Metabolic Theory of Ecology, size
spectra and ecological pyramids



Four things you need to know about
metabolism and community ecology

(Field) metabolic rates scale in a fairly predictable manner with
body size, b~ 0.75 i.e. 3/4, due to architecture of vascular
network that supplies oxygen & nutrients (West, Brown,
Enquist, WBE)

Organismal metabolic rates are not as high as they could be,
especially for larger animals. Metabolic rate is limited by the
network-limiting rate of flow of respiratory substrates (food,
O,) from the outside to the mitochondria

Temperature & metabolism; Q10s & Boltzmann-Arrhenius

Metabolism explains and underpins some profound scaling
patterns in ecology, inc. community ecology, such as size
spectra & ecological pyramids



Metabolism in Domestic Dogs
Max Rubner (1883)
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Determining the scaling exponent

Julian Huxley described the change in size of

organism features with body size using a power
law

Y = aMP, a = constant, b is scaling exponents
This can be linearised by logging it

In(Y) = In(a) + bIn(M)



Metabolism in Domestic Dogs
Max Rubner (1883) revisited
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Watts = Sl unit of 1 joule per second (vs. Kcal per day)



Surface area to volume ratio leads to
the expectation B ~ Mass%/3
[square cube law]

Length = x

Surface area = x2

Volume = x3




Square cube law




When doubling the length of a side,
surface and volume do not double
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This is the basis for the Gill Oxygen Limitation Theory of Daniel Pauly



Kleiber’s law

But metabolic rate (B) scales with body mass
(M) to the power of % NOT 2/3, B=M34
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We are not three-dimensional spheres —

(a) Fractal theory

Vesalius 1543: One of the first

anatomically accurate images of the
human circulatory system

Animal Physiology 2e, Figure 6.13 (Part 1)

the 4t dimension is inside
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Mandelbrot 1983: A fractal model
of a branching system such as the
circulatory system
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The 4t dimension is the fractal distribution networks inside our body



(Three-) Quarter power scaling
appears when

Space-filling networks service all
locally biologically active regions

The terminal units of networks
are invariant within a class or
taxon (respiratory complex
enzymes == water taps)

Evolution toward minimisation of
energy costs of resource
distribution

West, G. B., Brown, J. H., and Enquist, B. J. (1997). A general model for the
origin of allometric scaling laws in biology. Science 276, 122-126.

West, G. B., Brown, J. H., and Enquist, B. J. (1999). The fourth dimension of
life: Fractal geometry and allometric scaling of organisms. Science 284, 1677-
1679.



Beware of Y-axis when...
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...moving btw individual (3/4) and mass-
specific (-1/4) metabolic rate
1. W =M>34(whole organism metabolic rate)
2. Mass =M1

3. |, individual mass specific rates (per gram) =
M3/4/ |\/|1 — MO.75-1 — M-1/4 or -0.25
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Heart rate scales across organisms to M 4



Values of allometric exponents for variables of the mammalian
cardiovascular and respiratory systems predicted by the fractal model
compared with empirical observations

Table 1. Values of allometric exponents for variables of the mammalian  with empirical observations. Observed values of exponents are taken from (2,
cardiovascular and respiratory systems predicted by the model compared  3); ND denotes that no data are available.

Cardiovascular Respiratory
Exponent Exponent
Variable Variable
Predicted Observed Predicted Observed

