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Abstract

The specific objective of this study was to use a logistic regression model for determining the
degree to which egg laying patterns of individual females at the end of life (i.e., terminal
segments) in each of three different fruit fly species could be distinguished from the egg-laying
patterns over a similar period in mid-life (i.e., non-terminal segments). Extracting data from large-
scale databases for 11-day terminal and 11-day non-terminal segments in the vinegar fly
(Drosophila melanogaster), the Mexican fruit fly (Anastrepha ludens) and the Mediterranean fruit
fly (Ceratitis capitata) and organizing the model’s results in a 2 x 2 contingency table, we found
that: (1) daily egg-laying patterns in fruit flies can be used to distinguish terminal from non-
terminal periods; (2) the overall performance metrics such as precision, accuracy, false positives
and true negatives depended heavily on species; (3) differentiating between terminal and non-
terminal segments is more difficult when flies die at younger ages; and (4) among the three species
the best performing metrics including accuracy and precision were those produced using data on
D. melanogaster. We conclude that, although the reliability of the prediction of whether a segment
occurred at the end of life is relatively high for most species, it does not follow precisely
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predicting remaining life will also be highly reliable since classifying an end of life period is a
fundamentally different challenge than is predicting an exact day of death.

Keywords

Time-to-death; insect mortality; reproduction; biodemography; Mediterranean fruit fly; Ceratitis
capitata; Mexican fruit fly; Anastrepha ludens, Drosophila melanogaster

1. Introduction

Accurate predictions of time-to-death (also known as thanatological age estimates; Riffe and
others 2016) are important in biomedicine to allow patients to better consider their future,
for health professionals to make more informed medical decisions, and for family members
to have realistic expectations (Siontis and others 2011). Consequently a robust literature
exists in the medical sciences concerned with predicting survival time of persons suffering
from one or more of any number of different fatal diseases (de Beaufort and van de Vathorst
2016; deHaas and others 2019; Glare and others 2003; Harris and others 2014; Siontis and
others 2011; Stearns and Norton 2004). This literature extends to the veterinary sciences and
basic biology, as well to papers on predicting survival times for terminally-ill pets including
dogs (Beer and others 2013; Goggs and others 2015), cats (Chakrabarti and others 2012;
Payne and others 2015) and laboratory rodents (Trammell and Toth 2011).

One of the common threads across this thanatological research on humans, pets and rodents
is that the predictions are informed, not only by extensive knowledge of the causes, origins
and natural courses of the underlying diseases but, at least for humans, also by access to
deep databases containing the outcome of tens of thousands, if not millions, of previous
cases at different disease stages that end in the individual’s death. Remarkably, even with
access to this extensive information on disease progress and outcomes, the vast majority of
models in biomedicine used for predicting survival times are both imprecise and inaccurate,
with short-term survival usually overestimated and long-term survival often underestimated
(Bartholomai and Frieboes 2018; Glare and others 2003; Grady and Berkowitz 2011). The
inaccuracy of sophisticated models designed to predict human survival time that are based
on extraordinary amounts of data and extensive biomedical information on both the disease
and the patient lays bare the challenges of predicting survival time in non-human species for
which virtually none of this information available.

Inasmuch as there is no practical need for developing models for predicting time to death in
the overwhelming majority of non-domesticated organisms, it is unsurprising that the
literature in this area is extraordinarily scarce. With the exception of the papers by Rauser,
Mueller and their colleagues in which these researchers classify Drosophila melanogaster
females according to whether or not they were in a death spiral stage (Mueller and others
2007; Mueller and others 2009; Rauser and others 2005; Rauser and others 2003; Rauser
and others 2006), and the paper by Papadopoulos and his colleagues (Papadopoulos and
others 2002) who showed that supine behavior (temporarily upside-down) was predictive of
impending death in medflies, we are aware of no other papers that are expressly concerned
with predicting the timing of death in fruit flies or other non-domestic group of organisms.

Exp Gerontol. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meng et al.

