/4 for metabolic rate, a maximum of
1/12 for velocity, and Euclidean 1/3 for vessel lengths and radii.
Empirical studies support the velocity and length scaling pre-
dictions (1, 31). Moreover, the empirically observed M1/4 circu-
lation times (4–9) and M1/3 transport distances can be achieved
only if blood velocity scales as M1/12.
Real biological networks may deviate from the idealized sim-

plified networks shown above when other factors result in alter-
native designs. Deviations toward 2/3-power scaling are likely if
velocity does not vary significantly with animal mass. Deviations
toward linear scaling are likely if there is no vascular systemor if the
range of body sizes is sufficiently small that blood volume is able to
scale superlinearly. Indeed, several studies have recently shown
that basal or resting metabolic rate of mammals does not scale as
a single power law, but instead the exponent changes from ≈2/3 to
3/4 as body size increases (24, 26, 28). This result is not surprising,
because real mammalian metabolic and circulatory systems have
many complications that are not included in simple models. These
complications include the capacity to vary rate of metabolism and
oxygen supplymany fold between resting and active states (32) and
theneed to increase cross-sectional areasof the smallest vessels and
reduce blood velocity by several orders of magnitude before blood
enters the capillaries (33). Differences between resting, field, and
maximummetabolic rates can also arise because of deviations from
the basic assumptions, e.g., being in steady state. The canonization
of “Kleiber’s law” of M3/4 scaling of metabolic rate has led to
a search for the “fourth dimension of life” (3, 34, 35). Quarter-
power scaling does not arise from fractality, although it emerges
naturally in hierarchically branched, fractal-like designs that are so
common in both animals and plants. We show how this fourth di-
mension arises from the scaling of velocity to match the charac-
teristic linear dimension, ls, of the service volume, which in turn
comes from the fundamental space-filling property of the resource
supply network. The service volume has its analog in other trans-
portation systems that distribute energy, materials, and in-
formation from a central source to dispersed locations and that
have been designed to maximize performance (36). Examples in
engineered networks are the “last mile” that connects individual
consumers to global infrastructure networks such as the Internet or
the electrical power grid. The absolute length of the “isochronic
region” to which timing signals are delivered in computer chips is
measured in nanometers, but despite its miniscule size, it deter-
mines the frequency of the clock and thus the information pro-
cessing power of the chip (37), in the same way that that the length
of the service volume in an animal determines the speed of oxygen
delivery and ultimately rate of metabolism. The service volume is
also where a package flown across the globe at a speed of hundreds
of miles per hour is walked to a door by a mail carrier and where
passengers exit high-speed planes and trains to take slower modes
of transport home. The length and speed of transport over this last
mile ultimately constrain delivery rates. Strikingly, human engi-
neering and natural selection have both come up with the same
principles for the design of resource supply networks.
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Fig. 3. Red blood cells in a branching network with no backtracking, as in Fig.
1C. Blood cells are packed into arteries at constant density, whereas blood cells
destined for a particular service regionare separatedby adistance, s∼ ls∼M1/12.
Each cell is labeledwith the service region it will be delivered to. In this case, ls is
approximately the length of two red blood cells. In a larger organism, ls would
be larger, and there would be more red blood cells between cells labeled with
the same service region. Here there are eight service regions, each serviced by
one capillary, soB∼ 8∼M3/4, and eight red blood cells are releasedper unit time
from the central heart. Those eight red blood cells are squeezed into an aorta
with cross-sectional area∼M2/3, which causes the separation distance(s) and the
velocity of blood cells, v, both to be proportional to M1/12.
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In this talk, we’ll apply ideas from the metabolic theory of 
ecology to marine ecosystems
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passengers exit high-speed planes and trains to take slower modes
of transport home. The length and speed of transport over this last
mile ultimately constrain delivery rates. Strikingly, human engi-
neering and natural selection have both come up with the same
principles for the design of resource supply networks.
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Fig. 3. Red blood cells in a branching network with no backtracking, as in Fig.
1C. Blood cells are packed into arteries at constant density, whereas blood cells
destined for a particular service regionare separatedby adistance, s∼ ls∼M1/12.
Each cell is labeledwith the service region it will be delivered to. In this case, ls is
approximately the length of two red blood cells. In a larger organism, ls would
be larger, and there would be more red blood cells between cells labeled with
the same service region. Here there are eight service regions, each serviced by
one capillary, soB∼ 8∼M3/4, and eight red blood cells are releasedper unit time
from the central heart. Those eight red blood cells are squeezed into an aorta
with cross-sectional area∼M2/3, which causes the separation distance(s) and the
velocity of blood cells, v, both to be proportional to M1/12.
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Introduction 
Each day as the sun rises and retires the beautiful green bays like great creatures 

breathe in and out. By day photosynthetic production of food and oxygen by plants is 
plentiful, but day and night there is also a furious feasting. The animals, the consumer 
parts of plants, and the bacteria remove the food and oxygen previously created from the 
sunlight. On some days the production exceeds the respiratory consumption, and or· 
ganic food matter accumulates, but at other times respiration dominates so that the 

1 These studies were aided by the Rockefeller Foundation. 
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With surface area A 
and mean depth H 
By definition volume V = AH

Consider an estuary…
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Within this estuary…

there are n organisms 
each with individual  
metabolism Pi

Conservation of mass requires 
P = ∑n Pi = n‹Pi›
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substituting 

n = ΓV
Conservation of mass requires 

P = ∑n Pi = n‹Pi›

Total Productivity: P = EV

and defining 

E = Γ‹Pi›

Total productivity is the specific productivity times size

specific metabolism

the density (or abundance) 
of organisms is Γ = n/V,
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To investigate metabolism/size scaling, we compiled 134 
published estimates of ecosystem metabolism

Table S1: Compilation of ecosystem geometries and metabolic rates. References
are indicated following each value. c indicates the value was computed from other
values on that line. m indicates an area that was measured via aerial image.

Location Geometry Gross Primary Production Community Respiration

Lat. Lon. Depth Area Volume Benthic Pelagic Specific Total Specific Total
�N �E m log10 m2 log10 m3 g C m�2 d�1 log10 g C d�1 g C m�2 d�1 log10 g C d�1

Århus Bugt 56.093 10.191 12 c 8.50 [1] 9.58 [1] 0.34 [2] 8.03 c
Aabenraa Fjord 55.024 9.504 23 [3] 7.49 [4] 8.86 c 0.84 [2] 7.42 c
ACE Basin (Big Bay Creek) 32.494 -80.324 1.3 [5] 3.50 [5] 3.61 c 3.57 [5] 4.05 c 5.16 [5] 4.21 c
ACE Basin (St. Pierre) 32.523 -80.357 1.8 [5] 4.30 [5] 4.56 c 3.46 [5] 4.84 c 4.23 [5] 4.93 c
Alewife Cove 41.312 -72.100 0.8 [6] 5.26 [6] 5.18 c 0.51 [7] 0.44 [7] 0.95 [7] 5.23 c
Apalachicola Bay (Bottom) 29.786 -84.875 1.8 [5] 7.20 [5] 7.46 c 0.89 [5] 7.15 c 1.61 [5] 7.41 c
Apalachicola Bay (Surface) 29.786 -84.875 1.8 [5] 7.20 [5] 7.46 c 0.81 [5] 7.11 c 1.27 [5] 7.30 c
Augustenborg Fjord 54.945 9.831 5.1 c 7.14 [1] 7.85 [1] 0.51 [2] 6.84 c
Baltic Sea 58.000 20.000 60 [8] 11.57 [8, 9] 13.35 c 0.01 [7] 0.44 [7] 0.38 [8, 9] 11.15 c 0.34 [8, 9] 11.11 c
Bissel Cove 41.548 -71.432 0.2 [6] 3.82 [6] 3.22 c 2.09 [7] 0.15 [7] 2.25 [7] 4.17 c
Bojorquez Lagoon 21.126 -86.758 1.7 [10] 6.39 [10] 6.62 c 7.91 [10, 11] 7.29 c 6.21 [10, 11] 7.19 c
Boston Harbor 42.338 -70.985 5.8 [12] 8.03 [12] 8.80 c 0.89 [13, 14] 7.98 c
Bothnian Bay 64.000 23.000 41 [15] 10.56 [15] 12.17 c 0.01 [7] 0.07 [7] 0.08 [7] 9.44 c
Bothnian Sea 62.000 19.000 63 [15] 11.07 [15] 12.87 c 0.01 [7] 0.30 [7] 0.31 [7] 10.56 c
Camden Haven -31.667 152.800 1.2 [16] 7.64 [16] 7.72 c 1.12 [16] 10.50 [16] 1.05 [16] 7.67 c 1.15 [16] 7.70 c
Chesapeake Bay 38.500 -76.400 6.0 [12] 9.74 [17] 10.52 c 1.43 c 9.90 [17] 1.27 c 9.84 [17]
Chesapeake Bay/Patuxent River
(Jug Bay)

38.781 -76.708 1.7 [5] 3.70 [5] 3.93 c 1.96 [5] 3.99 c 3.54 [5] 4.25 c

Chesapeake Bay/Patuxent River
(Patuxent Park)

38.773 -76.709 2.4 [5] 4.70 [5] 5.08 c 2.36 [5] 5.07 c 2.94 [5] 5.17 c

Chesapeake Bay/York River
(Goodwin Island)

38.781 -76.708 1.0 [5] 6.00 [5] 6.00 c 1.53 [5] 6.18 c 1.35 [5] 6.13 c

Chesapeake Bay/York River
(Taskinas Creek)

38.773 -76.709 1.3 [5] 4.80 [5] 4.91 c 2.56 [5] 5.21 c 2.45 [5] 5.19 c

Cochin 9.833 76.250 2.4 c 8.36 [18] 8.74 [18] 0.31 [18, 11] 7.85 c 0.45 [18, 11] 8.02 c
Columbia River Estuary 46.222 -123.825 4.5 c 8.94 [19] 9.59 [19] 0.19 [20, 9] 8.23 c 0.08 [20, 9] 7.82 c
Delaware Bay 39.100 -75.200 9.7 [12] 9.30 [12] 10.29 c 0.82 [21] 9.21 c
Delaware Bay (Blackwater Land-
ing)

39.389 -75.636 1.8 [5] 6.40 [5] 6.66 c 3.23 [5] 6.91 c 4.00 [5] 7.00 c

Delaware Bay (Scotton Landing) 39.085 -75.461 1.8 [5] 6.00 [5] 6.26 c 2.71 [5] 6.43 c 3.17 [5] 6.50 c
Det Sydfynske Øhav 55.015 10.394 8.5 [3] 8.59 [4] 9.52 c 0.46 [2] 8.26 c
Douro 41.145 -8.656 7.5 [22] 6.85 [23] 7.72 c 0.32 [22, 11] 6.35 c 1.15 [22, 11] 6.91 c
El Verde Lagoon 23.417 -106.583 1.0 [24] 5.67 [24] 5.67 c 1.43 [24, 9] 5.83 c 1.64 [24, 9] 5.89 c
Elkhorn Slough (Azevedo Pond) 36.846 -121.754 0.7 [5] 3.60 [5] 3.45 c 4.15 [5] 4.22 c 4.75 [5] 4.28 c
Elkhorn Slough (South Marsh) 36.818 -121.739 1.6 [5] 4.60 [5] 4.80 c 2.88 [5] 5.06 c 3.25 [5] 5.11 c
Ems-Dollard 53.318 7.116 2.0 [25] 8.70 [7] 9.00 c 0.16 [7] 0.27 [7] 0.44 [7] 8.34 c 0.79 [26, 11] 8.59 c
Estero Pargo 18.667 -91.792 2.0 [27] 5.97 [27] 6.27 c 0.95 [28, 9] 5.94 c 1.11 [28, 9] 6.01 c
Flax Pond 40.963 -73.140 0.6 [6] 4.00 [6] 3.80 c 0.98 [7] 0.16 [7] 1.15 [7] 4.06 c
Flensborg Fjord 54.827 9.780 14 [3] 8.43 [3] 9.60 c 1.12 [2] 8.48 c
Fourleague Bay 29.333 -91.160 1.5 [29] 7.97 [29] 8.14 c 1.42 [30, 29, 9] 8.12 c 1.49 [30, 29, 9] 8.14 c
Gamborg Fjord 55.454 9.774 2.9 c 7.02 [1] 7.48 [1] 0.37 [2] 6.58 c
Genner Fjord 55.122 9.499 11 c 6.65 [1] 7.70 [1] 0.58 [2] 6.41 c
Gr̊adyb Tidevandsomr̊ade 55.553 8.275 2.3 [31] 8.14 [4] 8.50 c 0.67 [2] 7.97 c
Grays Harbour Estuary 46.955 -124.015 3.1 [32] 8.38 [7] 8.87 c 0.83 [7] 0.02 [7] 0.85 [7] 8.31 c

3

E
C

O
L
O

G
Y

E
N

V
IR

O
N

M
E
N

T
A

L

S
C

IE
N

C
E
S

Allometric scaling of estuarine ecosystem metabolism
Nicholas J. Nidziekoa,1

aDepartment of Geography, University of California, Santa Barbara, CA 93106

Edited by Jonathan J. Cole, Cary Institute of Ecosystem Studies, Avon, NC, and approved May 14, 2018 (received for review November 21, 2017)

There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.

ecosystem metabolism | estuaries | primary production |
allometric scaling | metabolic theory

Coastal margins are home to some of the most productive
habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
the global oceans (7) and provide critical human ecosystem
services (8).

Ecosystem metabolism refers to the collective formation and
utilization of organic matter within an ecosystem (9). Since the
seminal work of H. T. Odum (10), the concept has more than
tacitly drawn a parallel between estuaries and living organisms:
“Each day as the sun rises and retires the beautiful green bays
like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in

Significance

Coastal margins host some of the most productive habitats
on the planet, yet there is still significant uncertainty about
the magnitude of carbon fluxes across the land/ocean inter-
face. Scaling up in situ measurements into whole-ecosystem
estimates of how these habitats contribute to global biogeo-
chemical cycling has been hindered by their apparent hetero-
geneity, complex circulation, and sizes that range from tens of
meters to hundreds of kilometers. Here, I show that estuarine
ecosystem metabolism varies predictably with ecosystem size.
The significance of this study is not simply that larger estu-
aries have lower specific ecosystem metabolism than smaller
estuaries, but that this size scaling arises because the resi-
dence time of limiting nutrients does not scale isometrically
with estuary size.
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There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.

ecosystem metabolism | estuaries | primary production |
allometric scaling | metabolic theory

Coastal margins are home to some of the most productive
habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
the global oceans (7) and provide critical human ecosystem
services (8).

Ecosystem metabolism refers to the collective formation and
utilization of organic matter within an ecosystem (9). Since the
seminal work of H. T. Odum (10), the concept has more than
tacitly drawn a parallel between estuaries and living organisms:
“Each day as the sun rises and retires the beautiful green bays
like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in
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on the planet, yet there is still significant uncertainty about
the magnitude of carbon fluxes across the land/ocean inter-
face. Scaling up in situ measurements into whole-ecosystem
estimates of how these habitats contribute to global biogeo-
chemical cycling has been hindered by their apparent hetero-
geneity, complex circulation, and sizes that range from tens of
meters to hundreds of kilometers. Here, I show that estuarine
ecosystem metabolism varies predictably with ecosystem size.
The significance of this study is not simply that larger estu-
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There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.
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Coastal margins are home to some of the most productive
habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
the global oceans (7) and provide critical human ecosystem
services (8).

Ecosystem metabolism refers to the collective formation and
utilization of organic matter within an ecosystem (9). Since the
seminal work of H. T. Odum (10), the concept has more than
tacitly drawn a parallel between estuaries and living organisms:
“Each day as the sun rises and retires the beautiful green bays
like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in

Significance

Coastal margins host some of the most productive habitats
on the planet, yet there is still significant uncertainty about
the magnitude of carbon fluxes across the land/ocean inter-
face. Scaling up in situ measurements into whole-ecosystem
estimates of how these habitats contribute to global biogeo-
chemical cycling has been hindered by their apparent hetero-
geneity, complex circulation, and sizes that range from tens of
meters to hundreds of kilometers. Here, I show that estuarine
ecosystem metabolism varies predictably with ecosystem size.
The significance of this study is not simply that larger estu-
aries have lower specific ecosystem metabolism than smaller
estuaries, but that this size scaling arises because the resi-
dence time of limiting nutrients does not scale isometrically
with estuary size.
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There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.
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Coastal margins are home to some of the most productive
habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
the global oceans (7) and provide critical human ecosystem
services (8).

Ecosystem metabolism refers to the collective formation and
utilization of organic matter within an ecosystem (9). Since the
seminal work of H. T. Odum (10), the concept has more than
tacitly drawn a parallel between estuaries and living organisms:
“Each day as the sun rises and retires the beautiful green bays
like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in

Significance

Coastal margins host some of the most productive habitats
on the planet, yet there is still significant uncertainty about
the magnitude of carbon fluxes across the land/ocean inter-
face. Scaling up in situ measurements into whole-ecosystem
estimates of how these habitats contribute to global biogeo-
chemical cycling has been hindered by their apparent hetero-
geneity, complex circulation, and sizes that range from tens of
meters to hundreds of kilometers. Here, I show that estuarine
ecosystem metabolism varies predictably with ecosystem size.
The significance of this study is not simply that larger estu-
aries have lower specific ecosystem metabolism than smaller
estuaries, but that this size scaling arises because the resi-
dence time of limiting nutrients does not scale isometrically
with estuary size.
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There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.
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Coastal margins are home to some of the most productive
habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
the global oceans (7) and provide critical human ecosystem
services (8).

