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Fig. 1. Pandalid shrimp change sex from male to female as they age (top path), but with only a few
breeding-age groups, some first breeders mature as females (lower path). Age structure in P. jordani is
well approximated by two breeding-age groups. The shrimp breed once a year, in the fall, so second
breeders are one year older and much larger than first breeders. ESS theory predicts that the proportion
of first breeders that are female (1 — ) depends upon the ratio of second breeders to first breeders; some-
times some second breeders are predicted to remain male (see Fig. 2 for exact ESS predictions).

The fitness of a big individual (/7)) that alters the probability with which it reproduces as a male
to 7, is similarly defined:
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If the situation is to be evolutionarily stable (at the ESS), it must be that the mutant indi-
vidual cannot increase its own fitness by altering the probability with which it becomes a male
away from the respective population values (Maynard Smith, 1982). That is, W_and W, do not increase
as 7, and 7, are altered from 7 and 7,. The task now becomes to find r, and r, that satisfy this
ESS condition; as in much of sex allocation theory (Chamov, 1982), we seek the r, and r, that
maximize the product (M x F).

The maximization of M x F by choice of r, and r, (provided W, > W) implies the following

rules:
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This solution has the characteristics that the sex ratio within a size class depends on the frequency
distribution of size classes (P), but more than 50% of the small shrimp should be males, whereas
more than 50% of the big shrimp should be females. Figures 2A and 2B are plots of equations (3)
and (4) for a typical case: W, = 1 and W, = 2. Figure 2C plots both ESS sex ratios as a function
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Fig. 2. ESS sex ratios within an age group (1 — r, and r,) depend upon the ratio in numbers of the two
breeding-age groups; P = proportion that are first breeders. These three panels illustrate equations (3) and
(4) from the text. The panels assume relative fertility ratios of W, =1 and W, = 2 but the shape is general
for any W, > W,. (A) The proportion of first breeders that are female (1 — 7)) is near 0.5 when P is large,
and declines to zero as P gets smaller; it is graphed against the (1 — P)/P age ratio to make the prediction
linear. It remains O after it hits the x-axis at 1/W,, which is Y2 in this illustration. (B) The proportion of
second breeders that are male (r,) is near 0.5 when P is small and declines to zero as P gets larger; it is
graphed against P/(1 — P) to make the prediction linear. It remains zero after it hits the x-axis at ¥, which
is 1 in this illustration. Panel (C) shows 1 — r, and 7, as a function of P. The functions are non-linear
but somewhat easier to visualize compared to panels (A) and (B). Notice that one sex ratio can be positive
(> 0) only if the other equals zero.

of P. The advantage of plots 2A and 2B for data analysis is their linearity. But plot 2C makes it
easy to visualize how the sex ratios change as P sweeps from 0 to 1. The captions to Figs. 2A and
2B also discuss the numeric rules about where on their respective x-axes r, and 1 — r, become 0.

One other theoretical relation is worth noting with reference to Fig. 2C. Positive values of
1 —r, are predicted to be associated always with zero values of r,, and positive values of r, are
associated always with zero values of 1 — 7 . The positive sex ratios are bounded by 0.5. Both
sex ratios will be zero over a range of intermediate P values.
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BIAS IN THE ESTIMATE OF P

Our data consist of shrimp sampled from the commercial catch during the fall breeding
seasons; we analysed sex and size/age composition for the period 2001-2019. The fishing gear
tends to select larger shrimp, so the observed (1 — P)/P will be inflated, reflecting the extent to
which the respective size groups are caught. For example, suppose the true ratio of second (V,)
to first (V) breeders is N,/N, = (1 — P)/P; our observed ratio is thus ¢,N,/q N,, where ¢,/q, reflects
the relative catchability of second versus first breeders. Define ¢,N,/q N, as [(1 — P)/P]*, then
(1-P)P=1(q/q, [(1 - P)/PI*. (The asterisk indicates the biased observed ratio.)

The ESS equation (eqn. 3) for the proportion of first breeders that are female (1 — r,) can be

rewritten as: "
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The relative fecundity of second versus first breeders () is about 2.5 (Hannah et al., 1995)
and ¢ /q, < 1.
The equation for the proportion of second breeders that are male (eqn. 4) will be

rewritten:
sk
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These new ESS equations in terms of [(1 — P)/P]* and [P/(1 — P)]* simply change the slope
of the predicted sex-ratio/age-ratio relation; i.e. for females among the first breeders, the slope
changes from —W_/2 to ~(W/2)(q /q,)- Both lines still begin at 2. So, the general forms shown
in Figs. 2A and 2B apply here also. Thus to change from 2A or 2B, simply change the x-axes
[(1 — P)/P]* and [P/(1 — P)]*, respectively. Of course, both sex ratios remain zero after they
reach their respective x-axes.

One other prediction is worth noting. Let X* and X* be the intercepts of the 1 — 7, and r,
lines on their respective x-axes (i.e. solve eqns. 5 and 6 = 0); the theoretical product is
X*X* =W /W, which does not depend upon the g /g, ratio. Since W < W, an upper bound
on the product is 1; thus X *X* must be < 1. If one intercept is >1, the other must be < 1. For
example, if one is 2, the other must be < 1/2. The W /W, ratio controls the relative positions of
the descending 1 — 7, and r, lines; if one is shallow, the other must be steep because both begin
at 0.50. We don’t know the W /W, ratio for the shrimp, so X*X* <1 is a qualitative prediction.
It is worth testing whenever one intercept is much greater than 1; such a large value should be
associated with a large displacement downward of the other line.

RESULTS
We test three aspects of the ESS sex ratios.