Page 3

However, there are two groups of studies whose results are related to our research. The first
group involves end-of-life egg laying patterns in the context of aging including: (1)
Novoseltzev and his colleagues (Novoseltsev and others 2005; Novoseltsev and others 2004;
Novoseltsev and others 2003) on the senescent stage of D. melanogaster and the medfly as
exponentially-decreasing rate of reproduction, (2) Curtsinger and his colleagues (Curtsinger
2015; Curtsinger 2016; Curtsinger 2018; Khazaeli and Curtsinger 2010) on working (i.e.,
actively ovipositing with low but accelerating mortality) versus retired (i.e., terminal stage
with limited fecundity and constant mortality) who characterized the end-phase degree of
“roughness” of individual egg laying using the fractal concept of lacunarity (for additional
perspectives see Le Bourg and Moreau 2014); and (3) Rogina and her colleagues (Rogina
and others 2007) who, by manipulating the timing of mating in D. melanogaster females,
discovered reproductive patterns that were conditional on when females mated. All
experiments in her and her colleague’s studies revealed characteristics suggesting that
longer-lived flies passed through three stages, the last of which they labeled “declining-
terminal”.

The second group of studies related to our work, albeit more tangentially, includes research
concerned with the timing of reproduction relative to their death. One study representative of
this group involves research concerned with the length of remaining life in individual flies
relative to others based on the rate of decrease in reproduction after the peak. For example,
Muller and his colleagues (Mller and others 2001) showed that the exponential rate of
decrease in egg laying by female medflies predicted the remaining life spans of individuals.
The other area within this second group involves research on the cost of reproduction in
which increments of reproduction in early life result in decrements in survival later in life
including papers by Harshman and Zera (2006) on mechanisms (e.g., effects on immunity
and metabolism) and modeling papers by Mangel and Heimpel (1998), Fletcher and his co-
workers (Fletcher and others 1994) and Rosenheim (1999) concerned with foraging
strategies relative to both remaining reproduction and lifespans.

There are at least three reasons why developing predictive models of impending death or that
can be used to distinguish terminal periods (as we do here) in non-human species such as
fruit flies is potentially important. First, accurate predictive models can affirm patterns
associated with the transition from early stages of aging to the late stages in which the
manifestations of increasing frailty are catastrophic, which is to say, ends in death. This
same “staging” process might have the potential to be used to identify parse other stages of
the aging process. Second, predictive models for death could be used in intervention trials in
which flies showing early signs of impending death could be identified and subjected to
treatments designed to test death-postponing interventions. 7/i/rd, the model-building
required to identify different patterns of reproduction that identify impending death in flies,
in some form, may be relevant to the model-building process predicting the timing of death
in humans. Indeed the model-building process itself might shed light on the classification
process involved in separating the non-dying and dying as well as in calibrating survival
time (Glare and others 2003).

In light of the paucity of information on end-of-life patterns of life history phenomena in
non-human species as well as the potential importance to basic biology of these types of
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studies, the overarching goal of our study was to determine whether it was possible to
distinguish across three fruit fly species a set of general patterns of egg laying in individual
females who were near death (i.e., terminal segments) from the egg-laying patterns in
individual who were not near death (i.e., non-terminal segments). Our specific aims were to:
(1) Visualize and summarize the egg-laying patterns in individuals from all species with
respect to both their chronological and thanatological ages; (2) create subsets of these data in
containing egg laying sequences from both the end-of-life (terminal segment) and mid-life
(non-terminal segments); and (3) test hypotheses that the patterns of egg laying between the
two categories of egg-laying segments have distinct patterns.

2. Material and Methods

Data sources

Individual-level daily egg laying data for three fruit fly species (Carey and others 20053;
Carey and others 1998a; Carey and others 1998b; Carey and Roach 2020; Novoseltsev and
others 2005; Novoseltsev and others 2003) were used for the analysis for the two tephritid
fruit fly species including the Mediterranean fruit fly (Ceratitis capitata), commonly known
as the Medfly (n=1,000), the Mexican fruit fly (Anastrepha ludens), commonly known as the
Mexfly (n=1,131), and the vinegar fly, Drosophila melanogaster (n=666). Husbandry details
for each species are described in the above-cited papers. In brief rearing conditions were
25-27° C and 50-75% RH, and 12:12 L:D for the two tephritid species and 10:14 L:D for D.
melanogaster. Whereas the two tephritid species were fed a 3:1 sugar-yeast hydrolysate diet,
D. melanogaster females were fed a standard agar-gelled Drosophila food medium. Eggs
were collected from mesh at one end of the individual cages for the tephritid females and
from the food medium for D. melanogaster (Arking and others 2002).