Ecosystem metabolism refers to the collective formation and
utilization of organic matter within an ecosystem (9). Since the
seminal work of H. T. Odum (10), the concept has more than
tacitly drawn a parallel between estuaries and living organisms:
“Each day as the sun rises and retires the beautiful green bays
like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in

Significance

Coastal margins host some of the most productive habitats
on the planet, yet there is still significant uncertainty about
the magnitude of carbon fluxes across the land/ocean inter-
face. Scaling up in situ measurements into whole-ecosystem
estimates of how these habitats contribute to global biogeo-
chemical cycling has been hindered by their apparent hetero-
geneity, complex circulation, and sizes that range from tens of
meters to hundreds of kilometers. Here, I show that estuarine
ecosystem metabolism varies predictably with ecosystem size.
The significance of this study is not simply that larger estu-
aries have lower specific ecosystem metabolism than smaller
estuaries, but that this size scaling arises because the resi-
dence time of limiting nutrients does not scale isometrically
with estuary size.
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There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.

ecosystem metabolism | estuaries | primary production |
allometric scaling | metabolic theory

Coastal margins are home to some of the most productive
habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
the global oceans (7) and provide critical human ecosystem
services (8).

Ecosystem metabolism refers to the collective formation and
utilization of organic matter within an ecosystem (9). Since the
seminal work of H. T. Odum (10), the concept has more than
tacitly drawn a parallel between estuaries and living organisms:
“Each day as the sun rises and retires the beautiful green bays
like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in

Significance

Coastal margins host some of the most productive habitats
on the planet, yet there is still significant uncertainty about
the magnitude of carbon fluxes across the land/ocean inter-
face. Scaling up in situ measurements into whole-ecosystem
estimates of how these habitats contribute to global biogeo-
chemical cycling has been hindered by their apparent hetero-
geneity, complex circulation, and sizes that range from tens of
meters to hundreds of kilometers. Here, I show that estuarine
ecosystem metabolism varies predictably with ecosystem size.
The significance of this study is not simply that larger estu-
aries have lower specific ecosystem metabolism than smaller
estuaries, but that this size scaling arises because the resi-
dence time of limiting nutrients does not scale isometrically
with estuary size.
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Recall from log laws that a slope not equal to 1 in log 
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There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.
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Coastal margins are home to some of the most productive
habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
the global oceans (7) and provide critical human ecosystem
services (8).

Ecosystem metabolism refers to the collective formation and
utilization of organic matter within an ecosystem (9). Since the
seminal work of H. T. Odum (10), the concept has more than
tacitly drawn a parallel between estuaries and living organisms:
“Each day as the sun rises and retires the beautiful green bays
like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in
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describe an empirical observation that size-dependent patterns
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exist across a wide range of coastal geomorphologies. Ecosys-
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estuaries dominated by pelagic primary production and nearly
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primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
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the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
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estuaries have lower specific (on a per unit size basis) ecosystem
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because the residence time of limiting nutrients does not scale
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direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
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describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
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the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
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explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v
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i (27); the subscript i
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the nonlinear relationship between bi and vi is linear with slope
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Quarter-power scaling is explained by theoretical 
arguments for organismal metabolism

The Explosion Network
The simplest centralized network that minimizes transport dis-
tances to the service volumes is an explosion network (27), with
∼B independent straight-line routes radiating out from a single
central source to supply each of ∼B service volumes (Fig. 1A).
We begin with this simple network to derive an upper bound on
the metabolic scaling exponent. We first show that if particles
travel at a constant velocity, v, not only within a body but also
across bodies of varying size, this simple network and the
assumptions above generate a metabolic scaling exponent of 2/3
(consistent with ref. 25). Then we allow v to increase with in-
creasing body size and show that the metabolic scaling exponent
can also increase, but only up to an upper bound of 3/4. This
upper bound is determined by the characteristic length of the

service volume, ls, and this length and the velocity, v, will both be
shown to scale as M1/12.
First we hold v constant and calculate B. The total number

of particles in transit, N, is the number of routes times the mean
number of particles in transit per route. Because there are ∼B
service volumes (A8), there are ∼B routes. The number of par-
ticles in transit per route equals the length of a route divided by the
separation distance, s, between particles on the route. The average
length of a route is the mean distance from the source to each of
the B service volumes, which scales as L ∼ V1/3 (from A3 and A4).
The steady-state assumption (A2) requires a relationship be-

tween the velocity of particles on a route and the separation dis-
tance between particles (Fig. 2). Consider a single route between
the source and a service volume. From A8, one particle is con-
sumed by the service volume in a fixed unit of time. From A2, for

Fig. 1. Sketches of 2D supply networks. Similar considerations apply to 3D animals. All three networks depict the supply routes from a single source to the
service regions. (A) Radial explosion network. An individual route directly connects the central source to each service volume. The average length of a route is
proportional to the length (L) of the animal, where L∼M1/3. The shortest routes (solid lines) are those to service volumes adjacent to the source, so their length is
ls ∼ (V/B)1/3 ∼ (M/B)1/3. The scale of the velocity is set by these routes and yields Eq. 3. (B) Hierarchical branching network, similar to that described byWest et al.
(10). The shortest pipes (capillaries, solid lines) are proportional to the radius of the service volume (M/B)1/3. There is backtracking through the pipes, so that the
distance from the heart through the arteries to each service volume is the same and is equal to the length (L) of the animal, where L ∼ M1/3. (C) Hierarchical
branching network without backtracking. The network is similar to A in that there is no backtracking as blood flows from the central source to the service
volumes and it is similar to B in that nearby supply routes are aggregated and the lengths of the shortest pipes (capillaries, solid lines) are proportional to the
radius of the service volume (M/B)1/3.

Fig. 2. Schematic demonstration of how length scales change with animal mass (M) in the radial explosion network. In each animal, the length scale (L) and
average distance between the central source and the service regions (d) are proportional toM1/3, the volume of the service region is ∼M/B, and from Eq. 1, the
length of the service volumes (ls) is proportional to (M/B)1/3. The length of the shortest pipe is ∼ls , and thus the maximum separation between particles, s, is ∼ls.
From Eqs. 1 and 5, ls ∼M1/12. Thus, inA, s is slightly larger (∼M1/12) and d is much larger (∼M1/3) than inB. Because velocity is proportional to s (Eq. 2), we have the
following relationships: v∼ s∼ ls ∼ ðM  = BÞ1=3 ∼M1=12, d∼L∼M1=3:
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Many biological processes, from cellular metabolism to popula-
tion dynamics, are characterized by allometric scaling (power-
law) relationships between size and rate1±10. An outstanding
question is whether typical allometric scaling relationships–
the power-law dependence of a biological rate on body mass–can
be understood by considering the general features of branching
networks serving a particular volume. Distributed networks in
nature stem from the need for effective connectivity11, and occur
both in biological systems such as cardiovascular and respiratory
networks1±8 and plant vascular and root systems1,9,10, and in
inanimate systems such as the drainage network of river
basins12. Here we derive a general relationship between size and
Øow rates in arbitrary networks with local connectivity. Our
theory accounts in a general way for the quarter-power allometric
scaling of living organisms1±10, recently derived8 under speciÆc
assumptions for particular network geometries. It also predicts
scaling relations applicable to all efÆcient transportation net-
works, which we verify from observational data on the river
drainage basins. Allometric scaling is therefore shown to origi-
nate from the general features of networks irrespective of dyna-
mical or geometric assumptions.
In euclidean geometry, a D-dimensional compact object, char-

acterized by a linear size L and having a constant density (indepen-
dent of L), has a volume V and a mass M that scale as LD. Thus,
simple geometrical attributes that depend on L should scale with the
mass as a function of M1/D. For example, the surface area of such
objects scales as M(D-1)/D. For three-dimensional objects (where
D à 3), onemay therefore expect scaling to hold with the exponents
being related to the factor 1/3. But we will show here that, for
systems comprising transportation networks, this simple 1/D-
scaling is no longer valid.
To model the metabolic system of living organisms, we postulate

that the fundamental processes of nutrient transfer at the micro-

scopic level are independent of organism size. In a D-dimensional
organism (denoted the service region), the number of such transfer
sites scales as LD (here L is measured in units of l, the mean distance
between neighbouring sites). Each transfer site is fed with nutrients
(for example, through blood) by a central source through a network
providing a route for the transport of the nutrients to the sites. The
total amount of nutrients being delivered to the sites per unit time,
B, simply scales as the number of sites or as LD. The total blood
volume C for a given organism at any given time depends, in the
steady-state supply situation, on the structure of the transportation
network. It is proportional to the sum of individual Øow rates in the
links or bonds that constitute the network. We deÆne the most
efÆcient class of networks as that for which C is as small as possible.
Note that this does not coincide with the assumption made in ref. 8,
where the energy dissipation was minimized within a hierarchical
model.
Our key result is that, for networks in this efÆcient class, C scales

as L(D+1). The total blood volume increases faster than the metabolic
rate B as the characteristic size scale of the organism increases. Thus
larger organisms have a lower number of transfer sites (and henceB)
per unit blood volume. Because the organism mass scales1±3,5±7 (at
least) as C, the metabolic rate does not scale linearly with mass, but
rather scales asMD/(D+1). In the non-biological context, the number
of transfer sites is proportional to the volume of the service region,
which, in turn, leads to a novel mass±volume relationship.
We consider a single network source that services LD sites

uniformly distributed in a D-dimensional space. Each site is con-
nected to one or more of its neighbours, which results in a
transportation network that spans the system. Such a network
may be a well connected one with loops, or merely a spanning
tree, an extreme example of which is a spiral structure11 (Fig. 1a±d).
Each siteX is supplied by the source at a steady rate FX, no less than a
positive value Fmin and no larger than a value FmaxÖFmax $ FminÜ, both
of which may depend on l. A simple, special case would correspond
to a uniform constant rate for all sites. We set l à 1 without loss of
generality. Such a system could represent a biological organism that
needs a steady supply of nutrients to all its parts1±8. The metabolic
rate of such a biological organism is given by B à SXFX and simply
scales as LD. Another example is the (inverse) problem of the
drainage basin of a river where the sites represent source areas, FX
is the net rainfall rate of landscape-forming events12 and the network
provides routes for transport of water and sediments.
Any transportation network must provide a route from the

source to all the LD sites and consists of interconnected links in
each of which, in steady state, the Øow rate does not change with
time. Each link starts or terminates at the source or a site. Let the
scalar quantity |Ib| represent the magnitude of the Øow on the b-th
link. The source has an outward Øow, whose rate exactly equals the
sum of the Øow rates into all the sites. At a junction of the links, a
conservation law for the net Øow holds–the inØow must exactly
balance the outØow plus the amount supplied to the site. This
conservation law does not determine uniquely the Øow on each link
for an arbitrary network. The degrees of freedom in the choice of the
Øow pattern is controlled by the number of independent loops equal
to Öthe number of linksÜ2 Öthe number of sitesÜ á 1. The total
quantity of nutrients in the network at any instant of time, C, is
given simply by Sb|Ib| on setting the constant of proportionality
equal to 1.
We propose the theorem that for any spanning network in D

dimensions, C scales at least as LD+1 and at most as L2D for large L.
Equivalently, the number of transfer sites or B scales at most as
CD/(D+1) and at least as C1/2. The general proof of the theorem is
presented as Supplementary Information. A simple argument is that
C is equal to the number of transfer sites (LD) multiplied by the
mean distance of the transfer sites to the source (the father away a
transfer site is from the source as measured along the network, the
larger the amount of blood that will be needed to nourish it). This
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Many biological processes, from cellular metabolism to popula-
tion dynamics, are characterized by allometric scaling (power-
law) relationships between size and rate1±10. An outstanding
question is whether typical allometric scaling relationships–
the power-law dependence of a biological rate on body mass–can
be understood by considering the general features of branching
networks serving a particular volume. Distributed networks in
nature stem from the need for effective connectivity11, and occur
both in biological systems such as cardiovascular and respiratory
networks1±8 and plant vascular and root systems1,9,10, and in
inanimate systems such as the drainage network of river
basins12. Here we derive a general relationship between size and
Øow rates in arbitrary networks with local connectivity. Our
theory accounts in a general way for the quarter-power allometric
scaling of living organisms1±10, recently derived8 under speciÆc
assumptions for particular network geometries. It also predicts
scaling relations applicable to all efÆcient transportation net-
works, which we verify from observational data on the river
drainage basins. Allometric scaling is therefore shown to origi-
nate from the general features of networks irrespective of dyna-
mical or geometric assumptions.
In euclidean geometry, a D-dimensional compact object, char-

acterized by a linear size L and having a constant density (indepen-
dent of L), has a volume V and a mass M that scale as LD. Thus,
simple geometrical attributes that depend on L should scale with the
mass as a function of M1/D. For example, the surface area of such
objects scales as M(D-1)/D. For three-dimensional objects (where
D à 3), onemay therefore expect scaling to hold with the exponents
being related to the factor 1/3. But we will show here that, for
systems comprising transportation networks, this simple 1/D-
scaling is no longer valid.
To model the metabolic system of living organisms, we postulate

that the fundamental processes of nutrient transfer at the micro-

scopic level are independent of organism size. In a D-dimensional
organism (denoted the service region), the number of such transfer
sites scales as LD (here L is measured in units of l, the mean distance
between neighbouring sites). Each transfer site is fed with nutrients
(for example, through blood) by a central source through a network
providing a route for the transport of the nutrients to the sites. The
total amount of nutrients being delivered to the sites per unit time,
B, simply scales as the number of sites or as LD. The total blood
volume C for a given organism at any given time depends, in the
steady-state supply situation, on the structure of the transportation
network. It is proportional to the sum of individual Øow rates in the
links or bonds that constitute the network. We deÆne the most
efÆcient class of networks as that for which C is as small as possible.
Note that this does not coincide with the assumption made in ref. 8,
where the energy dissipation was minimized within a hierarchical
model.
Our key result is that, for networks in this efÆcient class, C scales

as L(D+1). The total blood volume increases faster than the metabolic
rate B as the characteristic size scale of the organism increases. Thus
larger organisms have a lower number of transfer sites (and henceB)
per unit blood volume. Because the organism mass scales1±3,5±7 (at
least) as C, the metabolic rate does not scale linearly with mass, but
rather scales asMD/(D+1). In the non-biological context, the number
of transfer sites is proportional to the volume of the service region,
which, in turn, leads to a novel mass±volume relationship.
We consider a single network source that services LD sites

uniformly distributed in a D-dimensional space. Each site is con-
nected to one or more of its neighbours, which results in a
transportation network that spans the system. Such a network
may be a well connected one with loops, or merely a spanning
tree, an extreme example of which is a spiral structure11 (Fig. 1a±d).
Each siteX is supplied by the source at a steady rate FX, no less than a
positive value Fmin and no larger than a value FmaxÖFmax $ FminÜ, both
of which may depend on l. A simple, special case would correspond
to a uniform constant rate for all sites. We set l à 1 without loss of
generality. Such a system could represent a biological organism that
needs a steady supply of nutrients to all its parts1±8. The metabolic
rate of such a biological organism is given by B à SXFX and simply
scales as LD. Another example is the (inverse) problem of the
drainage basin of a river where the sites represent source areas, FX
is the net rainfall rate of landscape-forming events12 and the network
provides routes for transport of water and sediments.
Any transportation network must provide a route from the

source to all the LD sites and consists of interconnected links in
each of which, in steady state, the Øow rate does not change with
time. Each link starts or terminates at the source or a site. Let the
scalar quantity |Ib| represent the magnitude of the Øow on the b-th
link. The source has an outward Øow, whose rate exactly equals the
sum of the Øow rates into all the sites. At a junction of the links, a
conservation law for the net Øow holds–the inØow must exactly
balance the outØow plus the amount supplied to the site. This
conservation law does not determine uniquely the Øow on each link
for an arbitrary network. The degrees of freedom in the choice of the
Øow pattern is controlled by the number of independent loops equal
to Öthe number of linksÜ2 Öthe number of sitesÜ á 1. The total
quantity of nutrients in the network at any instant of time, C, is
given simply by Sb|Ib| on setting the constant of proportionality
equal to 1.
We propose the theorem that for any spanning network in D

dimensions, C scales at least as LD+1 and at most as L2D for large L.
Equivalently, the number of transfer sites or B scales at most as
CD/(D+1) and at least as C1/2. The general proof of the theorem is
presented as Supplementary Information. A simple argument is that
C is equal to the number of transfer sites (LD) multiplied by the
mean distance of the transfer sites to the source (the father away a
transfer site is from the source as measured along the network, the
larger the amount of blood that will be needed to nourish it). This
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It has been known for decades that the metabolic rate of animals
scales with body mass with an exponent that is almost always <1,
>2/3, and often very close to 3/4. The 3/4 exponent emerges natu-
rally from two models of resource distribution networks, radial ex-
plosion and hierarchically branched, which incorporate a minimum
of specific details. Both models show that the exponent is 2/3 if
velocity of flow remains constant, but can attain a maximum value
of 3/4 if velocity scales with its maximum exponent, 1/12. Quarter-
power scaling can arise evenwhen there is no underlying fractality.
The canonical “fourth dimension” in biological scaling relations can
result from matching the velocity of flow through the network to
the linear dimensionof the terminal “service volume”where resour-
ces are consumed. These models have broad applicability for the
optimal designof biological and engineered systemswhere energy,
materials, or information are distributed from a single source.

allometric | fractal | hierarchical | metabolic rate | network

Allometric scaling laws reflect changes in biological structure
and function as animals diversified to span >12 orders of

magnitude in body size. Since the seminal work of Kleiber in 1932,
it has been known that the metabolic rate, B, or rate of energy use
inmost animals andplants scales as approximately the 3/4 power of
bodymass,M (1–8), and thisB∼M3/4 scaling has come to be known
as Kleiber’s rule. Most other biological rates and times, such as
heart rates, reproductive rates, blood circulation times, and life
times, scale with characteristic quarter powers, asM−1/4 andM1/4,
respectively (4–9). This unusual fourth dimension came as a sur-
prise to biologists, who expected that heat dissipation would cause
metabolic rate to scale the same as body surface area and hence
geometrically as the 2/3 power of volume or mass. Quarter-power
scaling lacked a unified theoretical explanation until 1997, when
West et al. (WBE) (10) produced a model based on optimizing
resource supply and minimizing hydrodynamic resistance in the
supply network.
The WBE model stimulated a resurgence of interest in allo-

metric scaling in biology. It initiated a lively debate about the
empirical generality of 3/4-power metabolic scaling and its theo-
retical explanation (11–26). A recent study revived the case for
geometric scaling by showing that simple models of distribution
networks generate metabolic scaling exponents of 2/3 (25). Nev-
ertheless, the increasing number of empirical studies repeatedly
finds exponents>2/3,<1, andoften very close to 3/4 (14, 24, 26, 28–
30). Here we show that an exponent of 3/4 emerges naturally as an
upper bound for the scaling ofmetabolic rate in two simplemodels
of vascular networks. Furthermore, quarter power scaling is shown
to hold evenwhen there is no underlying fractal network. Aunique
prediction of our models is that blood velocity scales as the 1/12
power of animal mass. These models have broad application to
biological and human-engineered systems where resources are
distributed from a single source.
We explore two different models in which resources flow from

a central source to supply a 3D volume. For simplicity, we omit
constants of proportionality that are independent of animal mass,

and which ensure that all quantities have proper dimensions. Both
models start by making the following simplifying assumptions:

A1. Definition of metabolic rate: Metabolic rate, B, can bemea-
sured as the rate offlowof discrete particles througha supply
network. In mammals, for example, metabolic rate is rou-
tinely measured as the rate of oxygen consumption, and the
oxygen molecules are transported in the blood vessels from
a central source, the heart, to terminal units, the mitochon-
dria, where they are consumed.

