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for explaining the development of ESD as it occurred throughout evolution-
ary time. Looking at ESD through a chronological lens can help to explain 
why we see ESD occur where it does. ESD is typically associated with 
reptiles and ýsh, similarly with hermaphroditism in ýsh.
       Phylogenetically speaking, reptiles and ýsh represent some of the 
oldest vertebrate lineages on Earth and still maintain many of the biologi-
cal and evolutionary traits that ýrst occurred millions of years ago. Based 
on this scarce occurrence in prevalence, itôs commonly hypothesized that 
ESD remains as a relic and possibly an ancestral mode of sex determina-
tion for all amniotes (Miller et al., 2004). A scenario of evolution described 
in Figure 2 suggests that over geologic time, TSD was once the primary 
form of sex determination, which was then followed by GSD through a 
primitive form of sex chromosomes derived through ancestral autosomes. 
It is possible that GSD became the dominant mechanism over time in most 
mammals, birds, and other organisms for a variety of reasons, including 
equilibrium sex ratios following the Fisherian theory of sex ratios (Fisher, 
1930.)
           Of course, this begs the question of what was ancestral to ESD itself, 
which is potentially where we return to the similarities between ESD and 
hermaphroditism. Both mechanisms of sex determination, whether at fertil-
ization or periodically throughout an organismôs life, are typically theorized 
to be inþuenced by ýtness. This is the idea that certain conditions might act 
as cues to which ESD organisms may respond molecularly, resulting in the 
ýttest population relative to their surroundings; the ñoptimizationò of ESD 
progeny is based on the greatest value. Strakova et al. (2020) suggest 
that because of these similarities in producing sex ratios based on their 
environment, sequential hermaphroditism could have been an ancestral 
mode preceding ESD, which was selected for over and over again through 
consistent stressful conditions until it developed into its own gonochoristic 
mechanism of sex determination at fertilization.
         Theories for the maintenance of ESD as a viable SDM vary. A study 
in 2006 by Janzen et al. suggested multiple di erent possible theories as 
to why ESD has remained as successful as it has;

1.	 Phylogenetic inertia – ESD is the ancestral condition in this clade 
and is simply maintained in extant lineages because it is currently 
adaptively neutral or nearly so.

2.	 Group adaptation – ESD promotes adaptive control of sex ratio to 
promote group ýtness.

3.	 Inbreeding avoidance ï ESD minimizes inbreeding by producing 
single-sex clutches.

4.	 Differential fitness ï ESD provides sex-speciýc ýtness beneýts 
such that some developmental temperatures are better for one sex. 
(Janzen and Phillips, 2006).

         
         While these four theories are not universally accepted, they do include 
some of the most highly considered theories as to why ESD still occurs 
in modern species relative to the dominating success of GSD, especially 
the theory of di erential ýtness. It is even possible that multiple theories 
are correct, acting in cooperation to produce ESD at a frequency higher 
than that of any one theory alone. This study by Janzen and Phillips also 
suggests that ESD may have even evolved independently multiple times, 
further encouraging ESD as a highly e ective mechanism of sex determi-
nation. 
        Considering di erential ýtness as one of the most likely theories under-
lying ESD, itôs important to understand the sex allocation theory, particular-
ly why and how species develop sex ratios relative to their resource base. 
Sex allocation theory is deýned as the distribution of adjustments to  male 
and female o spring in sexual species (Charnov, 1983). In the Fisherian 
principle of equal sex allocation, when a species produces 1:1 sex ratios of 
males and females in a given population. This occurs in stable populations 
where it is assumed that males and females are equally costly to produce 
by the parents. In a scenario where one is more costly, parents would allo-
cate resources to o spring di erentially. Therefore, parents allocate equal 
investment in the e ort of both sexes, to produce a stable ratio of sexes to 
carry on the population for generations. With this in mind, understanding 
ESD through the Fisherian principle does not apply in the same way, be-
cause the sex ratios of ESD species can be biased based on the conditions 
producing one sex over the other.
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aspects of embryonic pH.
       In cichlid ýsh, for 3 species of 