These species were chosen primarily for the availability of databases on individual-level
lifetime egg laying. However, they were also chosen because they allowed for three levels of
comparison to test the robustness of our discoveries—between two dipteran families
(Drosophilidae vs Tephritidae), between two tephritid genera (Ceratitis vs Anastrephd), and
among three different species.

2.1 Data analysis

2.1.1 Parsing, configuring and summarizing—Reproductive data were excluded for
the first 10 days of adult life (i.e., 11 days counting day of eclosion, age 0) for each of the
species, a period during which all individuals matured and developed their first eggs. The
remaining data for each fly were then parsed into 1-of-2 segment categories: (1) 7erminal
segment consisting of the sequence of daily reproduction from 11 days before death to and
including the day of death. There were 873, 1,071 and 425 terminal segments derived from
individual female Medflies, the Mexflies and D. melanogaster, respectively; and (2) Midlife
segments of the same length. The midlife segments were created from contiguous 11-day
series of individual flies that started after maturation (i.e., > day 10) and ended 11 days
before the fly died. This selection criteria thus excluded individual flies that lived less than
32 days (i.e., 10 days maturation + 11 day midlife + 11 day terminal = 32 days). This
segmentation process was repeated until the number of remaining days to the terminal
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segment was less than 11. The remaining days were ignored. The 11-day egg-laying
sequences were chosen (i.e., 10 days of potential egg laying + 1 day of death) primarily
because the results of preliminary investigations revealed that 11-days was the shortest
period of egg laying that contained patterns that yielded consistently high performance
metrics across all three species. This period was also chosen because longer egg-laying
periods (e.g., 12 to 15 days) would have substantially reduced the number of segments in
each of the databases.

We computed two metrics from all of the 11-day egg laying sequences for all three species
and the terminal and mid-life segments: 1) 7otal eggs (TE). This metric was chosen based on
the observation that most flies laid fewer eggs at the end of life; and (2) egg-/aying ratio
(ER). This metric was based on the observation that the relative rate of egg laying in most
flies decreased at the end of life. This metric was computed as the ratio of the number of
eggs produced from 11 to 6 days prior to death to the number of eggs produced from days 5
to O prior to death. This ratio specified both a direction (e.g., decreasing egg production if
>1) and a magnitude (e.g., 3-fold) of change as an individual fly approached death. Egg ratio
was assigned a value of ER=0 if no eggs were laid in either time interval and a value of
ER=5.0 if eggs were laid in the first 6 days but none in the last 5 days—a pattern that
suggests rapid egg-laying decline to zero but that results in a zero in the denominator (and
thus an undefined ratio). This value was chosen because it was at the mid-range of the
highest ER-values when eggs were laid in both first and last segments. This ER value was
high enough to serve as a major change metric between the first and last egg-laying sub-
segments but not so high to be the overriding drivers of the statistical outcomes.

2.1.2 Concept visualization—Fig. 1 shows the egg laying patterns of selected
individual medfly females at 10 different life table deciles. With the exception of female #5,
the egg laying patterns during the terminal segments were consistent with the hypothesis that
rate of egg laying near the end of each of their lives was both low (i.e., few in number) and
decreasing (i.e., egg ratio >> 1.0). However, the egg-laying patterns that characterize the end
of female’s life are also sometimes observed at times when they are not approaching death.
Indeed, there are also a number of 11-day midlife sequences of some flies that are
indistinguishable from these same patterns in the terminal phases. For example, egg laying
rates decrease in fly #5 from days 20 to 30 and in fly #8 from days 30 to 40 days. Although
these decreasing egg-laying patterns usually predict impending death, both of these flies
another 11 days beyond these ages. Similar egg-laying trends are also evident during the
midlife of fly #9. Fly #10 produced very few eggs for a 40-day period from ages 20 through
60 days. Thus this visual inspection of egg laying in 10 different individuals reveals the
statistical challenge of classifying egg-laying sequences as either terminal or mid-life.

