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Characteris*c	
  sizes	
  of	
  life	
  in	
  the	
  oceans	
  
from	
  bacteria	
  to	
  whales	
  

	
  	
  	
  

“The	
  most	
  obvious	
  differences	
  between	
  different	
  animals	
  are	
  differences	
  of	
  size,	
  
but	
  for	
  some	
  reason	
  the	
  zoologists	
  have	
  paid	
  singularly	
  li<le	
  a<en=on	
  to	
  them.	
  In	
  
a	
  large	
  textbook	
  of	
  zoology	
  before	
  me	
  I	
  find	
  no	
  indica=on	
  that	
  the	
  eagle	
  is	
  larger	
  
than	
  the	
  sparrow,	
  or	
  the	
  hippopotamus	
  bigger	
  than	
  the	
  hare,	
  though	
  some	
  
grudging	
  admissions	
  are	
  made	
  in	
  the	
  case	
  of	
  the	
  mouse	
  and	
  the	
  whale.	
  But	
  yet	
  it	
  
is	
  easy	
  to	
  show	
  that	
  a	
  hare	
  could	
  not	
  be	
  as	
  large	
  as	
  a	
  hippopotamus,	
  or	
  a	
  whale	
  
as	
  small	
  as	
  a	
  herring.	
  For	
  every	
  type	
  of	
  animal	
  there	
  is	
  a	
  most	
  convenient	
  size,	
  
and	
  a	
  large	
  change	
  in	
  size	
  inevitably	
  carries	
  with	
  it	
  a	
  change	
  of	
  form.”	
  

From	
  “On	
  being	
  the	
  right	
  size”,	
  J.B.S.	
  Haldane,	
  1926	
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similar?	
  



Which two fish are ecologically 
most similar?	
  

“The	
  most	
  obvious	
  differences	
  between	
  different	
  animals	
  are	
  differences	
  of	
  size...”	
  (Haldane,	
  
1928)	
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What	
  determines	
  the	
  sizes	
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transi*ons	
  between	
  life	
  forms?	
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  Feeding	
  mode	
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Hirst & Kiørboe: Mortality of marine planktonic copepods

viduals into a study area could act to give an apparent
decrease in mortality too). Our indirect estimates of
mortality do not consider advection, except in a sense
where these losses are permanent and must be over-
come to achieve steady state. The direct measure-
ments of field mortality include changes resulting from
advection in a different form, and over different (short)
time scales. Some investigators in their experimental
design may have chosen sites specifically because they
are less subjected to advective loss, and hence facili-
tate mortality examination; whilst for others, advection
may have strongly increased the measured mortality
(e.g. Aksnes & Blindheim [1996] commenting upon

Matthews et al. [1978]). Unfortunately, as mentioned in
the ‘Materials and methods’, we cannot quantitatively
account for the degree/importance of advection to field
mortality as individual studies do not quantify this
term.

Peterson & Wroblewski (1984) predicted that natural
mortality rates scale as the !0.25 power of dry weight
in juvenile and adult fish. This is similar to the value of
!0.32 for mortality rates in pelagic invertebrates, fish
and mammals using the data given in McGurk (1986)
(Fig. 8). Our predicted mortality rates for broadcast
and sac spawning copepods give slopes of !0.09 and
!0.01 respectively. Thus, the scaling of mortality with
size appears to be far less in copepods than in pelagic
organisms in general, although the magnitude of cope-
pod mortality does lie close to the overall general
pelagic pattern (Fig. 8). The largest broadcast and sac
spawning copepods have mortality rates that fall very
close to the pelagic relationship, whilst the smaller
broadcast and sac spawning copepods have rates that
are lower. This suggests that the smallest copepods
avoid mortality that other pelagic organisms of similar
size do not.

