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Mortality estimates from age distributions. Critique of a method used to study seagrass

dynamics

Abstract—Age structure of seagrass samples has been used
to estimate survival and recruitment and then used to estimate
population growth rate. Survival rate can be estimated from
age structure only if the population is neither growing nor
declining (r = 0), so the age distribution is both stable and
has stationary structure. If survival is estimated from age
structure, it must be assumed that r = 0 or additional infor-
mation about the population must be known. If a decaying
exponential model is used for number (N) in each age class,
In N versus age has a slope of —(M + r), and so an incorrect
survival rate, exp (—M), would be estimated if r # 0. Simu-
lations show that when r > 0, the slope of the regression of
In N versus age is too steep and hence mortality rate would
be overestimated, and the reverse when r < 0. Ignoring the
assumption of r = 0 is a fundamenta flaw in many seagrass
studies and calls into question the mortality and population
growth rates that have been published.

Measuring demographic attributes is an established part
of devising management plans as well as understanding pat-
terns of life-history evolution. Seagrasses are important el-
ements of near-shore environments, are declining worldwide
(e.g., Orth and Moore 1983; Shepherd et al. 1989; Giesen et
al. 1990; Robblee et al. 1991), and so have been afocus for
approaches that can contribute to prediction of change. Pop-
ulation growth rates for seagrasses have been estimated
based on morphologica characteristics of short shoots, the
meristem that produces leaves (Patriquin 1973; Tomlinson
1974), to develop an age-structured analysis (cf. Duarte et
a. 1994). Age structure of seagrass samples is determined,
and this is used to estimate survival and recruitment, so sin-
gle samples of age structure are used to estimate population
growth. The point of this note is to call attention to the
assumption that must be made in analyses of age structure
from single samples that makes the estimation of survival
(or mortality) rates not possible in most cases, namely, that
the population is stationary, neither increasing nor declining.
If the assumption is made, the estimated mortality rate can-
not be used to estimate a population growth rate other than
0. If the assumption is not made, mortality rate cannot be
estimated unless the population growth rate is known. Ig-
noring the assumption of population growth rate per indi-
vidual (r) egual to O is a fundamental flaw that calls into
question the mortality and population growth estimates pre-
sented by Duarte and Sand-Jensen (1990), Gallegos et al.
(1993), Duarko (1994), Duarte et al. (1994), Vermaat et al.
(1995), Marba et al. (1996), Duarko and Duarte (1997), Mar-
ba and Walker (1999), and Petersen and Fourqurean (2001),
as well as other research that uses observed age structure in
samples to estimate mortality rate.

If a population is growing according to a fixed schedule
of survival and fecundity, it will, eventualy, change at a
constant rate per individual, r, or with a finite growth rate,

A, which is exp (r). When the total population is changing
at this constant rate, A, each age class of the population aso
is changing at this rate and will have a fixed proportion of
individuals in each age class; the population has a stable-
age distribution (Sharpe and Lotka 1911; Lotka 1924, any
introductory ecology text such as Krebs 1994 or more spe-
cialized population books such as Ebert 1999 or Caswell
2000).

When age structure of a population is sampled at asingle
point in time and data are used to estimate survival, two
assumptions must be made: (1) the population has achieved
a stable-age distribution and (2) r = 0 (i.e,, A = 1.0), that
is, the population has stationary structure. Neither assump-
tion can be tested from a single sample, although if a sample
is known to be from a newly established colony, then it
would be best to assume that sufficient time has not elapsed
for development of a stable-age distribution, and hence rates
of survival should not be estimated. If it is reasonable to
assume that a stable-age distribution has been attained, then
it is necessary to deal with the assumption of stationary
structure.

The age data gathered by seagrass biologists cited above
can be expressed as fractions of the total population and are
at best the terms of the stable-age distribution, C,,
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where |, is the probability that a new individual is aive at
time x starting with |, = 1.0. Rearrangement of Eqg. 1 to
isolate |, is
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Survival probability from time xto x + 1 is

|
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which, from Egs. 2 and 3, is
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In order to estimate survival (p, in Eqg. 5) it is hecessary to
have an estimate of A or to assumethat A = 1 (i.e, r = 0).
This problem is not new in ecology and has been discussed,
among others, by Caughley and Birch (1971) and Michod
and Anderson (1980) for mammal studies and Johnson et al.
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(1994) for trees and is included in a discussion of seagrasses
by Kaldy et al. (1999).