Aorta radius r, 3/8 = 0.375 0.36 Tracheal radius 3/8= 0.375 0.39
Aorta pressure Ap 0= 0.00 0.032 Interpleural pressure 0= 0.00 0.004
Aorta blood velocity u, 0= 0.00 0.07 Air velocity in trachea 0= 0.00 0.02
Blood volume V 1= 1.00 1.00 Lung volume 1= 1.00 1.05
Circulation time 1/4 = 0.25 0.25 Volume flow to lung 3/4= 0.75 0.80
Circulation distance / 1/4 = 0.25 ND Volume of alveolus V, 1/4= 0.25 ND
Cardiac stroke volume 1= 1.00 1.03 Tidal volume 1= 1.00 1.041
Cardiac frequency —-1/4 = -0.25 —-0.25 Respiratory frequency —-1/4 = -0.25 —0.26
Cardiac output E 3/4 = 0.75 0.74 Power dissipated 3/4= 0.75 0.78
Number of capillaries N, 3/4 = 0.75 ND Number of alveoli N, 3/4= 075 ND
Service volume radius 112 = 0.083 ND Radius of alveolus r, 112 = 0.083 0.13
Womersley number a 1/4 = 0.25 0.25 Area of alveolus A, 1/6 = 0.083 ND
Density of capillaries —-1/12 = —-0.083 —0.095 Area of lung A_ 1112 = 0.92 0.95
O, affinity of blood P, —-1/12 = —-0.083 —0.089 O,, diffusing capacity 1= 1.00 0.99
Total resistance Z -3/4 = -0.75 -0.76 Total resistance -3/4 = -0.75 -0.70
Metabolic rate B 3/4= 0.75 0.75 O, consumption rate 3/4= 075 0.76

http://www.sciencemag.org » SCIENCE » VOL. 276 * 4 APRIL 1997 125

West, G.B., Brown, J.H. & Enquist, B.J. (1997). A general model for the origin of allometric scaling laws in biology.
Science, 276, 122-126.



Four things you need to know about life
histories and metabolism

(Field) metabolic rates scale in a fairly predictable manner with
body size, b~ 0.8 ~ 3/4, due to architecture of vascular network
that supplies oxygen & nutrients (West, Brown, Enquist)

Metabolic rates are not as high as they could be, especially for
larger animals. Metabolic rate is limited by the network-limiting
rate of flow of respiratory substrates (food, O,) from the
outside to the mitochondria

Temperature & metabolism; Q10s & Boltzmann-Arrhenius

Metabolism explains and underpins some profound scaling
patterns in ecology, inc. community ecology, such as size
spectra.



Clarke’s paradox

Does the metabolic rate of the cell determine the
rate at which nutrients must be supplied or...

... Is the metabolic rate of a cell determined by the
rate of nutrient/oxygen supply (WBE)?

AAAAAAAAAAAA

" PRINCIPLES of
THERMAL ECOLOGY

ture, energy and life




If classic metabolic physiology is correct, then
cells power should vary with size and cells of
larger animals should have lower power....

If West, Brown, Enquist are right then individual
animal cells should have the same power ....

But only when removed from the constraint of
the fractal supply of materials



No % scaling when cells are removed
from supply limits of fractal network
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West, G. B., Woodruff, W. H., and Brown, J. H.
(2002). Allometric Scaling of Metabolic Rate from
Molecules and Mitochondria to Cells and Mammals.
Proceedings Of the National Academy Of Sciences
Of the United States Of America 99, 2473-2478.

Cells removed from the body
and cultured in vivo take on a
constant metabolic rate

Fig.2. Metabolic power of single mammalian cells as a function of body mass
on a logarithmic scale, Blue circles represent cells in vivo calculated for the
same mammals as described in Fig. 1. Red circles represent cultured cells in
vitro of six mammalian species: mouse, hamster, rat, rhesus monkey, human,
and pig (32). The solid blue line is the M~ ' prediction for cells in vivo from Eq.
3, and the solid red line is the predicted constant for cells in vitro from Eq. 5.
The two lines are predicted to intersect at M = u = 1 g, at which they have the
value B~ 3 x 10 "W,
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Four things you need to know about life
histories and metabolism

(Field) metabolic rates scale in a fairly predictable manner with
body size, b~ 0.8 ~ 3/4, due to architecture of vascular network
that supplies oxygen & nutrients (West, Brown, Enquist)

Metabolic rates are not as high as they could be, especially for
larger animals. Metabolic rate is limited by the network-limiting
rate of flow of respiratory substrates (food, O,) from the
outside to the mitochondria

Temperature & metabolism; Q10s & Boltzmann-Arrhenius

Metabolism explains and underpins some profound scaling
patterns in ecology, inc. community ecology, such as size
spectra.