A2. Steady-state postulate: The flux of resources is at steady
state, so supply matches demand, the rate B of particles
being consumed by the terminal units matches the rate B
of particles leaving the source, and the number of particles
in transit does not change over time.

A3. Geometric similarity: Animals, especially those in the
same taxonomic or functional group, are geometrically
similar, so their geometry can be characterized by length,
L, surface area, A, and volume, V, and simple Euclidean
geometrical scaling gives V ∼ L3 and A ∼ L2.

A4. Directed transport: The average distance (d) from the
source to each terminal unit is proportional to the length,
L, of the animal (11).

A5. Velocity, v, is assumed to be uniform within an animal.
The average transit time, τ, scales as τ ∼ d/v.

A6. Mass is proportional to volume: The density of protoplasm
is approximately constant across animals, so mass, M, is
proportional to volume, V.

A7. Particles in transit are contained within animal volume:
The number of resource particles in transit, N, scales lin-
early with M and V.

A8. Definition of service volume:We define a service volume as
a unit of tissue that has a fixed metabolic rate independent
of animal mass. Thus the number of service volumes is pro-
portional to B. In an animal with volume V, each service
region has volume proportional to V/B and radius or length

ls ∼ ðV=BÞ1=3: [1]

The service volume does not necessarily correspond to any bi-
ological structure, although in mammals the service volume can
be thought of as the volume of tissue supplied by a capillary, the
terminal unit of the vascular network.
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capillaries (shown inFig. 1B andC).A design that incorporates the
above modifications of WBE is depicted in Fig. 1C. This design is
a centralized, branched network with variable-length paths that
minimize distance from the heart to the service volumes.
We assume that the velocity is uniform within a body but, unlike

WBE, we allow velocity to vary as a function of animal massM. As
in the explosion network, for every red blood cell arriving in
a capillary and delivering its oxygen in a service volume, a red blood
cell leaves the heart (A2). Again the velocity must be proportional
to the shortest path from heart to the nearest service volume, and
therefore to the radius of a service volume, giving v ∼ (M/B)1/3
(fromEq. 2). In thismodel having velocity scale as v∼M1/12 has two
effects. First, blood cells are packed together at constant density
within arteries. But only the blood cells destined for a particular
service region are separated by a distance s∼M1/12, as shown inFig.
3. Second, for the velocity to increase with M, the cross-sectional
area of the arteries must be reduced relative to the number of
capillaries (also shown inFig. 3). Bloodvolume is keptproportional
to M by having the M3/4 capillaries supplied by a single aorta with
cross-sectional area ∼M2/3 and a network length L ∼M1/3.
Now, we invoke the same simplifying assumptions as above (A1–

A8), which lead to the same equations (Eqs. 3–6). So our branching
model, a significant modification of WBE’s, predicts the quarter-
power scaling exponents including metabolic rate scaling as M3/4

and velocity as M1/12, both exponents being upper bounds. To see
why a larger exponent is not possible without violating the above
assumptions, letB∼Mθ. The velocity v scales as (M/B)1/3∼M(1−θ)/3.
B is also proportional to the volume rate of flow of metabolites,
so B ∼ Aav, where Aa is the cross-sectional area of the aorta. Thus,
Aa∼B/v∼M(4θ−1)/3. The total blood volume scales asAa times aorta
length (L ∼ M1/3) and therefore as M4θ/3. By A7, blood volume
scales at most as M. Thus, the maximum value of θ is 3/4. As
a counter example, if θ=4/5, then v∼ ls∼M1/15,Aa∼ B/v∼M11/15,
and blood volume ∼M16/15, violating assumption A7.
Our hierarchical branchingmodel retains the fractal-like design

of WBE but shows how the self-similar branching through the
hierarchy of arteries arises naturally, with the number of capil-
laries (proportional to the metabolic rate) scaling as the cube (in
3D animals) of the ratio of the aorta length (∼M1/3) to the cap-
illary length (∼M1/12). Thus, the aorta length scales as the Eu-
clidean length of the organism while ensuring that blood volume
scales linearly with M. The changes from WBE—having blood
velocity scaling asM1/12 rather than asM0, aorta length scaling as
M1/3 rather than M1/4, and average cross-sectional area of the
network scaling as M2/3 rather than M3/4—solve the problem of
fitting the fractal-like network into an animal with a fundamen-
tally Euclidean geometry (17).

Conclusions
Two different designs for distribution systems, radial explosion
and hierarchically branched networks, give identical scaling ex-
ponents: a maximum of 3/4 for metabolic rate, a maximum of
1/12 for velocity, and Euclidean 1/3 for vessel lengths and radii.
Empirical studies support the velocity and length scaling pre-
dictions (1, 31). Moreover, the empirically observed M1/4 circu-
lation times (4–9) and M1/3 transport distances can be achieved
only if blood velocity scales as M1/12.
Real biological networks may deviate from the idealized sim-

plified networks shown above when other factors result in alter-
native designs. Deviations toward 2/3-power scaling are likely if
velocity does not vary significantly with animal mass. Deviations
toward linear scaling are likely if there is no vascular systemor if the
range of body sizes is sufficiently small that blood volume is able to
scale superlinearly. Indeed, several studies have recently shown
that basal or resting metabolic rate of mammals does not scale as
a single power law, but instead the exponent changes from ≈2/3 to
3/4 as body size increases (24, 26, 28). This result is not surprising,
because real mammalian metabolic and circulatory systems have
many complications that are not included in simple models. These
complications include the capacity to vary rate of metabolism and
oxygen supplymany fold between resting and active states (32) and
theneed to increase cross-sectional areasof the smallest vessels and
reduce blood velocity by several orders of magnitude before blood
enters the capillaries (33). Differences between resting, field, and
maximummetabolic rates can also arise because of deviations from
the basic assumptions, e.g., being in steady state. The canonization
of “Kleiber’s law” of M3/4 scaling of metabolic rate has led to
a search for the “fourth dimension of life” (3, 34, 35). Quarter-
power scaling does not arise from fractality, although it emerges
naturally in hierarchically branched, fractal-like designs that are so
common in both animals and plants. We show how this fourth di-
mension arises from the scaling of velocity to match the charac-
teristic linear dimension, ls, of the service volume, which in turn
comes from the fundamental space-filling property of the resource
supply network. The service volume has its analog in other trans-
portation systems that distribute energy, materials, and in-
formation from a central source to dispersed locations and that
have been designed to maximize performance (36). Examples in
engineered networks are the “last mile” that connects individual
consumers to global infrastructure networks such as the Internet or
the electrical power grid. The absolute length of the “isochronic
region” to which timing signals are delivered in computer chips is
measured in nanometers, but despite its miniscule size, it deter-
mines the frequency of the clock and thus the information pro-
cessing power of the chip (37), in the same way that that the length
of the service volume in an animal determines the speed of oxygen
delivery and ultimately rate of metabolism. The service volume is
also where a package flown across the globe at a speed of hundreds
of miles per hour is walked to a door by a mail carrier and where
passengers exit high-speed planes and trains to take slower modes
of transport home. The length and speed of transport over this last
mile ultimately constrain delivery rates. Strikingly, human engi-
neering and natural selection have both come up with the same
principles for the design of resource supply networks.
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Fig. 3. Red blood cells in a branching network with no backtracking, as in Fig.
1C. Blood cells are packed into arteries at constant density, whereas blood cells
destined for a particular service regionare separatedby adistance, s∼ ls∼M1/12.
Each cell is labeledwith the service region it will be delivered to. In this case, ls is
approximately the length of two red blood cells. In a larger organism, ls would
be larger, and there would be more red blood cells between cells labeled with
the same service region. Here there are eight service regions, each serviced by
one capillary, soB∼ 8∼M3/4, and eight red blood cells are releasedper unit time
from the central heart. Those eight red blood cells are squeezed into an aorta
with cross-sectional area∼M2/3, which causes the separation distance(s) and the
velocity of blood cells, v, both to be proportional to M1/12.
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mean distance scales at least as L and at most as LD. The latter result
holds for a network with a one-dimensional topology as in a space-
Ælling spiral, whereas the former result is obtained when the
network has all links directed away from the source (or towards a
collection point or the outlet in the river basin). Indeed, C scales as
LD+1 for all directed networks (the Øow in all but the links of the
directed maximal network (Fig. 1b) are necessarily zero in these
cases) independent of whether they have loops or a tree-like
structure, provided Ib is non-negative on each link. Such solutions
do indeed exist and include all directed trees (Fig. 1c). These
solutions belong to the class of the most efÆcient networks in that
they lead to the smallest value of C. In such networks, B scales as CD/

(D+1). Thus, for D à 3, when quantities related to the network are
scaled with respect to C, we obtain quarter-power scaling rather
than the one-third power behaviour discussed earlier.
The application of our theorem to the problem of allometric

scaling in living organisms, which span size scales that range over
many orders of magnitude1±8, is straightforward. In spite of an
impressive array of scales and the accompanying diverse require-
ments in the resources needed for sustaining the organism, a robust
and common feature is that a variety of biological quantities
(generically denoted as Y) that are related to blood circulation
scale algebraically with the massM of the organism. The relation is
given as Y,Ms, where s is a scaling exponent1±8. Even though the
organisms are three-dimensional, the exponent s is usually consis-
tently found to be obtained from the fraction 1/4.

West, Brown and Enquist8 have constructed a model of space-
Ælling hierarchical networks of branching tubes to explain allo-
metric scaling. In our analysis, the massM of an organism scales as
the blood volume C, so that in the simplest and most efÆcient
scenario B,M3=4, which is the central result of allometric scaling1±10.
Many of the other exponents derived in ref. 8 follow from simple
dimensional analysis, thus accounting for their robustness, whereas
others depend on detailed assumptions. The scaling exponent is
universal. Our analysis shows that the basic result does not require
any assumptions regarding the hierarchical nature of the network
nor does it necessarily demand a tree-like structure. However, the
presence of a tree would greatly shorten the total length of the
network, thereby increasing its viability and efÆciency. Observed
differences in scaling within a species and between species1±7 could
arise from factors extrinsic to the network that limit the amount of
nutrients delivered to the sites (see Supplementary Information).
We now turn to a test of the theorem within the context of river

networks12. An elevation map of the soil heights of the rugged
landscape may be used to derive a spanning tree that deÆnes unique
routes from each location within the basin to the global outlet,
where the main stream is formed. Suitably accurate data and
objective procedures to extract the network are known, and the
reliability of the observational results are well established12. Each site
X in the basin is associated with a sub-basin that drains into it. The
role of the metabolic rate for this sub-basin is taken by the total
contributing area, which is deÆned by the recursion relation
AX à SZ[nnÖXÜAZ á 1, where nn(X) are the nearest neighbours of X
that drain into X through appropriate steepest-descent drainage
directions. Note that the added unity is the area of the elementary
pixel, the analogue of FX. Indeed, ifA is the area of the sub-basin that
drains into a given site X, the analogue of C is deÆned by SZ[gAZ
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Figure 1 Sketches of transportation networks. a, An example of a fully connected

network, deÆned as the connection pattern of links that join the sites, generically

denoted by X, characterized by different distances LX from the source O. The

nodenumber in the drawing represents the value ofLXdeÆned to be theminimum

number of sites encountered among all the routes along the network fromO to X.

The cross-hatched area represents the elementary service volume VX of one of

the sites. Each site X may be thought of as serving an elementary volume VX

requiring the necessary nutrient supply FX. Two sites are deÆned as neighbours if

their service volumes share a part of their boundaries of non-zero measure. The

arrows denote orientated links that are directed away from the source.b,Maximal

directed network. Only orientated links are retained from the fully connected

network. c, A directed spanning tree. Each site is connected to the source by a
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body temperature is determined by their surroundings),
unicellular organisms, and even plants. It was then fur-
ther extended to intracellular levels, terminating at the
mitochondrial oxidase molecules (the respiratory machin-
ery of aerobic metabolism). The metabolic exponent b ! 3/4
is found over 27 orders of magnitude;6 figure 2 shows data
spanning most of that range. Other examples of allomet-
ric scaling include heart rate (b ! ⊗1/4, figure 3a), life span
(b ! 1/4), the radii of aortas and tree trunks (b ! 3/8), uni-
cellular genome lengths (b ! 1/4, figure 3b), and RNA con-
centration (b ! ⊗1/4).

An intriguing consequence of these “quarter-power”
scaling laws is the emergence of invariant quantities,7

which physicists recognize as usually reflecting funda-
mental underlying constraints. For example, mammalian
life span increases as approximately M1/4, whereas heart
rate decreases as M⊗1/4, so the number of heartbeats per
lifetime is approximately invariant (about 1.5 × 109), in-

dependent of size. Hearts are not funda-
mental, but the molecular machinery of aer-
obic metabolism is, and it has an analogous
invariant: the number of ATP (adenosine
triphosphate) molecules synthesized in a
lifetime (of order 1016). Another example
arises in forest communities where popula-
tion density decreases with individual body
size as M⊗3/4, whereas individual power use

increases as M3/4; thus the power used by all individuals in
any size class is invariant.8

The enormous amount of allometric scaling data ac-
cumulated by the early 1980s was synthesized in four
books that convincingly showed the predominance of quar-
ter powers across all scales and life forms.1,2 Although sev-
eral mechanistic models were proposed, they focused
mostly on very specific features of a particular taxonomic
group. For example, in his explanation of mammalian
metabolic rates, Thomas McMahon assumed the elastic
similarity of limbs and the invariance of muscle speed,1

whereas Mark Patterson addressed aquatic organisms
based on the diffusion of respiratory gases.9 The broader
challenge is to understand the ubiquity of quarter powers
and to explain them in terms of unifying principles that
determine how life is organized and the constraints under
which it has evolved.

Origins of scaling
A general theory should provide a scheme for making quan-
titative dynamical calculations in addition to explaining
the predominance of quarter powers. The kinds of prob-
lems that a theory might address include, How many oxi-
dase molecules and mitochondria are there in a cell? Why
do we live approximately 100 years, not a million years or
a few weeks, and how is life span related to molecular
scales? What are the flow rate, pulse rate, pressure, and
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Figure 1. The basal metabolic rate of mam-
mals and birds was originally plotted by Max
Kleiber in 1932. In this reconstruction, the
slope of the best straight-line fit is 0.74, illus-
trating the scaling of metabolic rate with the
3/4 power of mass. The diameters of the 
circles represent estimated data errors of
$10%. Present-day plots based on many
hundreds of data points support the 3/4
exponent, although evidence exists of a 
deviation to a smaller value for the smallest
mammals. (Adapted from ref. 5.)

Figure 2. The 3/4 -power law for the metabolic rate as a 
function of mass is observed over 27 orders of magnitude.
The masses covered in this plot range from those of indi-
vidual mammals (blue), to unicellular organisms (green), to 
uncoupled mammalian cells, mitochondria, and terminal
oxidase molecules of the respiratory complex (red). The
blue and red lines indicate 3/4-power scaling. The dashed
line is a linear extrapolation that extends to masses below
that of the shrew, the lightest mammal. In reference 6, it
was predicted that the extrapolation would intersect the
datum for an isolated cell in vitro, where the 3/4-power
reemerges and extends to the cellular and intracellular 
levels. (Adapted from ref. 6.)
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Nearly 100 years ago, the eminent biologist D’Arcy
Thompson began his wonderful book On Growth and

Form (Cambridge U. Press, 1917) by quoting Immanuel
Kant. The philosopher had observed that “chemistry . . . was
a science but not Science . . . for that the criterion of true
Science lay in its relation to mathematics.” Thompson then
declared that, since a “mathematical chemistry” now ex-
isted, chemistry was thereby elevated to Science; whereas
biology had remained qualitative, without mathematical
foundations or principles, and so it was not yet Science. 