The survival model used by seagrass biologists cited
above is a decaying exponentia (Eg. 6), although any model
of survival based on an observed age structure will have the
same assumption of r = 0.

N, = Nge " (6)

where numbers (N) at age (x) are based on the estimated
ages of short shoots in samples and M is called the instan-
taneous mortality rate and is related to p, in Eq. 5,

P =e" ()
Eqg. 6 can be written as a difference equation
N, = Ne™M or N, =Np, (8
which can be compared with a rearranged Eq. 5
Cin = CpA™t 9

The slope of the regression in Eq. 8 is p, but is p,A~* in Eq.
9 and shows that use of the regression model employed by
many seagrass biologists does not address the assumption of
stationary population structure. The regression model must
be corrected to include population growth, and because A =
e" Eq. 6 can be written

N, = Nye (M0 (10)

which means that a regression of In(N,) versus x has a slope
of —(M + r) and so M cannot be determined without know-
ing r or vice versa.

The consequences of using Eq. 6 rather than Eg. 10 can
be shown by a simulation using the Euler equation (Eg. 11)
as a convenient way of estimating population growth, A, and
terms of the stable-age distribution:

>lme™=1 (12)
x=0

where |, is the probability that a new individual age O is
alive at time = x, m is the age-specific fecundity, and w is
the last age class of the life table.

The initial values for |, in the simulation were selected so
just one individua out an initial 1,000 would be alive at age
4 yr and the survival rate would be constant. Using Eg. 6,

1 = 1,000e M4

or M = 1.7 yr~%, which is within the range of slopes cal-
culated for six tropical seagrass species (Vermaat et al.
1995). Values of |, were calculated from Eg. 6 (Table 1) with
l, = 1.0,

Age-specific fecundity was simplified by making all age
classes the same and starting reproduction at age 1. If the
population is not growing, then net reproductive rate per
generation, R,, must be equal to 1.0. R, is related to |, and

m,
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R, = >, Il,m, (12)

and so with a constant m,,

Table 1. Simulation of age structure with different rates of pop-
ulation growth; N, values are the numbers in each age class out of
1,000 individuals and are the terms of the stable-age distribution,
C,, multiplied by 1,000. Note when A = 1.0 (i.e, r = 0), I, and N,
columns are in the same proportions and the |, column is obtained
by dividing al N, values by N,, which is how an observed age
distribution is converted to survival using Eq. 1 (Fig. 1).

Age (X) I m, C. N,
Simulation 1, r = 0 (A = 1.0)
0 1.0 0 0.8177 818
1 0.183 4.484 0.1496 150
2 0.033 4.484 0.0270 27
3 0.006 4.484 0.0049 5
4 0.001 4.484 0.0008 1
Simulation 2, r = 0.600 (A = 1.821)
0 1.0 0 0.8997 900
1 0.183 8.968 0.0904 90
2 0.033 8.968 0.0090 9
3 0.006 8.968 0.0009 1
4 0.001 8.968 0.0001 0
Simulation 3, r = —0.533 (A = 0.587)
0 1.0 0 0.6915 691
1 0.183 2.242 0.2157 216
2 0.033 2.242 0.0663 66
3 0.006 2.242 0.0206 21
4 0.001 2.242 0.0058 6
1
m, = ST (13)

which is 4.484 (Table 1).

The terms of the stable-age distribution, C,, were multi-
plied by 1,000 to simulate an actual distribution of ages sim-
ilar to what would be gathered in the field as a single sample
(Table 1). We call terms of this simulated distribution N,. A
plot of In(N,) versus x (Fig. 1) has a slope of —1.7, which
is the value used in the simulation. With r = 0, the correct
survival rate can be estimated from successive terms of a
measured age distribution as indicated in Eq. 11. This is,
however, not the case for r # 0.