Prediction #1: We ask if , and 1 — , show the expected descending (and zero) relations (eqns.
5 and 6; Figs. 2A and 2B) when plotted against their appropriate age ratios for the 2001-2019
time period. Then we pool the data with the former time period (1981-2000) to produce
summary graphs of 39 years’ duration. We do this for three separate locations off the Oregon
coast.
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Prediction #2: We ask if the r, and 1 — r, descending relations (non-zero parts of eqns. 5 and
6) are appropriately positioned with respect to each other: do their intercepts on the respective
x-axes (X*and X7¥) satisfy the X*X* < 1 rule, at least qualitatively?

Prediction #3: We ask if a plot of 1 — 7, and r, satisfies the prediction (Fig. 2C) that one is
positive only when the other is zero. (Both can be zero at the same time.)

Shrimp sex change 2001-2019 compared with 1981-2000
(test of prediction #1, eqns. 5 and 6)

Figure 3 shows the Oregon coast sampling areas. We analysed the same three areas (28, 22, and
18/19) that were sampled previously (in 1981-2000). Our data are from the fall spawning period
(September/October) and come from the commercial catch.

Figure 4 shows the data for females among the first breeders (1 — r,) versus the age ratio
second-breeders/first-breeders, [(1 — P)/P]*. In all three cases, the female proportion declines
from near % to zero. In each case, there are a few zero data points at even higher age ratios
(indicated on graphs as not plotted). Since there is error on both the x- and y-axes, we show
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Fig. 3. The fishery sampling areas on the US west coast.
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Fig. 4. The proportion of first breeders that are female (1 — ) versus the ratio of older breeders to first
breeders from samples of the commercial catch of P. jordani from areas 18/19, 22, and 28 for the months
of September and October, 2001-2019 (see Fig. 3 for catch areas). When available, we treated the two
months each year as separate estimates, which is why N > 19. Transitional shrimp were considered to be
functionally female, since they will breed as females that year. A few zero points at X > 2.5 are not
plotted, nor included in regression (the number is indicated on each panel). The lines were fitted with
geometric mean [also called reduced major axis or standard major axis (Ricker, 1973)] regressions, because
there is error on both axes. All correlations were significant at probabilities < 0.001. The 95% confidence
intervals for the Y-intercepts always include 0.50. See text for discussion of these plots vis-a-vis theory.
These plots test equation (5), prediction #1 from the Results section.

the geometric mean [also called reduced major axis or standard major axis (Ricker, 1973)] regres-
sion lines for the range of positive Y-values (i.e. X < 2.5). All are highly significant (prob.
< 0.001) and the 95% confidence intervals for the X-intercepts include 0.50. In Fig. 5 we have
added the earlier data [1981-2000 (Charnov and Hannah, 2002)] to the 2001-2019 data; the fitted lines
are almost identical to those of Fig. 4 and the correlations are slightly larger (because the
sample size is double). These plots are the form predicted by equation (5).

Figure 6 shows the three area plots of males among the second breeders (r,) versus the age
ratio of first to second breeders, [P/(1 — P)]*, for the 2001-2019 time period. The x-axis is
truncated at 6, and there are many zero points above 6 not shown (see panels for counts). We
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Fig. 5. The earlier data (1981-2000) for the proportion of first breeders that were female is added to the
data from Fig. 4. The results are the same as Fig. 4, with double the sample size.

did not fit lines to these data because clearly the non-zero r,-values are associated with small
X-values and larger X-values give only zeros. The small number of non-zero points provides
little confidence in any fitted line. This pattern of positive values at small X and zero values at
larger X is exactly the same as shown by data from the earlier time periods.

In Fig. 7 we add the 1981-2000 data to provide a summary of the entire 39 years for each
of the three areas. A majority of r,-values are zero. Only about 15% of the 7,-values are > 0.10,
and about 5% are above 0.30. Males among the second breeders are rare or absent in most
years. These plots follow the form predicted by equation (6).

Are the 1 — r, and r, descending relations in the correct places with respect
to each other? (test of prediction #2)

Recall the theoretical rule: the product of the respective X-intercepts of the descending sex ratio
lines will be < 1. Since we only fit lines to the 1 — » data, we focus on the three areas in Fig. 5.
Two of the three intercepts are near 1 and thus the corresponding r, data are not necessarily
predicted to be displaced downward very much from the 1 — 7, data. Area 18/19 is different in that
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Fig. 6. The proportion of second breeders that are male (r,) versus the ratio of first breeders to older
breeders for the three sampling areas, for the period 2001-2019. There are many more 7, = 0 points at
even higher X-values (> 6), as noted on each panel. See text for discussion of these plots vis-a-vis theory.
These plots test equation (6), prediction #1 from the Results section.

the 1 — r, X-intercept is near 1.8, so that the r, intercept should be < 1/1.8 ~ 0.55. Thus, for area
18/19 the r, data are predicted to lie below the 1 — 7, data if the two sex ratios are plotted with
respect to their appropriate age ratios on the same graph. Figure 8 shows such a plot. It is clear
that at any fixed age ratio (x-axis value), most of the 1 — 7, data points lie above the r, data points,
and r, becomes zero at much smaller age ratios. This is qualitatively what the X*X%* < 1 rule
predicts.

1 - r, versus r,? (test of prediction #3)

There is one other informative way to view the sex ratio data. A plot of 1 —r, versus r, is predicted
to have all the positive 1 —r, values associated with 7, = 0, and all the positive r, values associated
with 1 —7 =0 (Fig. 2C). It is perhaps unrealistic to require that the estimated sex ratios be exactly
zero, but they should be very small if theory is correct. Figure 9 shows our result plotted for all
data where r, > 0. (In Fig. 9 we omitted data where 7, exactly equals 0. These are a majority of
the data points and simply span the entire range of 1 — 7, values, so they support theory but are