Although few today would articulate Thompson’s po-
sition so provocatively, the spirit of his characterization re-
mains to a large extent valid, despite the extraordinary
progress during the intervening century. The basic ques-
tion implicit in his discussion remains unanswered: Do bi-
ological phenomena obey underlying universal laws of life
that can be mathematized so that biology can be formu-
lated as a predictive, quantitative science? Most would re-
gard it as unlikely that scientists will ever discover “New-
ton’s laws of biology” that could lead to precise calculations
of detailed biological phenomena. Indeed, one could con-
vincingly argue that the extraordinary complexity of most
biological systems precludes such a possibility.

Nevertheless, it is reasonable to conjecture that the
coarse-grained behavior of living systems might obey
quantifiable universal laws that capture the systems’ es-
sential features. This more modest view presumes that, at
every organizational level, one can construct idealized bi-
ological systems whose average properties are calculable.
Such ideal constructs would provide a zeroth-order point
of departure for quantitatively understanding real biolog-
ical systems, which can be viewed as manifesting “higher-
order corrections” due to local environmental conditions or
historical evolutionary divergence.

The search for universal quantitative laws of biology
that supplement or complement the Mendelian laws of in-
heritance and the principle of natural selection might
seem to be a daunting task. After all, life is the most com-
plex and diverse physical system in the universe, and a
systematic science of complexity has yet to be developed.

The life process covers more than 27
orders of magnitude in mass—from
molecules of the genetic code and
metabolic machinery to whales and se-
quoias—and the metabolic power re-
quired to support life across that range
spans over 21 orders of magnitude.

Throughout those immense
ranges, life uses basically the same

chemical constituents and reactions to create an amazing
variety of forms, processes, and dynamical behaviors. All
life functions by transforming energy from physical or
chemical sources into organic molecules that are metabo-
lized to build, maintain, and reproduce complex, highly or-
ganized systems. Understanding the origins, structures,
and dynamics of living systems from molecules to the bios-
phere is one of the grand challenges of modern science.
Finding the universal principles that govern life’s enor-
mous diversity is central to understanding the nature of
life and to managing biological systems in such diverse
contexts as medicine, agriculture, and the environment.

Allometric scaling laws
In marked contrast to the amazing diversity and com-
plexity of living organisms is the remarkable simplicity of
the scaling behavior of key biological processes over a
broad spectrum of phenomena and an immense range of
energy and mass. Scaling as a manifestation of underly-
ing dynamics and geometry is familiar throughout physics.
It has been instrumental in helping scientists gain deeper
insights into problems ranging across the entire spectrum
of science and technology, because scaling laws typically
reflect underlying generic features and physical principles
that are independent of detailed dynamics or specific char-
acteristics of particular models. Phase transitions, chaos,
the unification of the fundamental forces of nature, and
the discovery of quarks are a few of the more significant
examples in which scaling has illuminated important uni-
versal principles or structure.

In biology, the observed scaling is typically a simple
power law: Y ⊂ Y0 Mb, where Y is some observable, Y0 a con-
stant, and M the mass of the organism.1⊗3 Perhaps of even
greater significance, the exponent b almost invariably ap-
proximates a simple multiple of 1/4. Among the many fun-
damental variables that obey such scaling laws—termed
“allometric” by Julian Huxley4—are metabolic rate, life
span, growth rate, heart rate, DNA nucleotide substitution
rate, lengths of aortas and genomes, tree height, mass of
cerebral grey matter, density of mitochondria, and con-
centration of RNA. 

The most studied of those variables is basal metabolic
rate, first shown by Max Kleiber to scale as M3/4 for mam-
mals and birds.5 Figure 1 illustrates Kleiber’s now 70-year-
old data, which extend over about four orders of magni-
tude in mass. Kleiber’s work was generalized by
subsequent researchers to ectotherms (organisms whose
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Biological systems have evolved branching networks that
transport a variety of resources. We argue that common
properties of those networks allow for a quantitative theory of
the structure, organization, and dynamics of living systems.
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where 

One insight from MTE theory: Ecosystem metabolism 
scales as a ratio of biological to physical rates

P = EV

equivalently 

E ~ ℓ-D

ℓ is a length scale proportional to the 
growth rate     and independent of 
ecosystem size

A general basis for quarter-power scaling in animals
Jayanth R. Banavara, Melanie E. Mosesb,c,1, James H. Brownc,d,1, John Damuthe, Andrea Rinaldof, Richard M. Siblyg,
and Amos Maritanh

aDepartment of Physics, Pennsylvania State University, University Park, PA 16802; bDepartment of Computer Science, University of New Mexico, Albuquerque,
NM 87131; cDepartment of Biology, University of New Mexico, Albuquerque, NM 87131; dSanta Fe Institute, Santa Fe, NM 87501; eDepartment of Ecology,
Evolution, and Marine Biology, University of California, Santa Barbara, CA 93106; fLaboratory of Ecohydrology, Ecole Polytechnique Fédérale de Lausanne,
CH-1015 Lausanne, Switzerland; gSchool of Biological Sciences, University of Reading, Whiteknights, Reading RG6 6AS, United Kingdom; and hDipartimento di
Fisica, Università di Padova, Istituto Nazionale di Fisica Nucleare, sez. Padova, I-35131 Padua, Italy

Contributed by James H. Brown, July 9, 2010 (sent for review June 7, 2010)

It has been known for decades that the metabolic rate of animals
scales with body mass with an exponent that is almost always <1,
>2/3, and often very close to 3/4. The 3/4 exponent emerges natu-
rally from two models of resource distribution networks, radial ex-
plosion and hierarchically branched, which incorporate a minimum
of specific details. Both models show that the exponent is 2/3 if
velocity of flow remains constant, but can attain a maximum value
of 3/4 if velocity scales with its maximum exponent, 1/12. Quarter-
power scaling can arise evenwhen there is no underlying fractality.
The canonical “fourth dimension” in biological scaling relations can
result from matching the velocity of flow through the network to
the linear dimensionof the terminal “service volume”where resour-
ces are consumed. These models have broad applicability for the
optimal designof biological and engineered systemswhere energy,
materials, or information are distributed from a single source.

allometric | fractal | hierarchical | metabolic rate | network

Allometric scaling laws reflect changes in biological structure
and function as animals diversified to span >12 orders of

magnitude in body size. Since the seminal work of Kleiber in 1932,
it has been known that the metabolic rate, B, or rate of energy use
inmost animals andplants scales as approximately the 3/4 power of
bodymass,M (1–8), and thisB∼M3/4 scaling has come to be known
as Kleiber’s rule. Most other biological rates and times, such as
heart rates, reproductive rates, blood circulation times, and life
times, scale with characteristic quarter powers, asM−1/4 andM1/4,
respectively (4–9). This unusual fourth dimension came as a sur-
prise to biologists, who expected that heat dissipation would cause
metabolic rate to scale the same as body surface area and hence
geometrically as the 2/3 power of volume or mass. Quarter-power
scaling lacked a unified theoretical explanation until 1997, when
West et al. (WBE) (10) produced a model based on optimizing
resource supply and minimizing hydrodynamic resistance in the
supply network.
The WBE model stimulated a resurgence of interest in allo-

metric scaling in biology. It initiated a lively debate about the
empirical generality of 3/4-power metabolic scaling and its theo-
retical explanation (11–26). A recent study revived the case for
geometric scaling by showing that simple models of distribution
networks generate metabolic scaling exponents of 2/3 (25). Nev-
ertheless, the increasing number of empirical studies repeatedly
finds exponents>2/3,<1, andoften very close to 3/4 (14, 24, 26, 28–
30). Here we show that an exponent of 3/4 emerges naturally as an
upper bound for the scaling ofmetabolic rate in two simplemodels
of vascular networks. Furthermore, quarter power scaling is shown
to hold evenwhen there is no underlying fractal network. Aunique
prediction of our models is that blood velocity scales as the 1/12
power of animal mass. These models have broad application to
biological and human-engineered systems where resources are
distributed from a single source.
We explore two different models in which resources flow from

a central source to supply a 3D volume. For simplicity, we omit
constants of proportionality that are independent of animal mass,

and which ensure that all quantities have proper dimensions. Both
models start by making the following simplifying assumptions:

A1. Definition of metabolic rate: Metabolic rate, B, can bemea-
sured as the rate offlowof discrete particles througha supply
network. In mammals, for example, metabolic rate is rou-
tinely measured as the rate of oxygen consumption, and the
oxygen molecules are transported in the blood vessels from
a central source, the heart, to terminal units, the mitochon-
dria, where they are consumed.

A2. Steady-state postulate: The flux of resources is at steady
state, so supply matches demand, the rate B of particles
being consumed by the terminal units matches the rate B
of particles leaving the source, and the number of particles
in transit does not change over time.

A3. Geometric similarity: Animals, especially those in the
same taxonomic or functional group, are geometrically
similar, so their geometry can be characterized by length,
L, surface area, A, and volume, V, and simple Euclidean
geometrical scaling gives V ∼ L3 and A ∼ L2.

A4. Directed transport: The average distance (d) from the
source to each terminal unit is proportional to the length,
L, of the animal (11).

A5. Velocity, v, is assumed to be uniform within an animal.
The average transit time, τ, scales as τ ∼ d/v.

A6. Mass is proportional to volume: The density of protoplasm
is approximately constant across animals, so mass, M, is
proportional to volume, V.

A7. Particles in transit are contained within animal volume:
The number of resource particles in transit, N, scales lin-
early with M and V.

A8. Definition of service volume:We define a service volume as
a unit of tissue that has a fixed metabolic rate independent
of animal mass. Thus the number of service volumes is pro-
portional to B. In an animal with volume V, each service
region has volume proportional to V/B and radius or length

ls ∼ ðV=BÞ1=3: [1]

The service volume does not necessarily correspond to any bi-
ological structure, although in mammals the service volume can
be thought of as the volume of tissue supplied by a capillary, the
terminal unit of the vascular network.
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capillaries (shown inFig. 1B andC).A design that incorporates the
above modifications of WBE is depicted in Fig. 1C. This design is
a centralized, branched network with variable-length paths that
minimize distance from the heart to the service volumes.
We assume that the velocity is uniform within a body but, unlike

WBE, we allow velocity to vary as a function of animal massM. As
in the explosion network, for every red blood cell arriving in
a capillary and delivering its oxygen in a service volume, a red blood
cell leaves the heart (A2). Again the velocity must be proportional
to the shortest path from heart to the nearest service volume, and
therefore to the radius of a service volume, giving v ∼ (M/B)1/3
(fromEq. 2). In thismodel having velocity scale as v∼M1/12 has two
effects. First, blood cells are packed together at constant density
within arteries. But only the blood cells destined for a particular
service region are separated by a distance s∼M1/12, as shown inFig.
3. Second, for the velocity to increase with M, the cross-sectional
area of the arteries must be reduced relative to the number of
capillaries (also shown inFig. 3). Bloodvolume is keptproportional
to M by having the M3/4 capillaries supplied by a single aorta with
cross-sectional area ∼M2/3 and a network length L ∼M1/3.
Now, we invoke the same simplifying assumptions as above (A1–

A8), which lead to the same equations (Eqs. 3–6). So our branching
model, a significant modification of WBE’s, predicts the quarter-
power scaling exponents including metabolic rate scaling as M3/4

and velocity as M1/12, both exponents being upper bounds. To see
why a larger exponent is not possible without violating the above
assumptions, letB∼Mθ. The velocity v scales as (M/B)1/3∼M(1−θ)/3.
B is also proportional to the volume rate of flow of metabolites,
so B ∼ Aav, where Aa is the cross-sectional area of the aorta. Thus,
Aa∼B/v∼M(4θ−1)/3. The total blood volume scales asAa times aorta
length (L ∼ M1/3) and therefore as M4θ/3. By A7, blood volume
scales at most as M. Thus, the maximum value of θ is 3/4. As
a counter example, if θ=4/5, then v∼ ls∼M1/15,Aa∼ B/v∼M11/15,
and blood volume ∼M16/15, violating assumption A7.
Our hierarchical branchingmodel retains the fractal-like design

of WBE but shows how the self-similar branching through the
hierarchy of arteries arises naturally, with the number of capil-
laries (proportional to the metabolic rate) scaling as the cube (in
3D animals) of the ratio of the aorta length (∼M1/3) to the cap-
illary length (∼M1/12). Thus, the aorta length scales as the Eu-
clidean length of the organism while ensuring that blood volume
scales linearly with M. The changes from WBE—having blood
velocity scaling asM1/12 rather than asM0, aorta length scaling as
M1/3 rather than M1/4, and average cross-sectional area of the
network scaling as M2/3 rather than M3/4—solve the problem of
fitting the fractal-like network into an animal with a fundamen-
tally Euclidean geometry (17).

Conclusions
Two different designs for distribution systems, radial explosion
and hierarchically branched networks, give identical scaling ex-
ponents: a maximum of 3/4 for metabolic rate, a maximum of
1/12 for velocity, and Euclidean 1/3 for vessel lengths and radii.
Empirical studies support the velocity and length scaling pre-
dictions (1, 31). Moreover, the empirically observed M1/4 circu-
lation times (4–9) and M1/3 transport distances can be achieved
only if blood velocity scales as M1/12.
Real biological networks may deviate from the idealized sim-

plified networks shown above when other factors result in alter-
native designs. Deviations toward 2/3-power scaling are likely if
velocity does not vary significantly with animal mass. Deviations
toward linear scaling are likely if there is no vascular systemor if the
range of body sizes is sufficiently small that blood volume is able to
scale superlinearly. Indeed, several studies have recently shown
that basal or resting metabolic rate of mammals does not scale as
a single power law, but instead the exponent changes from ≈2/3 to
3/4 as body size increases (24, 26, 28). This result is not surprising,
because real mammalian metabolic and circulatory systems have
many complications that are not included in simple models. These
complications include the capacity to vary rate of metabolism and
oxygen supplymany fold between resting and active states (32) and
theneed to increase cross-sectional areasof the smallest vessels and
reduce blood velocity by several orders of magnitude before blood
enters the capillaries (33). Differences between resting, field, and
maximummetabolic rates can also arise because of deviations from
the basic assumptions, e.g., being in steady state. The canonization
of “Kleiber’s law” of M3/4 scaling of metabolic rate has led to
a search for the “fourth dimension of life” (3, 34, 35). Quarter-
power scaling does not arise from fractality, although it emerges
naturally in hierarchically branched, fractal-like designs that are so
common in both animals and plants. We show how this fourth di-
mension arises from the scaling of velocity to match the charac-
teristic linear dimension, ls, of the service volume, which in turn
comes from the fundamental space-filling property of the resource
supply network. The service volume has its analog in other trans-
portation systems that distribute energy, materials, and in-
formation from a central source to dispersed locations and that
have been designed to maximize performance (36). Examples in
engineered networks are the “last mile” that connects individual
consumers to global infrastructure networks such as the Internet or
the electrical power grid. The absolute length of the “isochronic
region” to which timing signals are delivered in computer chips is
measured in nanometers, but despite its miniscule size, it deter-
mines the frequency of the clock and thus the information pro-
cessing power of the chip (37), in the same way that that the length
of the service volume in an animal determines the speed of oxygen
delivery and ultimately rate of metabolism. The service volume is
also where a package flown across the globe at a speed of hundreds
of miles per hour is walked to a door by a mail carrier and where
passengers exit high-speed planes and trains to take slower modes
of transport home. The length and speed of transport over this last
mile ultimately constrain delivery rates. Strikingly, human engi-
neering and natural selection have both come up with the same
principles for the design of resource supply networks.

ACKNOWLEDGMENTS. We are indebted to Geoffrey West for many stimu-
lating discussions and reviews of earlier versions of this manuscript. We are
grateful to Laszlo Barabasi, Brian Enquist, Rampal Etienne, Jorge Jose, Pablo
Marquet, Carlos Martinez del Rio, Han Olff, and Van Savage for a careful
reading of the manuscript and for many helpful suggestions. M.E.M. was
supported by National Institutes of Health Grant P20 RR018754 as part of the
University of New Mexico Center for Evolutionary and Theoretical Immunol-
ogy. J.H.B. was supported by a grant from the Howard Hughes Medical
Institute–National Institute of Biomedical Imaging and Bioengineering Inter-
faces Initiative to the Program in Interdisciplinary Biological and Biomedical
Sciences. A.M. was supported by The Cariparo Foundation.

Fig. 3. Red blood cells in a branching network with no backtracking, as in Fig.
1C. Blood cells are packed into arteries at constant density, whereas blood cells
destined for a particular service regionare separatedby adistance, s∼ ls∼M1/12.
Each cell is labeledwith the service region it will be delivered to. In this case, ls is
approximately the length of two red blood cells. In a larger organism, ls would
be larger, and there would be more red blood cells between cells labeled with
the same service region. Here there are eight service regions, each serviced by
one capillary, soB∼ 8∼M3/4, and eight red blood cells are releasedper unit time
from the central heart. Those eight red blood cells are squeezed into an aorta
with cross-sectional area∼M2/3, which causes the separation distance(s) and the
velocity of blood cells, v, both to be proportional to M1/12.
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There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.

ecosystem metabolism | estuaries | primary production |
allometric scaling | metabolic theory

Coastal margins are home to some of the most productive
habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
the global oceans (7) and provide critical human ecosystem
services (8).