In the next simulations, survival rate was maintained at
exp (—1.7) and fecundity was doubled for one simulation
and reduced by one half for another (Table 1). Population
growth rates again were determined using the Euler equa-
tion. The new values for r were 0.600 and —0.533, respec-
tively, and indicated rapid growth or rapid decline of the
population. The new stable-age distributions differ from the
distribution wherer = 0, and so regressions of In(N,) versus
x do not recover the correct values for survival. For the
declining population estimated survival is too high, and for
the increasing population estimated survival is too low. The
slopes of the lines are —(M + r) or

M = —(dlope + r)

So for the increasing population with a slope of —2.3 and r
= 0.6 M = 1.7, and for the declining population with a slope
of —1.2andr = —05 M = 1.7. If population growth rate
is known, then M can be calculated.

N, values can be used to calculate |, values for the Euler
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Fig. 1. Natural logarithm of terms of the stable-age distribution,
N,, versus age, x (Table 1). Slopeis —(M + r) in N, = Nyg - M*nx,
The slope of —1.7 isforr = 0, so M = 1.7, which is the correct
value for the life table and is estimated from N, only when the
population is stationary. Slope = —2.3 is for a growing population
(r = 0.6), and slope = —1.2 is for a declining population (r =
—05). M = —(dope + r),soforr = 0.6, M = —(—2.3 + 0.6) =
17,andforr = —0.5M = —(—1.2 — 0.5) = 1.7. The slope must
be corrected for population growth rate in order to estimate the
correct value of M.

equation by dividing all elements of the column by N,, the
number of age O individuals. When r = 0, correct values
are obtained (Table 1), but this will not be true when r # 0
(Table 2). Estimating r from age structure when true values
are for an increasing or decreasing population shows that in
both cases the estimate of r is close to O rather than the true
values. Misjudging r, however, is the expected result be-
cause, as shown above, to use age structure to determine
survival, it is necessary to assume that r = 0, and so the
assumed value is, indeed, the value recovered in the analysis
rather than the true value. Peterson and Fourqurean (2001)
show a mean of r close to O for their samples with a range
of —0.2 to +0.5 yr=*. We suggest that it is not possible to
tell whether this is actually how seagrass beds are changing
or whether the result is due to an inappropriate calculation
of survival or violation of other assumptions such as the
assumption of fixed survival or reproductive rates.

The solution to the problem is to actually measure sur-
vival, which can be done by tagging or mapping individual
shoots as has been done in other plant and algal studies (e.g.,
Bierzychudek 1982; Aberg 1992; Canales et a. 1994) and
determining fate of shoots after some suitable period of time
such as 1 yr. A solution to the problem of using age structure
to estimate survival was proposed by Michod and Anderson
(1980): measure at least one survival transition in alife cy-
cle, such as from age 0 to age 1, as a way of correcting an
age distribution to estimate |,. For seagrasses it probably is
better to recast the analysis as stage or size structured and
to measure survival and reproduction of mapped individuals.
Bearlin et al. (1999) suggest using ramets as individuals with
size based on number of shoots. Ewanchuk (1995) used
shoots as individuals and size based on width of blades.
Measured loss and addition of new individuas, however an

Table 2. Effect of population growth on the estimate of popu-
lation growth when |, is calculated from a single sample of age
structure.

Age () I, m, C, N, estr

Simulation 4, correct r = 0.600 (A = 1.821), est r = —0.004
0 1.0 0 0.8997 900 1.000
1 0.183 8.968 0.0904 20 0.100
2 0.033 8.968 0.0090 9 0.010
3 0.006 8.968 0.0009 1 0.001
4 0.001 8.968 0.0001 0 0.000

Simulation 5, correct r = —0.533 (A = 0.587), est r = 0.003 I,
from N,

0 10 0 0.6915 691 1.000
1 0.183 2.242 0.2157 216 0.313
2 0.033 2.242 0.0663 66 0.096
3 0.006 2.242 0.0206 21 0.030
4 0.001 2.242 0.0058 6 0.009

investigator chooses to define them, do not require the as-
sumption of a stable-age distribution with stationary struc-
ture. The central point we wish to emphasizeisthat a sample
of age structure by itself cannot be used to deduce survival
and population growth. This point is especially critical to
recognize when population growth rates of seagrasses are
used in support of management decisions. We encourage our
colleagues to focus attention on directly measuring survival
of seagrasses in the field.
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