Back to temperature scaling & MTE

Standard formulation is Qg : :(R_] |
=10 R
N

Rates double over a 10-degree temperature rise

This is a linear approximation to the process below.

e-E/kt’

where

b, = normalisation constant (intercept)
M = body mass

e t/kt = Boltzmann-Arrhenius term



et/kt = Boltzmann-Arrhenius term

The Boltzmann-Arrhenius term characterises the
exponential effects of temperature (t in
Kelvin[°C+273.15]), where:

E is average activation energy of the respiratory complex
~0.65 eV for animals

k is Boltzmann’s constant 8.62 x 10> eV K1

1eV = 23.06 kcal/mol = 96.49 kJ/mol
(Easy to find on wikipedia)



Current controversies & MTE

New more refined analyses of Basal MR and Field MR
reveal that smaller animals scale M?2/3 and larger ones
M3/4

Bolztmann-Arrhenius based on reactions in gas phase

The B-A model is consistent with Q10s, (the
increases in rate for a 10°C T increase.

The MTE has only vessels and enzymes, there is no heart
nor a consideration of respiratory surface area, room for
Pauly’s Gill-Oxygen Limitation Theory



MTE has circulation but where’s the respiration?

EXCELIEENCE
INTECOLOGY

Hot water

Cooler water

lamellae

Water and oxygen Food items

FIGURE 1 |lllustrating the similarity between systems for cooling
car engines and for extracting oxygen from water. (a) Schematic
representation of a car's radiator, which can grow in width and
height, but not in depth, as air, once it has passed by a first row of
lamellae (insert), cannot pick up more heat. (b) Frontal view of the
interior of a manta's mouth (Mobula japonica; adapted from

Figure 3.20A of Wegner (2015)), illustrating the two dimensionality
of breathing, that is, the fact that once water has passed through

¢ ~ the gills (insert), it has become depleted of oxygen, and it would be
Vesalius 1543: One of the first Mandelbrot 1983: A fractal model useless for it to pass through more gill structure
anatomically accurate images of the of a branching system such as the
human circulatory system circulatory system
Animal Physiology 2e, Figure 6.13 (Part 1) ©2008 Sinauer Assaciates, Ic

Pauly D. 1981. The relationships between gill surface area and growth performance in fish:
a generalisation of von Bertalanffy's theory of growth. Meeresforschung 28: 251-282.
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Gill area index explains growth
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Respiratory surface area twice as important as

temperature for explaining variance in
vertebrate MR
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Four things you need to know about life
histories and metabolism

(Field) metabolic rates scale in a fairly predictable manner with
body size, b~ 0.8 ~ 3/4, due to architecture of vascular network
that supplies oxygen & nutrients (West, Brown, Enquist)

Metabolic rates are not as high as they could be, especially for
larger animals. Metabolic rate is limited by the network-limiting
rate of flow of respiratory substrates (food, O,) from the
outside to the mitochondria

Temperature & metabolism; Q10s & Boltzmann-Arrhenius

Metabolism explains and underpins some profound scaling
patterns in ecology, inc. community ecology, such as size
spectra.



Energetic —equivalence rule
Population density/abundance scales oc M-3/4
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Fig. 1 Population density (D) compared with the mean adult X
body mass (W) for 307 mammal primary consumers; each point 1 . —— — e
represents one species. Density values for each species are the 10 100 1,000 10,000
mean of the means from each locality from which data were Weight (q)
reported for the particular species. (Data are from the literature for €y d

the years 1950-79, derived from 115 journals and numerous

books, ~650 references in all.) The line represents the least-

squares regression line, log D =—0.75 (log W)+4.23; r = —0.86,
standard error of the slope = 0.026.