The indirect predictions of mortality increase with
temperature, and the increase is characterised by a Q10

of 2. However, the effect of temperature on develop-
ment time, and hence mortality, is less than expected
on the basis of laboratory observations. Huntley & Lopez

205

Fig. 7. Adult longevity plotted as a function of (a) temperature
(°C) and (b) adult body weight (DW, µg ind.!1) after correction
to 15°C using a Q10 of 2.0 (estimated from the analyses in
Fig. 4). Field measurements (open symbols); laboratory
measurements (closed symbols); broadcasters (squares); sac
spawners (triangles). Predictions of mean adult longevity for
broadcasters (solid line) and for sac spawners (dashed line)
given for comparison for a 10 µg DW individual (a) and at
15°C (b). In all cases, predictions were only made within the
limits of the regression analysis presented in Figs. 4a,b & 5a,b.
Regressions through all laboratory data (broadcast and sac

spawners combined) are given by a dotted line

Fig. 8. Mortality rates (β, d!1) as a function of body dry weight
(W, g ind.!1) for pelagic invertebrates excluding copepods,
eggs, juveniles and adults of fish, and marine mammals (from
McGurk 1986). Regression is given by a dotted line log10β =
!0.325log10W ! 2.086 (r2 = 0.826, p < 0.001). Predicted
relationships from this study are also given for broadcast eggs
(solid line), broadcasters post-hatch (dot-dashed line) and sac
spawners (dashed line). For broadcaters post-hatch and sac
spawners body weights are taken as adult weights, whereas
for the broadcast eggs we use egg weights. All copepod data
corrected to 15°C using a Q10 value of 2.0 (estimated from 

the analyses in Fig. 4)
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Hirst	
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  (2002)	
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FIG. 2. Mass dependence (mass measured in grams) of temperature-corrected maximal rates of whole-organism biomass
production (PeE/kT, measured in grams per individual per year) for a wide variety of organisms, from unicellular eukaryotes
to plants and mammals (from Ernest et al. 2003). Data, which span .20 orders of magnitude in body size, have been
temperature corrected using Eq. 6. The allometric exponent, indicated by the slope, is close to the predicted value of æ (95%
CI, 0.75–0.76).

function of body mass, 20.24, is almost identical to
the predicted exponent of 2º (Savage et al., in press
a).
We offer two complementary, non-mutually exclu-

sive hypotheses for the body size and temperature de-
pendence of field mortality rates. First, the cumulative
effects of metabolism with age may affect the ability
of individual organisms to resist ecological causes of
death, whether they be biotic or abiotic in origin. Stud-
ies of aging have led to a theory of senescence that
attributes aging and eventual death to cumulative dam-
age at the molecular and cellular levels by the free
radicals produced as byproducts of aerobic metabolism
(Gerschman et al. 1954, Hartman 1956, Cadenas and
Packer 1999). Second, the size and temperature de-
pendence of field mortality rates suggest that Eq. 5
characterizes rates of ecological interactions that lead
to death, including competition, predation, parasitism,
and disease. As we will show, the rates of these inter-
actions do indeed show the predicted temperature de-
pendence.

Stoichiometry

At the individual level, energy and materials are
linked by the chemical equations of metabolism, by the
composition of organelles and other constituents of
protoplasm, and by fundamental constraints on struc-

ture and function at cellular to whole-organism levels
of organization. Many of these constraints are related
directly to metabolism. The average rate of turnover
of an element (i.e., the inverse of residence time) is
equal to the whole-organism flux divided by the whole-
organism pool or storage. The fluxes (per individual
rates of uptake and loss) of most elements vary with
body size in direct proportion to whole-organism met-
abolic rate, as F } M 3/4 (e.g., Peters 1983). Pools of
the commonest constituents of protoplasm, including
carbon, hydrogen, oxygen, and water, usually scale lin-
early with body mass, i.e., as S } M1. So, for these
common elements, turnover rate, on average, scales as
F/S } M 3/4/M1 5 M21/4. However, this is not true of all
element pools, especially those that have some special
function in metabolism. Metabolism of eukaryotes
takes place primarily in organelles: chloroplasts, mi-
tochondria, and ribosomes, which are, respectively, the
sites of photosynthesis, respiration, and protein syn-
thesis. These organelles are effectively invariant units;
their structure and function are nearly identical across
taxa and environments. The reaction rate per organelle
is independent of body size (but not temperature), so
the rate of whole-organism metabolism depends on the
total numbers of organelles. Consequently, numbers of
these organelles per individual scale as M 3/4, and con-
centrations or densities of the organelles scale as M21/4