Ecosystem metabolism refers to the collective formation and
utilization of organic matter within an ecosystem (9). Since the
seminal work of H. T. Odum (10), the concept has more than
tacitly drawn a parallel between estuaries and living organisms:
“Each day as the sun rises and retires the beautiful green bays
like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in

Significance

Coastal margins host some of the most productive habitats
on the planet, yet there is still significant uncertainty about
the magnitude of carbon fluxes across the land/ocean inter-
face. Scaling up in situ measurements into whole-ecosystem
estimates of how these habitats contribute to global biogeo-
chemical cycling has been hindered by their apparent hetero-
geneity, complex circulation, and sizes that range from tens of
meters to hundreds of kilometers. Here, I show that estuarine
ecosystem metabolism varies predictably with ecosystem size.
The significance of this study is not simply that larger estu-
aries have lower specific ecosystem metabolism than smaller
estuaries, but that this size scaling arises because the resi-
dence time of limiting nutrients does not scale isometrically
with estuary size.
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There are still significant uncertainties in the magnitude and
direction of carbon fluxes through coastal ecosystems. An impor-
tant component of these biogeochemical budgets is ecosystem
metabolism, the net result of organismal metabolic processes
within an ecosystem. In this paper, I present a synthesis of pub-
lished ecosystem metabolism studies from coastal ecosystems and
describe an empirical observation that size-dependent patterns
in aquatic gross primary production and community respiration
exist across a wide range of coastal geomorphologies. Ecosys-
tem metabolism scales to the 3/4 power with volume in deeper
estuaries dominated by pelagic primary production and nearly
linearly with area in shallow estuaries dominated by benthic
primary production. These results can be explained by apply-
ing scaling arguments for efficient, directed transport networks
developed to explain similar size-dependent patterns in organis-
mal metabolism. The main conclusion from this synthesis is that
the residence time of new, nutrient-rich water is a fundamental
organizing principle for the observed patterns. Residence time
changes allometrically with size in pelagic ecosystems because
velocities change by only an order of magnitude across systems
that span more than ten orders of magnitude in size. This non-
isometric change in velocity with size requires lower specific
metabolic rates at larger ecosystem sizes. This change in transport
may also explain a shift from predominantly net heterotrophy
to net autotrophy with increasing size. The scaling results are
applied to the total estuarine area in the continental United States
to estimate the contribution of estuarine systems to the overall
coastal budget of organic carbon.

ecosystem metabolism | estuaries | primary production |
allometric scaling | metabolic theory
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habitats on the planet (1, 2), yet there is still a great deal

of uncertainty about the sources, exchanges, and fates of car-
bon and nitrogen at the land/ocean interface (3). Scaling up
in situ measurements to estimates of how these habitats con-
tribute to global biogeochemical cycling (4, 5) has been hindered
by their apparent heterogeneity, complex circulation, diverse
geomorphology, and sizes that range from tens of meters to
hundreds of kilometers. Consequently, processes that occur in
coastal margin habitats are poorly represented in global models
(6) despite the fact that these habitats are sites where terres-
trial materials undergo significant transformations en route to
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like great creatures breathe in and out” (ref. 11, p. 16). Just as
organismal metabolism is the sum of cellular metabolic rates,
the “composite metabolism” (11) of an ecosystem is the sum of
the metabolic processes of its constituent organisms. The dif-
ference in gross primary production (in which photosynthetic
autotrophs fix inorganic carbon into organic forms) and commu-
nity respiration (the utilization of that organic carbon by both
autotrophs and heterotrophs) indicates whether organic material

is locally in excess or demand (12, 13). Net ecosystem pro-
duction (NEP, also referred to as net ecosystem metabolism
or net community production in oceanography) is therefore
a quantification of how neighboring ecosystems interact: An
ecosystem that is net autotrophic (NEP> 0) has organic material
available for local burial and/or export to adjacent ecosystems;
conversely, a net heterotrophic ecosystem (NEP< 0) requires
stored or imported organic matter to maintain its metabolic
state (7, 14). There have been numerous studies seeking to
explain patterns in aquatic ecosystem metabolism (15–22), but
a unifying framework of these diverse ecosystems has proved
elusive.

The purpose of this paper is to show that estuarine ecosystem
metabolism varies predictably with size. Such patterns have been
noted previously in both estuarine and lacustrine systems (17,
23), but the fundamental origin of this organization has not been
explored. The significance of this study is not simply that larger
estuaries have lower specific (on a per unit size basis) ecosystem
metabolism than smaller estuaries, but that this size scaling arises
because the residence time of limiting nutrients does not scale
isometrically with size.

The motivation for this synthesis is rooted in recent discus-
sions in evolutionary biology (21, 24–26), where it has long been
noted that many organismal metabolic processes bi scale with
body size vi to the 3/4 power: bi ⇠ v

3/4
i (27); the subscript i

denotes an individual or organismal term. (On a log-log plot,
the nonlinear relationship between bi and vi is linear with slope
↵=3/4, as log bi = log v↵

i =↵ log vi . The scaling exponent ↵=1
for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in
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metabolism, the net result of organismal metabolic processes
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for a linear, isometric relationship and ↵ 6=1 for a nonlinear,
allometric relationship.) This empirical relationship has been
explained theoretically as arising from limitations of transport:
Because blood velocities vary by only 1 order of magnitude in
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on the planet, yet there is still significant uncertainty about
the magnitude of carbon fluxes across the land/ocean inter-
face. Scaling up in situ measurements into whole-ecosystem
estimates of how these habitats contribute to global biogeo-
chemical cycling has been hindered by their apparent hetero-
geneity, complex circulation, and sizes that range from tens of
meters to hundreds of kilometers. Here, I show that estuarine
ecosystem metabolism varies predictably with ecosystem size.
The significance of this study is not simply that larger estu-
aries have lower specific ecosystem metabolism than smaller
estuaries, but that this size scaling arises because the resi-
dence time of limiting nutrients does not scale isometrically
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If the transport time increases nonlinearly with 
ecosystem size, then metabolism will vary nonlinearly 
across ecosystems, as we observe
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If the transport time increases nonlinearly with 
ecosystem size, then metabolism will vary nonlinearly 
across ecosystems, as we observe
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If the transport time increases nonlinearly with 
ecosystem size, then metabolism will vary nonlinearly 
across ecosystems, as we observe
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Larger estuaries have greater nitrogen loads, but higher 
specific loading doesn’t increase specific productivity

high specific loading
(N/A > 150 g C-equivalent/m2/year)

low DIN loading
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Does size scaling apply across the oceans? 
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Fig. 2. The 57 biogeochemical provinces used as the compartments for computing seasonal primary production at the global scale; see the text for an
explanation of the abbreviations. For the purposes of this computation, boundaries were established on a 2° grid to represent the approximate mean annual
shape and location of each province. This approximation suffices for this demonstration, but is a simplification easily improved upon when the method is
applied to global sea-surface chlorophyll fields obtained routinely by orbiting radiometers in the future.
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Willie Haskell (MBARI) aggregated net primary 
production into a variety of biogeographic 
provinces

Willie Haskell, in prep
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An estimate of global primary production in the ocean from
satellite radiometer data

Alan Longhurst, Shubha Sathyendranath1, Trevor Platt and Carla Caverhill
Biological Oceanography Division, Bedford Institute of Oceanography,
Dartmouth, Nova Scotia, B2Y 4A2 and 'Department of Oceanography,
Dalhousie University, Halifax, Nova Scotia, B3H 4J1, Canada

Abstract An estimate of global net primary production in the ocean has been computed from the
monthly mean near-surface chlorophyll fields for 1979-1986 obtained by the Nimbus 7 CZCS
radiometer. Our model required information about the subsurface distribution of chlorophyll, the
parameters of the photosynthesis-light relationship, the sun angle and cloudiness. The computations
were partitioned among 57 biogeochemical provinces that were specified from regional oceanography
and by examination of the chlorophyll fields. Making different assumptions about the overestimation
of chlorophyll by the CZCS in turbid coastal areas, the global net primary production from
phytoplankton is given as 45-50 Gt C year"1. This may be compared with current published estimates
for land plants of 45-68 Gt C year"' and for coastal vegetation of 1.9 Gt C year"1.

Introduction

Unless the controls on the growth of marine phytoplankton are understood there
can be little progress in the general ecology of the oceans. This perception set the
priorities of the biological oceanographers of the late 19th century, so that by
about 1935 the basic principles of phytoplankton ecology were already
understood (Mills, 1989; deBaar, 1994). However, without two technical
revolutions there could be no rational estimate of the growth of phytoplankton
over long periods and large regions, although this must be one of the central
goals of biological oceanography. The two revolutions were, of course, the use of
radioisotope tracers to measure the growth of algal cells in natural seawater
samples, and the measurement of the global sea-surface chlorophyll field by
radiometers carried on earth-orbiting satellites.

The I4C tracer technique was devised and tested by Steeman Nielsen (1952) in
a single year prior to the departure of the round-the-world Galathea expedition.
The technique proved so robust at sea that 197 multiple-depth 14C uptake
stations were worked in all oceans, yielding results ranging from 0.034 g C m~2

day"1 in the North Atlantic central gyre to 1.92 g C m~2 day"1 in the Benguela
system upwelling zone (Steeman Nielsen and Jensen, 1957).

The C technique was rapidly taken up by other groups (see, for example, the
ICES, 1958) and remains the method of choice today, despite a lack of
standardization and a cascade of methodological criticism, generally tending to
suggest that production rates have been underestimated (see, for example,
Chavez and Barber, 1987; Martin et al., 1987; Knauer, 1993), or that the
fundamental scale of measurement is inappropriate for extrapolation to the
global scale (Platt, 1984). Rarely, in fact, can a technique have been so
persistently criticized, but so consistently used.
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Carbon-based primary productivity modeling

with vertically resolved photoacclimation

T. Westberry,1 M. J. Behrenfeld,1 D. A. Siegel,2 and E. Boss3

Received 3 August 2007; revised 8 January 2008; accepted 8 February 2008; published 13 June 2008.

[1] Net primary production (NPP) is commonly modeled as a function of chlorophyll
concentration (Chl), even though it has been long recognized that variability in
intracellular chlorophyll content from light acclimation and nutrient stress confounds the
relationship between Chl and phytoplankton biomass. It was suggested previously that
satellite estimates of backscattering can be related to phytoplankton carbon biomass (C)
under conditions of a conserved particle size distribution or a relatively stable relationship
between C and total particulate organic carbon. Together, C and Chl can be used to
describe physiological state (through variations in Chl:C ratios) and NPP. Here, we fully
develop the carbon-based productivity model (CbPM) to include information on the
subsurface light field and nitracline depths to parameterize photoacclimation and nutrient
stress throughout the water column. This depth-resolved approach produces profiles of
biological properties (Chl, C, NPP) that are broadly consistent with observations. The
CbPM is validated using regional in situ data sets of irradiance-derived products,
phytoplankton chlorophyll:carbon ratios, and measured NPP rates. CbPM-based
distributions of global NPP are significantly different in both space and time from
previous Chl-based estimates because of the distinction between biomass and
physiological influences on global Chl fields. The new model yields annual, areally
integrated water column production of !52 Pg C a"1 for the global oceans.

Citation: Westberry, T., M. J. Behrenfeld, D. A. Siegel, and E. Boss (2008), Carbon-based primary productivity modeling with
vertically resolved photoacclimation, Global Biogeochem. Cycles, 22, GB2024, doi:10.1029/2007GB003078.

1. Introduction

[2] An understanding of phytoplankton photosynthetic
production in the ocean and its role in carbon cycling is
fundamental to contemporary climate science and has been
broadened tremendously by the advent of ocean color
remote sensing. Our understanding of the underwater light
field has similarly increased under the umbrella of inter-
preting ocean color related data [Gordon and Morel, 1983;
McClain et al., 1998]. Realizing the benefits of these
developments on net primary production (NPP) estimates,
however, has been hampered by the inadequate treatment of
physiological variability [Behrenfeld and Falkowski, 1997;
Siegel et al., 2001; Behrenfeld et al., 2002]. This inadequacy
does not so much reflect a lack of understanding of phyto-
plankton physiology, as sophisticated models of algal photo-
physiology, nutrient uptake, and growth exist for a variety of
conditions [e.g., Geider et al., 1996, 1998; Flynn, 2001], but
rather, in parameterizing these processes at regional to global
scales in terms of easily accessible quantities.

[3] It has long been known that phytoplankton cellular
chlorophyll (Chl) concentrations are extremely plastic,
responding to changes in growth irradiance (photoaccli-
mation), nutrient status, taxonomy, and other environmen-
tal stressors [Laws and Bannister, 1980; Geider, 1987;
Falkowski and La Roche, 1991]. Because of this plasticity,
Chl is often a poor proxy for phytoplankton biomass, but
remains the primary field metric of biomass in lieu of a
simple alternative. It is the phytoplankton carbon biomass
(C) that more appropriately describes algal standing stocks,
especially as it relates to NPP which is a rate of carbon
turnover (and not Chl). Further, the two quantities are linked
through the Chl:C ratio, a quantity that has a wide range of
variability and is often mistreated in ecosystem models
[Geider, 1987; MacIntyre et al., 2002].
[4] Remote sensing of C standing stocks for different

components of marine ecosystems is a recent development.
Estimates of total particulate organic carbon (POC) have
been made from remote sensing measurements by relating
the amount of scattered light in the water column to the particle
load [Loisel et al., 2001; Stramski et al., 1999]. Similarly,
particle scattering has been related to phytoplankton-specific
quantities as well. Behrenfeld and Boss [2003] evidenced a
relationship between Chl and the particulate beam attenuation
coefficient, cp, which is most sensitive to particles with
diameters of !0.5–20 mm in size [Stramski and Kiefer,
1991] and generally overlaps the size distribution of phyto-

GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 22, GB2024, doi:10.1029/2007GB003078, 2008

1Department of Botany and Plant Pathology, Oregon State University,
Corvallis, Oregon, USA.

2Institute for Computational Earth System Science, University of
California, Santa Barbara, California, USA.

3School of Marine Sciences, University of Maine, Orono, Maine, USA.

Copyright 2008 by the American Geophysical Union.
0886-6236/08/2007GB003078

GB2024 1 of 18

function of their seasonal variance in Chl [Doney et al.,
2003; Behrenfeld et al., 2005]. This classification separates
the ocean into functionally different biomes, from oligotro-
phic to temperate/seasonally productive regions. The stan-
dard deviation of annual Chl variability was broken into five
variance bins and designated L0 through L4 in increasing
order of Chl variance (Figure S2). Average vertical profile
properties of Chl(z), m(z), and NPP(z) differ substantially
between these regions and can be compared using annual
regional mean values for each property (Figure 3). Surface
layer Chl, m, and NPP decrease monotonically from high-
variance regions (L4, e.g., parts of the North Atlantic) to
low-variance regions (L0, e.g., North Pacific Subtropical
Gyre) while their rate of decay with depth is faster in high-
variance regions. Consequently, a larger proportion of
water column integrated chlorophyll and primary produc-
tion is found in the surface layer in high-variance than low-
variance regions. Subsurface Chl maxima are progressively
deeper and have lower amplitudes in the transition from
high- to low-Chl variance regions (!30 m in L3 to !115 m
in L0 regions, Figure 3a), consistent with patterns described

by Morel and Berthon [1989] (compare their Figure 7).
Growth rates are maximal in the surface mixed layer in all
variance regions and generally decrease from >1 d"1 in L4
areas to <0.5 d"1 in L0 regions (Figure 3b). NPP rates also
exhibit surface maxima in all Chl variance regions which
decay with depth (Figure 3c).
[23] Figure 4 shows the mean m in the surface mixed layer

for both the boreal summer and winter. The modeled
seasonal mixed layer m fields reflect patterns resulting from
light and nutrient limitation, as well as community compo-
sition (not captured in our model, but can contribute
significantly to Chl:C variability). Values range from
near zero to almost two divisions d"1, though only a small
percentage of m values (<1%) exceed 1.5 d"1. Highest
values are generally found along eastern boundary and
equatorial upwelling regions. Elevated m values in the latter,
however, are likely overestimates by !15–20% due to the
unique effect of iron limitation on chlorophyll synthesis in
HNLC regions resulting in a reduction in m that is not
reflected in the Chl:C ratio [Behrenfeld et al., 2006].
Oligotrophic gyres exhibit lower growth rates, but there is

Figure 6. Depth-integrated NPP (mg C m"2 d"1) for the boreal summer (top) and winter (bottom).
Values are climatological means calculated for 1999–2004.
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As with estuaries, community metabolism scales 
nonlinearly with ecosystem size

Oligotrophic (blue) 
Mesotrophic (red) 
Eutrophic (yellow) 
Total basins/Global (green).
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Similar scaling exponents emerge, regardless 
of how ocean basins are divided up

[Chl] (mg m-3)

5

1
0.5

0.1
0.05

Longhurst Provinces

A)

B)

Eulerian Provinces

C)

wE at 200m (m s-1)

5

2.5

0

-2.5

-5

x10-6

OCB Sum
m

er W
ork

sh
op 2019



To understand this result, consider an isolated 
water column…

physical 
length 
scale 

volume of water column

productivity scaling

critical length scale matching 
growth rate to  

available energy 
(𝜀 = dissipation)

growth rate = 1/growth timescale
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Next, imagine that this water column is the only source 
of upwelling in a region of the ocean that is otherwise 
unproductive

The productivity of the region is 
the sum of the individual 

water columns
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This theoretical ocean can only have increased 
productivity with lateral spreading coupled to continued 
upwelling

Without lateral spreading, 
vertical motions simply mix 

down existing organic N 
with the upward movement of 

inorganic N
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The relative horizontal diffusivity of upwelled nitrogen 
scales with dissipation and the horizontal distance, s

709

Atmospheric Diffusion shown on Distance-Neighbour .
By L e w i s  F . R i c h a r d s o n .