Damuth, J. (1981). Population density and body size in mammals. Nature 290, 699-700.

Nee, S., A.F. Read, J.J.D. Greenwood & P.H. Harvey. 1991. The relationship between abundance and body size in
British birds. Nature 351: 312-313.



Population growth rate, r
with M-1/4
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Figure 4: A, Relationship of mass-corrected exponential population growth, 7. (individuals/[individual x day]) x M"* (fresh weight, ug"*), to
inverse temperature, T (1/K), for all organisms in figure 2. There is significant overlap among the data, and a single line is fit through the data. B,

Relationship of temperature-corrected exponential population growth, r,,

corrected r,

max

e”*" (individuals/[individual x day]), to body mass, M (ug), for all

organisms in figure 2. E was chosen to be 0.63 eV on the basis of an ANOVA, and each point represents the average of the logarithm of temperature-

for each species. The line was then fit using Type I linear regression. All of the data are well fit by this single straight line.

Savage, V. M., Gillooly, J. F., Brown, J. H., West, G. B., and Charnov, E. L. (2004). Effects of body size and
temperature on population growth. American Naturalist 163, 429-441.
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Size-based view of community ecology,
not yet well covered in terrestrial
textbooks
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Figure 2. Expected biomass spectrum slopes (contours and red/blue shading in top panels) resulting from varying combinations of mean community PPMR and TE,
shown with reference to the probability density distribution of estimated PPMR for the reef fish community of Haida Gwaii (bottom panel). The top right panel
shows scenarios with predators larger than prey (PPMR = 1); top left panel shows scenarios with consumers smaller than resources (0 << CRMR << 1). Positive
slopes (red area) correspond to IBPs (represented by triangles labelled i), while negative slopes (blue area) comespond to bottom-heavy pyramids (triangle labelled b)
and zero slopes imply stacks/columns (rectangle labelled s). Yellow shading lines indicate the range of slopes comesponding to the 95% confidence bounds around the
empirically estimated biomass spectrum slope of 0.45 (solid yellow line). Right vertical axis shows TEs derived from marine food web models (n = 48, mean = 0.101,
s.d. = 0.058; [13]). Shaded bands represent 5% quantile inaements between 5% and 95% for TE and PPMR, and the black aosshair indicates the highest probability

for both distributions (PPMR = 1650, TE = 0.101).

Trebilco, R., (2016). The paradox of inverted biomass pyramids in kelp forest fish communities. Proceedings of the Royal Society B-Biological

Sciences, 283, 20160816. 10.1098/rspb.2016.0816
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Figure 1. (a) The biomass spectrum from visual surveys; (b) size ranges observed for individual species in visual surveys (coloured shaded regions) and sampled for
isotope analysis ( points) relative to Imax (from FishBase, grey bars); and (c) the relationship between 3'N, a proxy for trophic position, and body size for the kelp
forest fish community of Haida Gwaii British Columbia, Canada. Dark grey lines in panels (a,c) represent the mean fit for each model (acoss loctions for (a) and
across both locations and spedes for (), and grey bands indicate 95% confidence intervals in (a) and 95% aedible intervals in (c) about the mean fits. Light grey
lines in (a) and coloured lines in (c) represent random effect fits for location and species, respectively. Colours/shapes of points are used to distinguish among species
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Ocean ecosystems before humans

Box 3. The world before humans: measuring impacts and estimating baselines

The loss of large-bodied predators, rise of mesopredators, and
trophic cascades are a pervasive legacy of human activities in both
terrestrial and marine ecosystems, recently termed ‘trophic down-
grading’ [53]. Management objectives are hard to define without an
understanding of what once was, and what has been lost. However,
because hunting and overexploitation began long before scientific
data collection, appropriate baselines against which to compare
modern community structure are often unavailable [74,75). For-
tunately, size spectrum theory provides a unique method of
predicting the structure of ecosystems before the impact of
humans.