Metabolism	
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What	
  is	
  the	
  op9mal	
  size	
  of	
  offspring	
  and	
  adults?	
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1)	
  Organisms	
  want	
  to	
  minimize	
  offspring	
  size	
  

2)	
  Organisms	
  want	
  to	
  maximize	
  adult	
  size	
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#4:	
  Size	
  and	
  Sense	
  

Within	
  which	
  range	
  can	
  an	
  organism	
  sense	
  a	
  prey?	
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Hydromechanical signals and remote detection 83

which can in principal be solved numerically for �w = s, the solution of r being the
detection distance R⇤. The case of most interest is

R⇤ ⇡ b

2

 ✓
1 + 3

a

b

U

s

◆
1/2

+ 1

!
(3.6.5)

which is applicable for R⇤ > a, i.e. when the detection distance is larger than the particle
size – detection distances less than this are direct contacts which hardly count as remote
detection.

With regards mechanoreception, we note that the settling velocity U is dependent on the
particle size a. For example, relatively compact particles such as faecal pellets settle at
a rate determined by Stokes’ law: U = 2ga2�⇢/(9µ) where �⇢ is the density di↵erence
between the fluid and the particle. Firstly, this implies there is a particle size limit below
which there is no detection. That is, when R⇤ < a, the particle cannot be detected which
leads to a size limit for detection

a
0

=
✓

6µs

g�⇢

◆
(3.6.6)

For Oithona (b = 0.75 mm, s = 40 µm/s) feeding on faecal pellets of density 1.15 g cm�3,
this gives a

0

= 13 µm, which is about half the size of an Acartia faecal pellet (a = 25 µm).

3.6.3 Self-propelled body

Plankton that swim gain from finding resources but pay a penalty in that they are hy-
drodynamically more conspicuous exposing themselves to the risk posed by rheotactic
predators (Landry, 1980; Jonsson and Tiselius, 1990; Svensen and Kiørboe, 2000).
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Figure 3.31: The detection of a self-propelled
organism (swimming speed U , size a by a sta-
tionary raptorial predator (antenna length b)
depends on the geometry of the swimming
path. For a linear path, and assuming the
path and detector array are co-planar, this is
defined by the position (x0, z0) of the swim-
ming organisms with respect to the centre of
mass of the detector at a given time, an the
angle ⇠ the path makes with a fixed direction
(the horizontal here).

The net force exerted on the fluid by a neutrally-buoyant, self-propelled body moving at
uniform velocity U , is zero – thrust balances viscous drag on the body – so the lowest order
multipole describing the flow is a stresslet. The simplest case is a self-propelled sphere of
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Conclusions:	
  
1)  Small	
  animals	
  achieve	
  the	
  longest	
  sensing	
  range	
  by	
  tac9le	
  sensing	
  
2)  There	
  is	
  a	
  transi9on	
  between	
  tac9le	
  and	
  vision	
  at	
  a	
  size	
  between	
  1	
  mm	
  and	
  1cm	
  
3)  Organisms	
  larger	
  than	
  about	
  1	
  m	
  (or	
  at	
  depth)	
  echolocate	
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  -­‐	
  Why	
  does	
  the	
  many-­‐small-­‐eggs	
  strategy	
  not	
  
exist	
  on	
  land?	
  
	
  -­‐	
  Could	
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  strategy	
  exist	
  on	
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What	
  cannot	
  be	
  explained	
  by	
  size?	
  

•  Gela9nous	
  zooplankton	
  
•  Elasmobranchs	
  
•  Large	
  filter-­‐feeders	
  