(Communicated by Sir Gilbert Walker, F.R.S.—Received November 7, 1925.)

§ 1. Th e  N e e d  f o r  a  N e w  M e t h o d . 

§ 1.1. Introduction.

If the diffusivity K of a substance whose mass per volume of atmosphere is 
y be defined by an equation of Fick’s type

u  h + v h  + ,r. h  + h  =  A ik  <h\ + A /K <¥, + A /K m
dy ' 0: > St Sx\ Sxl^Sy

x, y, z. t being Cartesian co-ordinates and time, v, being the components of 
mean velocity, then the measured values* of K have been found to be 0-2 
cm.2 sec.-1 in capillary tubes (Kaye and Laby’s Tables), 105 cm.2 sec.-1 when 
gusts are smoothed out of the mean wind (Akerblom, G. I. Taylor, Hesselberg, 
etc.), 108 cm.2 sec.-1 when the means extend over a time comparable with 
4 hours (L. F. Richardson and D. Proctor), 1011 cm.2 sec.-1 when the mean wind 
is taken to be the general circulation characteristic of the latitude (Defant). 
Thus the so-called constant K varies in a ratio of 2 to a billion. The present 
paper records an attempt to comprehend all this range of diffusivity in one 
coherent scheme.

Lest the method which I shall adopt should strike the reader as queer and 
roundabout, I wish to justify it by showing first why some known methods 
are in difficulties.

§ 1.2. Does the Wind possess a Velocity ?

This question, at first sight foolish, improves on acquaintance. A velocity 
is defined, for example, in Lamb’s ‘ Dynamics ’ to this effect: Let Ax be the 
distance in the £ direction passed over in a time At, then the ^-component of 
velocity is the limit of Ax/ At as At -> 0. But for an air particle it is not obvious 
that Axl At attains a limit as At -> 0.

We may really have to describe the position x  of an air particle by something 
rather like Weierstrass’s function, of which F. Klein gives an entertaining 
description (‘ Anwendung der Differential und Integralrechnung auf Geometric/ 
Leipzig. B. G. Teubner, 1902), say,

x =  Jd +  Z (b)n cos (5
n

* For references to publications, see the table in § 5.2.

Turbulent dispersion in the ocean

Chris Garrett *
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Available online 27 June 2006

Abstract

The mathematical framework for turbulent transport in the ocean is reasonably well established. It may be applied to
large-scale fields of scalars in the ocean and to the instantaneous or continuous discharge from a point. The theory and its
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1. Introduction

Including the effects of processes that are unresolved in models is one of the central problems in oceanog-
raphy. In particular, for temperature, salinity, or some other scalar, one seeks to parameterize the eddy flux in
terms of quantities that are resolved by the models. This has been much discussed, with determinations of the
correct parameterization relying on a combination of deductions from the large-scale models, observations of
the eddy fluxes or associated quantities, and the development of an understanding of the processes responsible
for the fluxes. The key remark to make is that it is only through process studies that we can reach an under-
standing leading to formulae that are valid in changing conditions, rather than just having numerical values
which may only be valid in present conditions.

Rather than attempt a comprehensive review, this brief article will summarize, as simply as possible, some
basic ideas and results on dispersion in a turbulent flow, drawing attention in particular to results that may go
beyond standard texts, such as that of Csanady (1973). Some fundamental fluid dynamical ideas and their
application to the ocean will be described in Section 2. Quite apart from the importance of turbulent disper-
sion for the evolution of large-scale patterns in the ocean, it also determines the concentration of material
released from a point source, either instantaneously or continuously. This will also be reviewed.
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In any given release, however, an initial blob at the origin will be carried off in some particular direction at
the same time as it is spread by molecular diffusion, or some small-scale stirring and mixing process, and torn
apart by the larger eddies. The domain occupied by the scalar in a particular release, shown as the smaller
circle in Fig. 2, thus refers to the dispersion of the scalar elements with respect to the center of mass and
can be estimated by considering the ‘‘relative’’ dispersion of particles seeded into the patch at the end of an
initial diffusive phase, just as the patch begins to be torn apart by the eddies.

Even within this domain defined by relative dispersion, however, the scalar may be concentrated in thin
streaks, shown by the dark patches separated by clear water in Fig. 2. Alternatively, and perhaps after suffi-
cient time, these streaks may merge, so that the scalar distribution is more uniform within the domain defined
by relative dispersion, though clearly still somewhat patchy. Also, after sufficient time, the relative dispersion
domain may grow to exceed the size of the largest eddies. After this the relative dispersion rate is the same as
that for absolute, one-particle, dispersion.

The situation is familiar to anyone who has stirred cream into coffee, and was discussed in a pioneering and
illuminating way be Eckart (1948). Further studies have included simple estimates by Garrett (1983), who
claimed that streaks would merge very soon after the scalar release in 3D turbulence, but that streakiness
would tend to persist for a significant time for 2D stirring. This expectation was reinforced by the numerical
simulations of Haidvogel and Keffer (1984) and has been borne out in tracer release experiments in the ocean
(Ledwell et al., 1993). Sundermeyer and Price (1998) have conducted more sophisticated analysis of the basic
fluid dynamics.

To discuss this further, we start with a summary of the basic arguments for relative dispersion of a cloud of
particles. If they have a concentration C(r) with respect to their center of mass, we define their spread by s
where s2 ¼

R
Cr2 dV =

R
C dV , where the integration is over area for 2D or volume for 3D and includes all

of the particles. For 3D turbulence characterized by dissipation rate !, Richardson (1926) and Batchelor
(1952) argued that the relative diffusivity, defined as 1

2ds2=dt, can only depend on ! and on s itself. Hence,
on dimensional grounds, the diffusivity must be proportional to !1/3s4/3, the famous ‘‘four-thirds’’ law. Okubo
(1971) found that much oceanographic data on relative dispersion does seem to obey such a law, but this must
be for other reasons, as the assumption of homogeneous 3D turbulence is hardly valid over the large scales
analyzed.

The physics of this result is worth discussing. As reviewed by Bennett (1987), two particles with separation s
are, on average, separated by the strain cs = s"1ds/dt of eddies larger than s where

cs /
Z s"1

0

k2!2=3k"5=3 dk

 !1=2

/ !1=3s"2=3 ð22Þ

if we assume a standard Kolmogorov energy spectrum, with an energy spectrum _k"5/3, and multiply it by k2

to obtain the strain spectrum. Now, since ds/dt _ css, we obtain 1
2 ds2=dt/ !1=3s4=3 as before. This is dimen-

sionally inevitable, but the derivation is interesting as it shows that small eddies are less important as the patch
grows, rather than the large eddies becoming more important. The patch growth has s2 _ t3 and should really
be regarded as slower than the exponential growth that would apply if the strain were independent of patch
size, rather than faster than the linear growth appropriate for a constant diffusivity.

This physical interpretation of relative dispersion in 3D turbulence is valuable in providing a framework for
the 2D case. We might expect (22) to still apply, but note that if the energy spectrum is steeper than k"3, as
seems to be the case, the strain is dominated by the lowest wavenumber in the spectrum, provided it is smaller
than s"1, i.e. by the largest eddies. The strain is thus independent of size, giving exponential separation of a
particle pair, and thus exponential growth of the radius of the relative dispersion domain. It is clear, though,
that within this circle, the scalar in a particular realization of the flow will be confined to a thin streak, with the
streak length growing like exp(ct) for a strain c. The width of the streak is readily determined by an advective–
diffusive balance in the cross-streak direction to be proportional to (j /c)1/2, where j is the mixing rate asso-
ciated with small-scale processes.

This simple physical scenario was exploited by Ledwell et al. (1993) in their interpretation of the remarkable
lateral dispersion of a tracer released in the North Atlantic. After six months or so, the tracer was found to be
largely in a streak that was not straight but had an overall length consistent with stretching by a strain rate of
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Thus, for the appropriate physical regimes, we can 
expect both vertical mixing and lateral transport to scale 
with dissipation
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ABSTRACT

Submesoscale (1–200km) wavenumber spectra of kinetic and potential energy and tracer variance are obtained
from in situ observations in theGulf Stream region and in the eastern subtropical North Pacific. In the Gulf Stream
region, steep kinetic energy spectra at scales between 200 and 20km are consistent with predictions of interior
quasigeostrophic–turbulence theory, both in the mixed layer and in the thermocline. At scales below 20km, the
spectra flatten out, consistent with a growing contribution of internal-wave energy at small scales. In the subtropical
NorthPacific, the energy spectra are flatter and inconsistentwith predictions of interior quasigeostrophic–turbulence
theory. The observed spectra and their dependence on depth are also inconsistent with predictions of surface
quasigeostrophic–turbulence theory for the observedocean stratification. It appears that unbalancedmotions,most
likely internal tides at large scales and the internal-wave continuum at small scales, dominate the energy spectrum
throughout the submesoscale range. Spectra of temperature variance along density surfaces, which are not affected
by internal tides, are also inconsistent with predictions of geostrophic-turbulence theories. Reasons for this in-
consistency could be the injection of energy in the submesoscale range by small-scale baroclinic instabilities or
modifications of the spectra by coupling between surface and interior dynamics or by ageostrophic frontal effects.

1. Introduction

Oceanographers have long debated how energy is
transferred from large to dissipative scales. Much
progress has been made in describing the energy path-
ways from basin to mesoscales and then from scales on
the order of 1 km down to millimeter scales.1 But our
understanding of the transfer in between, in the sub-
mesoscale range, is still rudimentary.2 A major question
is whether the energy fluxes in the submesoscale are

dominated by internal waves and other unbalanced
motions or whether there is an important contribution
by geostrophic motions. The geostrophic part of sub-
mesoscale motions has received much attention in the-
oretical studies over the past decade (e.g., Lapeyre and
Klein 2006), but supporting analysis of observations is
lacking. Our goal here is to use available observations
from the upper-midlatitude ocean to test different the-
ories of submesoscale dynamics.
Oceanic motions can easily be separated in the fre-

quency domain. Figure 1 shows an example frequency
spectrum from a mooring in the subtropical North
Pacific [the data are available at http://cmdac.oce.orst.
edu/; Schmitz (1988)]. Geostrophically balanced flows
span the range of frequencies below the inertial fre-
quency f, inertial oscillations are visible as a broad peak
around f, the M2 lunar tide appears as a sharp super-
inertial peak, and a broad-band internal-wave con-
tinuum spans the frequency range between f and the
buoyancy frequency N. It is much less clear how these
motions project onto spatial scales. This is a serious lim-
itation to our understanding of submesoscale turbulence
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stitute of Technology, 77MassachusettsAve., Cambridge,MA02139.
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1All scales are given as wavelengths.
2We use the term ‘‘submesoscale’’ to designate the range

1–200 km, roughly the scales below the first deformation radius.
There are other uses of the term in the literature, which are based
on order-1 Rossby and Richardson numbers. We here attempt to
understand what the dynamics of these scales are, so we use sub-
mesoscale to designate the range of scales without presupposing
their dynamics.

2456 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 43

DOI: 10.1175/JPO-D-13-063.1

! 2013 American Meteorological Society

Interpreting Energy and Tracer Spectra of Upper-Ocean Turbulence
in the Submesoscale Range (1–200 km)
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ICBST total community metabolism scales with the same 
ratio of timescales found in MTE theory
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What can we do with the observation that 
estuaries and ocean basins scale similarly with 
regard to primary production?
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What are some possible applications of these ideas?  
(1) estimating role of lost habitats

180 E. Van Dyke and K. Wasson

180 E. Van Dyke and K. Wasson
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Historical Ecology of a Central California Estuary: 150 Years of
Habitat Change

ERIC VAN DYKE* and KERSTIN WASSON
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95076

ABSTRACT: We investigated the historical ecology of Elkhorn Slough, a 1,200 ha tidal wetland system in central Cali-

fornia. The goal of this study was to identify patterns of change in the extent and distribution of wetland habitats during

a 150-yr period and to investigate the causes of these changes. Using a geographic information system (GIS), we inter-

preted historic maps, charts, and aerial photographs. We created a series of summary maps to illustrate and quantify

changes in tidal flow and habitat types at six representative historical periods. With the aid of custom software tools, we

performed semi-automated spatial analysis of historic aerial photographs to quantify changes in marsh cover at fixed

quadrats and tidal creek width at fixed cross sections. Our multiscale analysis documents dramatic shifts in the distri-

bution of habitat types resulting from anthropogenic modifications to the hydrology of the slough. More than half of

the marshlands were diked, and more than two thirds have either degraded or been converted to other habitat types.

The construction of an artificial mouth abruptly transformed the wetland system from depositional to highly erosional,

enlarging channels, widening creeks, and converting marsh to intertidal mudflat or open water. Increased tidal amplitude

and velocity are the likely causes. In recent decades, levee failure and intentional breaching have restored the acreage

under tidal influence to nearly historic levels, but recolonization of former wetlands by salt marsh vegetation has been

minimal. Degraded former marshland and unvegetated mudflat are now the dominant habitat types at Elkhorn Slough.

The rate of habitat change remains high, suggesting that a new equilibrium may not be reached for many decades. This

study can help tidal wetland managers identify patterns and mechanisms of habitat change and set appropriate conser-

vation and restoration goals.

Introduction

TIDAL WETLANDS AND HABITAT CHANGE

Estuaries and coastal lagoons are among the
Earth’s most biologically productive ecosystems
and provide essential habitats for birds, fish, crus-
taceans, and many other species (Little 2000). Tid-
al wetlands are also some of our most highly al-
tered landscapes, and their conservation lags be-
hind that of other terrestrial and marine systems
(Edgar et al. 2000). Rates of coastal wetland loss in
the United States resulting from human activities
exceeded 8,000 ha yr!1 in recent decades and are
currently estimated to be 400 ha yr!1 (NOAA 1990;
Dahl 2000).

Tidal wetlands are dynamic, responding to many
types of environmental changes, including human
activities. Apart from direct losses due to construc-
tion and reclamation, the principal anthropogenic
forces driving tidal wetland habitat change at the
local scale include diking, ditching, dredging, and
similar activities that alter tidal flooding regimes
and modify sediment input and marsh accretion
rates (Kennish 2001). On a regional scale, impor-
tant causes of estuarine habitat change are change

* Corresponding author; tele: 831/728-2822; fax: 831/728-
1056; e-mail: vandyke@elkhornslough.org

in tidal energy due to hydrologic manipulations,
increase in relative sea level due to land subsi-
dence, and altered sediment input levels due to
changing land use practices (Adam 2002). On a
global scale, eustatic sea-level rise, accelerated by
global climate change, can result in long-term es-
tuarine habitat change (Scavia et al. 2002).

The ecological history of most of the world’s tid-
al wetlands has not been studied. At those estuaries
that have been investigated, habitat changes have
often been dramatic. A widely reported example is
the rapid erosion of salt marsh at Venice Lagoon
in northeast Italy (Day et al. 1998). The redirection
of rivers that historically supplied sediments to the
estuary, in combination with eustatic sea level rise,
subsidence resulting from groundwater withdraw-
al, and increasing tidal energy due to an enlarged
tidal prism, have caused the marsh edge to retreat
as much as 2 m yr!1 (Day et al. 1998). The loss of
coastal wetland along the Louisiana Gulf Coast, a
region that includes a significant percentage of
U.S. salt marsh acreage, is another highly visible
example. Reduced sediment input due to levees
along the Mississippi River, the construction of ex-
tensive networks of canals, and subsidence rates as
high as 1.5 cm yr!1 have contributed to a reported
100 km2 yr!1 loss of tidal wetlands, although the
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What are some possible applications of these ideas?  
(2) constraining current budgets
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University of Delaware, Newark, Delaware 19716, USA. 3School of Forestry and Environmental Studies, Yale University, New Haven, Connecticut 06511, USA. 4Department of Geological Sciences, 
University of Florida, Gainesville, Florida 32611, USA. 5Department of Marine Science, University of Georgia, Athens, Georgia 30602, USA. 6Department of Earth & Environmental Sciences, Université 
Libre de Bruxelles, Brussels 1050, Belgium. 

The coastal ocean consists of several distinct but tightly connected 
ecosystems that include rivers, estuaries, tidal wetlands and the 
continental shelf. Carbon cycling in the coastal waters that connect 

terrestrial with oceanic systems is acknowledged to be a major component 
of global carbon cycles and budgets1–3. Carbon fluxes within and between 
coastal subsystems, and their alteration by climate and anthropogenic 
changes, are substantial. It is therefore essential to understand, and accu-
rately account for, the factors regulating these fluxes and how they affect 
the ocean and global carbon budgets. 

Although the coastal contribution to the anthropogenic carbon-
dioxide budget was neglected in past assessments reported by the 
Intergovernmental Panel on Climate Change (IPCC) and others, it has 
been recognized recently3–5. Constraining the exchanges and fates of 
different forms of carbon in coastal settings has been challenging and 
is so far incomplete, due to the difficulty in scaling up relatively few 
observational studies. Rapid expansion of organic and inorganic carbon 
data collection (especially on the partial pressure of CO2, pCO2

) in coastal 
waters over the past decade, as well as new biogeochemical contexts 
for coastal systems dynamics, make this an exciting time for the field. 
A new generation of coupled hydrodynamic biogeochemical models 
can now mechanistically incorporate the factors that control carbon 
dynamics, such as elemental stoichiometry and biological turnover of 
both internally and externally supplied organic matter and nutrients, 
and their inputs and residence times6–8. These new tools will provide 
a more predictive understanding of how coastal systems respond to 
human impacts and climate perturbations.