Previous attempts to estimate how ecosystems looked before
humans led to surveys of animal biomass at remote |locations. These
studies recorded high biomasses of large-bodied predators on
relatively pristine reefs in the Pacific Ocean [11] and Mediterranean
Sea [31]. The authors concluded that inverted biomass pyramids
(where large predators account for the majority of the standing
biomass) may represent the baseline ecosystem state for nearshore
marine ecosystems, and suggested that differences in turnover rate
between small and large fish account for this pattern. Although it is
certain that humans have caused a significant depletion of large-
bodied predators across the oceans of the world, size-based
constraints on trophic pyramids (see Figure 2 in main text) show that
inverted pyramids are unlikely. Instead, these apparently inverted
pyramids likely result from inflated abundance estimates [76-78] and/
or from the aggregation of highly mobile predators that feed and
assimilate energy from pelagic sources beyond the local reef
ecosystem.

Ecosystem baselines, under current climate conditions, have been
estimated for the heavily exploited North Sea, and for the oceans of
the world using the size spectrum approach. In the North Sea, the
ecosystem baseline size spectra were markedly less steep than the
observed biomass-at-size, suggesting the largest size classes had
been reduced by up to and over 99% [27]. The power of ecological
pyramids for communicating ecosystem structure can be shown
by presenting the North Sea size spectra as pyramids (Figure ).
This shows that, although the exploited community was character-
ized by a very bottom-heavy biomass pyramid, the baseline
expectation approached a biomass ‘column’ with relatively high
biomass expected in large size classes. Extrapolating beyond the
range of body sizes sampled also illustrates how the pyramid
representation can be useful for visualising release in smaller size-
classes (Figure I).
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Figure |. Re-expressing size spectra as biomass pyramids to understand
baselines and community-scale impacts. (A) The observed (blue line and
points) versus predicted baseline (green line) size spectra for the North Sea
pelagic fish community can be re-expressed as biomass pyramids (B),
highlighting the depletion of large-bodied community members. Extrapolating
past the sampled range of body sizes (striped blue region) also illustrates how
pyramids can convey release in small body sizes. Adapted from [27] (A).
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Fig. 4 | Multi-model ensemble climate change projections for potential
production of marine fisheries and agriculture sectors. Projected relative
changes in potential crop (maize, wheat, rice and soy combined) and fish
production from Inter-Sectoral Impact Model Intercomparison Project
(ISI-MIP) and Coupled Model Intercomparison Project Phase 5 (CMIP5)
ensemble outputs®". Crops are from the published agriculture model
intercomparison project (AgMIP) for model ensemble outputs based

on seven crop models and seven general circulation models®. Predicted
mean relative changes for total marine fish consumer biomass from the
fisheries and marine model intercomparison project (FISH-MIP) model
ensemble consisting of four marine ecosystem models®##%% forced by
two Earth system models without fishing impacts. Stippling indicates
model disagreement for over 50% of the models. Results are shown for
RCP6.0 scenario (2050 relative to 2010) but see Supplementary Fig.1 for
comparison with other RCPs.



Four things you need to know about
metabolism and community ecology

(Field) metabolic rates scale in a fairly predictable manner with
body size, b~ 0.8 ~ 3/4, due to architecture of vascular network
that supplies oxygen & nutrients (West, Brown, Enquist, WBE)

Organismal metabolic rates are not as high as they could be,
especially for larger animals. Metabolic rate is limited by the
network-limiting rate of flow of respiratory substrates (food,
O,) from the outside to the mitochondria

Temperature & metabolism; Q10s & Boltzmann-Arrhenius

Metabolism explains and underpins some profound scaling
patterns in ecology, inc. community ecology, such as size
spectra
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