In this Review, we discuss our current understanding of the sources, 
fates and exchanges of organic and inorganic carbon in the coastal ocean, 
with an emphasis on the factors that contribute to net carbon fluxes 
within and between coastal subsystems. Carbon inputs and transfor-
mations are considered in the contexts of net air–water exchanges of 
CO2, carbon burial in coastal subsystems, and exports to the open ocean. 
We explicitly address the growing recognition of how the coastal car-
bon cycle has fundamentally shifted in recent years owing to a variety 
of human activities. This synthesis shows that the present-day coastal 
ocean is a net sink for atmospheric CO2 and a burial site for organic and 
inorganic carbon, and represents an important global zone of carbon 
transformation and sequestration. The purported shift of the coastal 
ocean from a CO2 source to a CO2 sink over the past 50 to 100 years also 
has ramifications for its future role in the ocean and global carbon cycles. 

Riverine carbon inputs to coastal systems
Riverine supply of many elements, including carbon of largely terrestrial 
origin, is important to the steady-state chemistry of the oceans (Fig. 1a). 
Although estimates of riverine fluxes of both organic carbon9–11 and inor-
ganic carbon3,12 continue to be improved by new geospatial tools and by 
scaling and modelling approaches, these fluxes are not greatly different 
from earlier estimates13 (Fig. 2 and Box 1). Average annual carbon fluxes 
to all major ocean basins and seas are now available10,12. Fluxes are gener-
ally well correlated with river discharge, except in certain regions where 
factors such as high peat and carbonate coverage, and high erosion rates 
in watersheds also control carbon inputs10–14. 

Factors regulating riverine carbon fluxes
Climate has long been recognized as an important driver of river carbon 
supply to the coastal ocean (Fig. 1a). Watersheds with high precipita-
tion have higher riverine discharge rates, and studies have long docu-
mented a primary regulation of carbon fluxes by discharge13, owing to the 
importance of transport limitation. Temperature also regulates important 
abiotic and biotic processes that can alter water throughput, flow paths, 
dissolution rates and watershed carbon stocks. The net effect of tempera-
ture on carbon fluxes can therefore vary between regions and among the 
different organic and inorganic forms of carbon (for example, see refs 15 
and 16) (Fig. 1a). 

In addition to annual precipitation and temperature, it is now clear 
that hydrologic ‘events’, such as extreme rainfall from tropical storms, are 
disproportionately important to riverine organic carbon transport. The 
erosive power of these storms is responsible for most particulate organic 
carbon (POC) export from watersheds to the coastal ocean, especially in 
mountainous regions17. Increases in riverine dissolved organic carbon 
(DOC) concentrations — and, hence, in annual riverine DOC export 
to coastal systems — can also result from these events. For example, a 
single tropical storm can be responsible for more than 40% of average 
annual riverine DOC export18. On decadal time scales, single large flood 
events can export 80–90% of POC from mountainous regions17. Climate 
models suggest that although the change in storm frequency is difficult 
to predict, the most intense storms will probably become more frequent4, 
and this will consequently affect riverine DOC and POC transport to 
coastal waters. 

We can currently estimate with moderate to high certainty the riv-
erine transport of terrestrial carbon to the coastal ocean (Fig. 2 and 

The carbon cycle of the coastal ocean is a dynamic component of the global carbon budget. But the diverse sources and sinks of 
carbon and their complex interactions in these waters remain poorly understood. Here we discuss the sources, exchanges and 
fates of carbon in the coastal ocean and how anthropogenic activities have altered the carbon cycle. Recent evidence suggests that 
the coastal ocean may have become a net sink for atmospheric carbon dioxide during post-industrial times. Continued human 
pressures in coastal zones will probably have an important impact on the future evolution of the coastal ocean’s carbon budget.
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Estuaries also experience significant losses of organic carbon owing to 
the combined influences of microbial degradation and photochemical 
oxidation29–31, scavenging, sedimentation, and salinity-induced floc-
culation of DOC and POC32 (Fig. 1b). Individual sources of organic 
carbon have unique reactivity and residence times that affect their 
degradation6 to climatically important gases such as CO2, methane 
and volatile organic carbon in estuarine waters and sediments33, and 
their export to continental shelves. Estuaries can therefore modulate 
organic carbon exports to shelves relative to riverine organic carbon 
fluxes alone34.

Most estuaries have tremendous internal spatial and temporal 
heterogeneity in carbon processing and fluxes, making it difficult 
to quantify even a single estuary’s net carbon balance. As a result, 
we lack the measurements from a representative number of systems 
for accurate global or even regional estimates of the direction and 
magnitude of net organic carbon fluxes that occur within estuar-
ies. In addition, the complex interplay between organic carbon and 
both inorganic and organic nutrient inputs (Box 3) from land and 
ocean have an important, but poorly quantified, role in regulating 
the balance between net organic carbon production (autotrophy) and 
consumption (heterotrophy) in estuaries35,36. Process-based models of 
coupled estuarine hydrodynamics and biogeochemistry have recently 
addressed interactions between the organic and inorganic carbon 
cycles at the scale of individual estuaries (for example, see refs 8, 21, 
35, 37), but none are currently suitable for regional or global applica-
tions (Box 2).

Estuarine carbon dioxide and inorganic carbon exchange 
CO2 emissions from European estuaries were recognized to be a signifi-
cant component of the regional CO2 budget38 about 15 years ago. Subse-
quent studies estimated global estuarine CO2 emissions to be on the order 

of 0.2–0.4 Pg C yr−1 (refs 2, 33, 39, 40). Estuaries occupy a small portion 
of global ocean area (about 0.2%), and, therefore, their CO2 emissions 
are a disproportionately large flux when compared with CO2 exchanges 
between the open ocean and atmosphere41 (Fig. 3a). However, the uncer-
tainty in the global estuarine CO2 emission flux is high (Fig. 2, 3a,b and 
Box 1) due to very limited spatial and temporal  coverage during field 
observations, large physical and biogeochemical variability and insuf-
ficient use of generalized hydrodynamic–biogeochemical models in 
estuaries2,22. 

In addition to very high pCO2
 and correspondingly high rates of CO2 

degassing, dissolved inorganic carbon (DIC) is also usually enriched in 
estuarine waters and exported to continental shelf waters (Fig. 2). The 
elevated pCO2

 and DIC result from in situ net respiration of internally and 
externally supplied organic carbon and lateral transport of DIC from riv-
ers and coastal wetlands2,33,40,42,43 and CO2-rich groundwaters44. Addition-
ally, low-DIC estuaries42 generally experience higher CO2 degassing fluxes 
than high-DIC estuaries, as waters of the latter retain CO2 longer owing 
to their greater buffering capacity45,46.

Exchanges with tidal wetlands 
Highly productive tidal wetlands flank many estuaries and laterally export 
both dissolved and particulate carbon to estuaries and coastal systems2,47. 
Regional and global estimates of wetland fluxes are hampered by a scar-
city of reliable estimates of wetland surface area and studies of carbon 
export. The limited studies that are available suggest that wetlands act as 
a net source of carbon to estuaries that could be comparable with riverine 
carbon supply2,3 (Fig. 2). However, although some of the carbon exported 
from wetlands is recycled in estuaries, significant amounts are buried in 
estuarine sediments and exported to continental shelves (Fig. 2).

Globally, estuaries are net heterotrophic, meaning that respired organic 
carbon exceeds that supplied by rivers and wetlands, and produced in 

Figure 2 | Organic and inorganic carbon fluxes in the estuarine, tidal 
wetland and continental shelf subsystems of the coastal ocean. Fluxes 
between adjacent subsystems and other components of the earth system 
are regulated by a number of processes (the major ones are shown here). 
Carbon can flux both within (values in black) and across (values in red) the 
boundaries of the coastal ocean. All organic carbon (OC) and inorganic 
carbon (IC) fluxes are presented as positive values, arrows indicate direction 
of flux. Particulate and dissolved OC fluxes are presented as total OC values. 
The balance between gross primary production (GPP) and total system 

respiration (both autotrophic, A, and heterotrophic, H; RAH) is net ecosystem 
production (NEP), with negative values indicating conversion of OC to IC. 
The IC burial flux takes into consideration calcification. The methods used to 
estimate flux values and their associated uncertainties are described in Box 1. 
Typical uncertainties for carbon fluxes: *95% certainty that the estimate is 
within 50% of the reported value; †95% certainty that the estimate is within 
100% of the reported value; ‡uncertainty greater than 100%. Units are 
Pg C yr−1 (1 Pg = 1015 g) rounded to ± 0.05 Pg C yr−1. Within-river fluxes and 
transformation of carbon are excluded from this analysis. 
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Declining oxygen in the global ocean
and coastal waters
Denise Breitburg,1* Lisa A. Levin,2 Andreas Oschlies,3 Marilaure Grégoire,4

Francisco P. Chavez,5 Daniel J. Conley,6 Véronique Garçon,7 Denis Gilbert,8

Dimitri Gutiérrez,9,10 Kirsten Isensee,11 Gil S. Jacinto,12 Karin E. Limburg,13

Ivonne Montes,14 S. W. A. Naqvi,15† Grant C. Pitcher,16,17 Nancy N. Rabalais,18

Michael R. Roman,19 Kenneth A. Rose,19 Brad A. Seibel,20 Maciej Telszewski,21

Moriaki Yasuhara,22 Jing Zhang23

Oxygen is fundamental to life. Not only is it essential for the survival of individual animals,
but it regulates global cycles of major nutrients and carbon. The oxygen content of the
open ocean and coastal waters has been declining for at least the past half-century, largely
because of human activities that have increased global temperatures and nutrients
discharged to coastal waters. These changes have accelerated consumption of oxygen by
microbial respiration, reduced solubility of oxygen in water, and reduced the rate of oxygen
resupply from the atmosphere to the ocean interior, with a wide range of biological and
ecological consequences. Further research is needed to understand and predict long-term,
global- and regional-scale oxygen changes and their effects on marine and estuarine
fisheries and ecosystems.

O
xygen levels have been decreasing in the
open ocean and coastal waters since at least
themiddle of the 20th century (1–3). This
ocean deoxygenation ranks among themost
important changes occurring inmarine eco-

systems (1, 4–6) (Figs. 1 and 2). The oxygen content
of the ocean constrains productivity, biodiversity,
and biogeochemical cycles.Major extinction events
in Earth’s history have been associatedwithwarm
climates and oxygen-deficient oceans (7), and un-
der current trajectories, anthropogenic activities
could drive the ocean towardwidespread oxygen
deficiency within the next thousand years (8). In
this Review,we refer to “coastal waters” as systems
that are strongly influenced by their watershed,
and the “open ocean” as waters in which such in-
fluences are secondary.
The open ocean lost an estimated 2%, or 4.8 ±

2.1 petamoles (77 billion metric tons), of its oxy-
gen over the past 50 years (9). Open-ocean oxygen-
minimum zones (OMZs) have expanded by an
area about the size of the EuropeanUnion (4.5mil-
lion km2, based on water with <70 mmol kg−1 oxy-
gen at 200 m of depth) (10), and the volume of

water completely devoid of oxygen (anoxic) has
more than quadrupled over the same period (9).
Upwelling of oxygen-depleted water has intensi-
fied in severity and duration along some coasts,
with serious biological consequences (11).
Since 1950,more than 500 sites in coastal waters

have reported oxygen concentrations≤2mg liter−1

(=63 mmol liter−1 or ≅61 µmol kg-1), a threshold
often used to delineate hypoxia (3, 12) (Fig. 1A).
Fewer than 10% of these systems were known to
have hypoxia before 1950.Manymorewater bodies
may be affected, especially in developing nations
where available monitoring data can be sparse
and inadequately accessed even for waters receiv-
ing high levels of untreated human and agricul-
tural waste. Oxygen continues to decline in some
coastal systems despite substantial reductions in
nutrient loads, which have improved other water
quality metrics (such as levels of chlorophyll a)
that are sensitive to nutrient enrichment (13).
Oxygen is naturally low or absent where bio-

logical oxygen consumption through respiration
exceeds the rate of oxygen supplied by physical
transport, air-sea fluxes, and photosynthesis for

sufficient periods of time. A large variety of such
systems exist, including the OMZs of the open
ocean, the cores of somemode-water eddies, coastal
upwelling zones, deep basins of semi-enclosed seas,
deep fjords, and shallow productive waters with
restricted circulation (14, 15). Whether natural or
anthropogenically driven, however, low oxygen
levels and anoxia leave a strong imprint on bio-
geochemical and ecological processes. Electron ac-
ceptors, such as Fe(III) and sulfate, that replace
oxygenasconditionsbecomeanoxic yield less energy
than aerobic respiration and constrain ecosystem
energetics (16). Biodiversity, eukaryotic biomass,
and energy-intensive ecological interactions such
as predation are reduced (17–19), and energy is
increasingly transferred to microbes (3, 16). As
oxygen depletion becomesmore severe, persistent,
and widespread, a greater fraction of the ocean is
losing its ability to support high-biomass, diverse
animal assemblages and provide important eco-
system services.
But the paradox is that these areas, sometimes

called dead zones, are far from dead. Instead they
contribute to some of the world’s most produc-
tive fisheries harvested in the adjacent, oxygenated
waters (20–22) and host thrivingmicrobial assem-
blages that utilize a diversity of biogeochemical
pathways (16). Eukaryote organisms that use low-
oxygen habitats have evolved physiological and
behavioral adaptations that enable them to extract,
transport, and store sufficient oxygen, maintain
aerobicmetabolism, and reduce energy demand
(23–26). Fishes, for example, adjust ventilation
rate, cardiac activity, hemoglobin content, and O2

binding and remodel gill morphology to increase
lamellar surface area (27). For some small taxa,
including nematodes andpolychaetes, high surface
area–to–volume ratios enhance diffusion and con-
tribute to hypoxia tolerance (26).Metabolic depres-
sion (23, 25, 28) and high H2S tolerance (24) are
also key adaptations by organisms to hypoxic and
anoxic environments.

Causes of oxygen decline
Global warming as a cause of oxygen
loss in the open ocean

The discovery of widespread oxygen loss in the
open ocean during the past 50 years depended
on repeated hydrographic observations that re-
vealed oxygen declines at locations ranging from
the northeast Pacific (29) and northern Atlantic
(30) to tropical oceans (2). Greenhouse gas–driven
global warming is the likely ultimate cause of this
ongoing deoxygenation inmany parts of the open
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ocean (31). For the upper ocean over the period
1958–2015, oxygen and heat content are highly cor-
relatedwith sharp increases in both deoxygenation
and ocean heat content, beginning in the mid-
1980s (32).
Ocean warming reduces the solubility of oxy-

gen. Decreasing solubility is estimated to account
for ~15% of current total global oxygen loss and
>50% of the oxygen loss in the upper 1000 m of
the ocean (9, 33). Warming also raises metabolic
rates, thus accelerating the rate of oxygen con-
sumption. Therefore, decomposition of sinking
particles occurs faster, and remineralization of
these particles is shifted toward shallower depths
(34), resulting in a spatial redistribution but not nec-
essarily a change in the magnitude of oxygen loss.
Intensified stratificationmay account for the

remaining 85% of global ocean oxygen loss by re-
ducing ventilation—the transport of oxygen into
the ocean interior—and by affecting the supply of
nutrients controlling production of organic mat-
ter and its subsequent sinking out of the surface
ocean. Warming exerts a direct influence on ther-
mal stratification and indirectly enhances salinity-
driven stratification through its effects on icemelt
and precipitation. Increased stratification alters
the mainly wind-driven circulation in the upper
few hundred meters of the ocean and slows the
deep overturning circulation (9). Reduced venti-
lation, which may also be influenced by decadal
to multidecadal oscillations in atmospheric forcing
patterns (35), has strong subsurfacemanifestations
at relatively shallow ocean depths (100 to 300m)
in the low- to mid-latitude oceans and less pro-
nounced signaturesdowntoa fewthousandmeters
at high latitudes. Oxygen declines closer to shore
have also been found in some systems, including
the California Current and lower Saint Lawrence
Estuary, where the relative strength of various
currents have changed and remineralization has
increased (36, 37).
There is general agreement between numerical

models and observations about the total amount

of oxygen loss in the surface ocean (38). There is
also consensus that direct solubility effects do
not explain themajority of oceanic oxygen decline
(31). However, numericalmodels consistently sim-
ulate a decline in the total global ocean oxygen
inventory equal to only about half that of themost
recent observation-based estimate and also pre-
dict different spatial patterns of oxygen decline or,
in some cases, increase (9, 31, 39). These discrep-
ancies are most marked in the tropical thermo-
cline (40). This is problematic for predictions of
future deoxygenation, as these regions host large
open-ocean OMZs, where a further decline in oxy-
gen levels could have large impacts on ecosystems
and biogeochemistry (Fig. 2A). It is also unclear
howmuch ocean oxygen decline can be attributed
to alterations in ventilation versus respiration.
Mechanisms other than greenhouse gas–driven
global warming may be at play in the observed
oceanoxygendecline that are notwell represented
in current ocean models. For example, internal os-
cillations in the climate system, such as the Pacific
Decadal Oscillation, affect ventilation processes
and, eventually, oxygen distributions (35).
Models predict that warming will strengthen

winds that favor upwelling and the resulting
transport of deeper waters onto upper slope and
shelf environments in some coastal areas (41, 42),
especially at high latitudes within upwelling sys-
tems that form along the eastern boundary of
ocean basins (43). The predicted magnitude and
direction of change is not uniform, however, either
within individual large upwelling systems or
among different systems. Upwelling in the south-
ern Humboldt, southern Benguela, and northern
Canary Eastern Boundary upwelling systems is
predicted to increase in both duration and inten-
sity by the end of the 21st century (43).Where the
oxygen content of subsurface source waters de-
clines, upwelling introduceswater to the shelf that
is both lower in oxygen and higher in CO2. Along
the central Oregon coast of the United States in
2006, for example, anoxic waters upwelled to

depths of <50mwithin 2 kmof shore, persisted for
4 months, and resulted in large-scale mortality of
benthicmacro-invertebrates (11). There are no prior
records of such severe oxygen depletion over the
continental shelf orwithin theOMZ in this area (11).

Nutrient enrichment of coastal waters

Sewage discharges have been known to deplete
oxygen concentrations in estuaries since at least
the late 1800s (44), and by themid 1900s the link
to agricultural fertilizer runoff was discussed (45).
Nevertheless, the number and severity of hypoxic
sites has continued to increase (Fig. 2B). The hu-
man population has nearly tripled since 1950 (46).
Agricultural production has greatly increased to
feed this growing population andmeet demands
for increased consumption of animal protein, re-
sulting in a 10-fold increase in global fertilizer use
over the same period (47). Nitrogen discharges
from rivers to coastal waters increased by 43% in
just 30 years from 1970 to 2000 (48), with more
than three times as much nitrogen derived from
agriculture as from sewage (49).
Eutrophication occurs when nutrients (primar-

ily N and P) and biomass from human waste and
agriculture, as well as N deposition from fossil
fuel combustion, stimulate the growth of algae
and increase algal biomass. The enhanced primary
and secondary production in surface waters in-
creases the delivery rate of degradable organic
matter to bottomwaterswheremicrobial decom-
position by aerobic respiration consumes oxygen.
Once oxygen levels are low, behavioral and bio-
geochemical feedbacks can hinder a return to
higher-oxygen conditions (50). For example, bur-
rowing invertebrates that introduce oxygen to
sediments die or fail to recruit, and sediment phos-
phorus is released, fueling additional biological
production in the water column and eventual in-
creased oxygen consumption.
Coastal systems vary substantially in their sus-

ceptibility todeveloping lowoxygenconcentrations.
Low rates of vertical exchange within the water

Breitburg et al., Science 359, eaam7240 (2018) 5 January 2018 2 of 11

Fig. 1. Oxygen has declined in both the open ocean and coastal
waters during the past half-century. (A) Coastal waters where oxygen
concentrations ≤61 mmol kg−1 (63 mmol liter−1 or 2 mg liter−1) have been
reported (red) (8, 12). [Map created from data in (8) and updated by
R. Diaz and authors] (B) Change in oxygen content of the global ocean
in mol O 2 m−2 decade−1 (9). Most of the coastal systems shown here
reported their first incidence of low oxygen levels after 1960. In some

cases, low oxygen may have occurred earlier but was not detected
or reported. In other systems (such as the Baltic Sea) that reported
low levels of oxygen before 1960, low-oxygen areas have become
more extensive and severe (59). Dashed-dotted, dashed, and solid
lines delineate boundaries with oxygen concentrations <80, 40, and
20 mmol kg−1, respectively, at any depth within the water column (9).
[Reproduced from (9)]
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Figure 4
(a) Maximum reported hypoxic areas across selected systems plotted over watershed nitrogen (N) load. (b) Relationship between N and
phosphorus (P) load across systems. The linear fit to the data is indicated by the solid line, and the parameters characterizing the fit are
shown at the bottom right. Also indicated is the Redfield ratio of 16:1. (c) Hypoxia timescale across systems (including the Namibian
shelf, indicated by a square; see Section 3.3.1) over residence time. (d) Relationship between the percentage of total water-column
respiration contributed from sediments and hypoxic-layer thickness. The dashed gray line shows the relationship from Kemp et al.
(1992), with the red section indicating an extrapolation to 125-m depth. Abbreviations: CB, Chesapeake Bay; LIS, Long Island Sound;
ECS, East China Sea; GSL, Gulf of St. Lawrence; NWB, northwestern Black Sea; NGOM, northern Gulf of Mexico; Baltic, Baltic
Sea; PRE, Pearl River Estuary.

20–40% of river source water is locally retained, and cross-shelf export is negligible except for a
narrow band along the equator. The Coriolis force deflects the buoyant, nutrient-rich river water
into a rotating bulge and downstream current, except in the vicinity of the equator, e.g., for the
Amazon River (Sharples et al. 2017). The open-shelf systems discussed here are outside of the
equatorial band and thus prone to local retention of fresh water and nutrients.

Nutrient loads tend to be higher in systems with large watersheds, and somewhat surprisingly,
the loads of N and P are highly correlated (Figure 4b, Table 1). N:P ratios are much larger than
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Abstract
Aquatic environments experiencing low-oxygen conditions have been de-
scribed as hypoxic, suboxic, or anoxic zones; oxygen minimum zones; and, in
the popular media, the misnomer “dead zones.” This review aims to elucidate
important aspects underlying oxygen depletion in diverse coastal systems and
provides a synthesis of general relationships between hypoxia and its control-
ling factors. After presenting a generic overview of the first-order processes,
we review system-specific characteristics for selected estuaries where adja-
cent human settlements contribute to high nutrient loads, river-dominated
shelves that receive large inputs of fresh water and anthropogenic nutrients,
and upwelling regions where a supply of nutrient-rich, low-oxygen waters
generates oxygen minimum zones without direct anthropogenic influence.
We propose a nondimensional number that relates the hypoxia timescale and
water residence time to guide the cross-system comparison. Our analysis re-
veals the basic principles underlying hypoxia generation in coastal systems
and provides a framework for discussing future changes.
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What are some possible applications of these ideas?  
(4) predicting future states

Continued increases in Arctic Ocean primary production

Kevin R. Arrigo ⇑, Gert L. van Dijken
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a b s t r a c t

Dramatic declines in sea-ice cover in the Arctic Ocean in recent decades have the potential to fundamen-
tally alter marine ecosystems. Here we investigate changes in sea ice between the years 1998 and 2012 at
regional and basin scales and how these have impacted rates of phytoplankton net primary production
(NPP). Annual NPP increased 30% over the Arctic Ocean during our study period, with the largest
increases on the interior shelves and smaller increases on inflow shelves. Increased annual NPP was often,
but not always, associated with reduced sea-ice extent and a longer phytoplankton growing season
(fewer days of ice cover). Spatial patterns of increased annual NPP suggest that increased nutrient fluxes
may also play an important role. Outflow shelves either exhibited no change in annual NPP during our
study period or a significant decline, perhaps indicating that nutrients had been consumed by increased
NPP farther upstream.

! 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The concentration of sea ice in the Arctic Ocean has dropped by
!9% per decade since 1978 and has been accompanied by reduced
sea-ice thickness and duration (Comiso, 2012; Perovich and
Richter-Menge, 2009; Maslanik et al., 2011). This loss of Arctic
sea-ice cover is likely due to a combination of factors, including
increased atmospheric temperatures due to greenhouse warming
(Rothrock and Zhang, 2005; Lindsay and Zhang, 2005; Zhang and
Walsh, 2006; Stroeve et al., 2007), advection of sea ice out of the
Arctic Ocean through Fram Strait (Rigor and Wallace, 2004; Liu
et al., 2007; Maslanik et al., 2007; Serreze et al., 2007), and
increased flow of warm water into the Arctic Ocean, both from
the Atlantic through the eastern Fram Strait and the Barents Sea
(Steele and Boyd, 1998; Dickson et al., 2000; Spielhagen et al.,
2011) and from the Pacific through Bering Strait (Maslowski
et al., 2001; Shimada et al., 2006; Woodgate et al., 2006, 2012).
The reduction in surface albedo associated with sea ice loss
enhances the penetration of shortwave radiation into the surface
ocean, creating a positive feedback that inhibits ice growth in win-
ter and accelerates its loss in spring and summer (Perovich et al.,
2007).

Associated with this loss of sea ice has been a 20% increase in
net primary production (NPP) by phytoplankton within the Arctic
Ocean between 1998 and 2009 (Arrigo and Van Dijken, 2011).
This NPP increase has been facilitated by both an increase in open
water area, providing new habitat for phytoplankton growth, and

by a rise in the number of days of open water, increasing the length
of the phytoplankton growing season (Arrigo et al., 2008a).
However, this increase in NPP has not been spatially uniform, with
some geographic sectors (Fig. 1) exhibiting large increases over this
time period (e.g. East Siberian sector) while others have seen sig-
nificant declines (Greenland sector). Even within a given geo-
graphic sector, there are large spatial differences in the trend in
NPP over time, likely related to regional-scale variability in
sea-ice cover and ocean circulation.

In the present study, we extend the analysis of Arrigo and Van
Dijken (2011) for an additional three years to produce a 15-year
time series of remotely sensed sea ice, sea surface temperature,
and ocean color over the entire Arctic Ocean to document contin-
ued changes in annual NPP. In addition, we examine both regional
and small-scale (10–100 km) variability in temporal trends of
annual NPP. The algorithm we used calculates rates of NPP daily
at each pixel location across the Arctic Ocean and the resulting
maps are used to characterize both spatial and interannual NPP
variability and relate this variability to measured environmental
changes.

2. Methods

Because this study incorporates a more recent reprocessing ver-
sion of the ocean color data and uses sea-ice concentration instead
of sea-ice extent to quantify the amount of open water area (see
Section 2.2 below), estimates of spatially integrated NPP and the
length of the open water season differ from values reported in
our earlier remote sensing studies (e.g. Pabi et al., 2008; Arrigo
et al., 2008a,b; Arrigo and Van Dijken, 2011).
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a b s t r a c t

Dramatic declines in sea-ice cover in the Arctic Ocean in recent decades have the potential to fundamen-
tally alter marine ecosystems. Here we investigate changes in sea ice between the years 1998 and 2012 at
regional and basin scales and how these have impacted rates of phytoplankton net primary production
(NPP). Annual NPP increased 30% over the Arctic Ocean during our study period, with the largest
increases on the interior shelves and smaller increases on inflow shelves. Increased annual NPP was often,
but not always, associated with reduced sea-ice extent and a longer phytoplankton growing season
(fewer days of ice cover). Spatial patterns of increased annual NPP suggest that increased nutrient fluxes
may also play an important role. Outflow shelves either exhibited no change in annual NPP during our
study period or a significant decline, perhaps indicating that nutrients had been consumed by increased
NPP farther upstream.

! 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The concentration of sea ice in the Arctic Ocean has dropped by
!9% per decade since 1978 and has been accompanied by reduced
sea-ice thickness and duration (Comiso, 2012; Perovich and
Richter-Menge, 2009; Maslanik et al., 2011). This loss of Arctic
sea-ice cover is likely due to a combination of factors, including
increased atmospheric temperatures due to greenhouse warming
(Rothrock and Zhang, 2005; Lindsay and Zhang, 2005; Zhang and
Walsh, 2006; Stroeve et al., 2007), advection of sea ice out of the
Arctic Ocean through Fram Strait (Rigor and Wallace, 2004; Liu
et al., 2007; Maslanik et al., 2007; Serreze et al., 2007), and
increased flow of warm water into the Arctic Ocean, both from
the Atlantic through the eastern Fram Strait and the Barents Sea
(Steele and Boyd, 1998; Dickson et al., 2000; Spielhagen et al.,
2011) and from the Pacific through Bering Strait (Maslowski
et al., 2001; Shimada et al., 2006; Woodgate et al., 2006, 2012).
The reduction in surface albedo associated with sea ice loss
enhances the penetration of shortwave radiation into the surface
ocean, creating a positive feedback that inhibits ice growth in win-
ter and accelerates its loss in spring and summer (Perovich et al.,
2007).

Associated with this loss of sea ice has been a 20% increase in
net primary production (NPP) by phytoplankton within the Arctic
Ocean between 1998 and 2009 (Arrigo and Van Dijken, 2011).
This NPP increase has been facilitated by both an increase in open
water area, providing new habitat for phytoplankton growth, and

by a rise in the number of days of open water, increasing the length
of the phytoplankton growing season (Arrigo et al., 2008a).
However, this increase in NPP has not been spatially uniform, with
some geographic sectors (Fig. 1) exhibiting large increases over this
time period (e.g. East Siberian sector) while others have seen sig-
nificant declines (Greenland sector). Even within a given geo-
graphic sector, there are large spatial differences in the trend in
NPP over time, likely related to regional-scale variability in
sea-ice cover and ocean circulation.

In the present study, we extend the analysis of Arrigo and Van
Dijken (2011) for an additional three years to produce a 15-year
time series of remotely sensed sea ice, sea surface temperature,
and ocean color over the entire Arctic Ocean to document contin-
ued changes in annual NPP. In addition, we examine both regional
and small-scale (10–100 km) variability in temporal trends of
annual NPP. The algorithm we used calculates rates of NPP daily
at each pixel location across the Arctic Ocean and the resulting
maps are used to characterize both spatial and interannual NPP
variability and relate this variability to measured environmental
changes.

2. Methods

Because this study incorporates a more recent reprocessing ver-
sion of the ocean color data and uses sea-ice concentration instead
of sea-ice extent to quantify the amount of open water area (see
Section 2.2 below), estimates of spatially integrated NPP and the
length of the open water season differ from values reported in
our earlier remote sensing studies (e.g. Pabi et al., 2008; Arrigo
et al., 2008a,b; Arrigo and Van Dijken, 2011).
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3. Results

3.1. Open water area

Different metrics have historically been used to characterize
changes in Arctic sea-ice cover over time from remotely sensed
data. These commonly include (but are not restricted to) summer
minimum sea-ice extent, annual mean sea-ice extent, and the
mean sea-ice extent during the phytoplankton growing season
(May–September). Here, we focus on open water area, the inverse
of sea-ice extent, because this metric more directly characterizes
the amount of ice-free habitat available for phytoplankton growth.
Regardless of the metric used, open water area in the Arctic Ocean
increased significantly (p < 0.01) between 1998 and 2012. Summer
maximum open water area increased by 135,618 km2 per year
(Fig. 2), yielding a percent increase over the 15-year period of
!24%. Mean annual open water area increased by 80,772 km2

per year with a !27% increase between 1998 and 2012 (Fig. 2).
Mean open water area between 1 May and 30 September increased
by 101,905 km2 per year (Fig. 2). The temporal patterns of the three
metrics were very similar, resulting in correlation coefficients
ranging from 0.94 to 0.99 (Fig. 3).

Related to the increase in the area of open water during this
15-year period was a statistically significant (p < 0.05) increase in
the length of the open water season during this same time period.
During the period 1998 to 2012, sea ice retreated on average
1.15 days earlier each year (Fig. 4a) and advanced 1.49 days later
each year (Fig. 4b). The date of ice advance was significantly nega-
tively correlated with the date of sea-ice retreat for that year
(R = 0.82, p < 0.01), indicating that years of early spring melt also
exhibited a later freeze-up in the fall. Furthermore, years of early
ice retreat had experienced significantly later sea-ice advance the
previous year (R = 0.76, p < 0.05), although the relationship was
not as strong as that between ice retreat and ice advance of the
same year. Taking the change in the timing of retreat and advance
together, the length of the open water season increased by
2.64 days per year between 1998 and 2012 (Fig. 4c), for a total
increase of 37 days during this time period. Not surprisingly, the
length of the open water season was highly correlated to the mean
annual open water area for that year (R = 0.98).

Changes in the amount of open water area in the Arctic Ocean
between 1998 and 2012 were not regionally uniform. The sectors
adjacent to the Atlantic Ocean (e.g. the Baffin, Greenland, and
Barents sectors) exhibited the smallest increase in open water area
during our study period (<1% yr"1), and in some cases, exhibited no

statistically significant trend over time (Table 1). This was true
regardless of the metric used to characterize open water area. In
contrast, the other Arctic sectors experienced much larger
increases in open water area that ranged from approximately 3–
5% yr"1 (Table 1). Increases in open water area were generally lar-
gest in the Siberian sector of the Arctic Ocean.

Regional changes in the number of open water days each year
between 1998 and 2012 were broadly similar to regional changes
in the amount of open water area, although there were some
important differences. The Greenland sector was the only region
containing a substantial amount of area where the number of open
water days per year declined between 1998 and 2012 (Fig. 5a),
consistent with its lack of a secular trend in the area of open water.
Similarly, in the Baffin sector, where the area of open water chan-
ged little between 1998 and 2012, the number of days of open
water increased by only 1–2 days yr"1 during this 15-year study.

Fig. 2. Changes in the amount of open water area in the Arctic Ocean between 1998
and 2012 based on three different metrics (summer maximum open water area,
mean open water area between 1 May and 31 September, and annual mean open
water area).

Fig. 3. Relationship among (a) annual mean open water area and mean open water
area between 1 May and 31 September, (b) annual mean open water area and
summer maximum open water area, and (c) summer maximum open water area
and mean open water area between 1 May and 31 September.
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What are some possible applications of these ideas?  
(5) parameterizing sub-grid scale processes in GOMs
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In summary

Ecosystem metabolism scales nonlinearly with size 
(related to changes in transport time driven primarily by depth)

Estuaries

 area-productivity relationships

Nick Nidzieko * University of California Santa Barbara * ucsbcoastlab.org * @ucsboceanrobots 

Community metabolism scales nonlinearly with size 
(related to changes in transport time that scale with dissipation?)

Ocean

metabolic scaling theory 
may provide insights into 
estuarine and ocean physics
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