2.1.3 Reproduction metrics—Three summary metrics for age-specific reproduction
(Carey and Roach 2020) were computed for each species in both chronological and
thanatological time including gross reproductive rate, denoted GRR, defined as the number
of eggs produced by a female that lived to the oldest age will lay, and net reproductive rate,
denoted Ry, and defined as the average number of eggs the average females will lay in her
lifetime. Formulae for these metrics are given as:
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GRR = Zs m, @)

Ry= 3" 1.m, @

where |, denotes the probability of survival from birth to age x, my denotes the average
number of eggs produced by a female age X, and a and B denote the ages of first and last
reproduction, respectively. The third metric, denoted T, is the average age of parenthood
computed as

T = szlxmx

== - - (3
Zg Lymy

Although computing all three of these parameters is straightforward in both chronological or
thanatological age, the values for and interpretations of GRR and T differ between the two
age categories. Consider the following hypothetical case for clarifying the differences.
Suppose that in chronological time, the age-specific egg laying in four female fruit flies was
identical for the ages each were alive with reproductive peaks at 50 eggs/day on day 20.
However, they each die at different ages 20 days apart—i.e., at ages 20, 40, 60 and 80 days.
When their reproductive schedules are considered in thanatological ages, which is to say,
relative to their age of death rather than their age of birth (x=0), then their reproductive
peaks are in thanatological time correspond to ages 0, 20, 40 and 60 days (i.e., time to
death). Although Ry remains the same since every female still produces the same lifetime
number of eggs, the values of both GRR and T will in the vast majority of cases be different
because the timing of reproduction is relative to age of death rather than to age of birth (i.e.,
eclosion). Whereas day 20 was the average age of peak reproduction in chronological time
for the hypothetical example, it is day 30 in thanatological time [i.e., (0 + 20 + 40 + 60)/4].

2.1.4 Contingency table—A 2x2 contingency table that classifies prediction is shown
in Fig. 2 where the numbers along the major diagonal represent the correct decisions made,
and the numbers in the other diagonal represent the errors (Fawcett 2006; Tharwat 2018). If
the instance is positive (i.e., terminal segment) and the instance is a positive, it is counted as
a true positive. However, if it is classified as a negative it is a false negative. If the instance is
negative (i.e., midlife segment) and the instance is a negative, it is counted as a true negative.
However, if it is classified as a positive it is a false positive. This contingency table forms the
basis for a number of common metrics given below.

2.2 Logistic regression model

We used logistic regression to produce a probability that an 11-day sequence of egg laying
was either the terminal sequence (=1) or not (=0). We define p as the probability that the
outcome is 1, with the multiple logistic regression model written as

Exp Gerontol. Author manuscript; available in PMC 2022 March 01.
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o explbp+ b1 X1 + X))
P = T exp(by + b1 X1 + b Xo)

4

where p is the expected probability that this was the terminal segment with the independent
variables corresponding to the parameters by, and b, as total eggs (TE) and egg ratio (ER),
respectively. The model was applied to the data in two forms. The first, referred to as
uncensored, considered all of the data, and the second, referred to as censored, removed
from the model those data records in which no eggs were laid in the terminal 11-day
segment—i.e., cases in which within-segment egg-laying patterns were non-existent.

The multiple logistic regression model is sometimes written differently. In the following
form, the outcome is the expected log of the odds that the outcome is present,

ln(ﬁ) = exp(by + b1 X| + by X2) ©)

The coefficients derived from the model (e.g., by) indicate the change in the expected log
odds relative to a one unit change in X4, holding all other predictors constant. Therefore, the
antilog of an estimated regression coefficient, exp(b;), produces an odds ratio.

2.3 Classification Performance

2.3.1 Accuracy and error rate—The Fraction Correct (FC), also referred to as the
accuracy metric, equals the fraction of both midlife and terminal segments that were
correctly classified.

(TP +TN)

FC= (TP+TN + FP+ FN)

(6)

where TP, TN, FP and FN denote true positives, true negatives, false positives, and false
negatives, respectively. The complement of FC is the Fraction Incorrect (FI) and equals the
fraction of all segments that were incorrectly classified.

B (FP+ FN)
Fl =GPy TNT FP+FN) ™
This metric is also known as the misclassification rate.
2.3.2 Sensitivity and specificity—The True Positive Rate (TPR), also called
sensitivity, is the proportion of terminal sequences that are correctly classified. Thus:
TP
TPR= TP+ FN ®

Its counterpart, the True Negative Rate (TNR), also called specificity, is the proportion of
mid-life sequences that are correctly classified and is given by.
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TN
TNR=Fp TN ©)

2.3.3 False positive and false negative rates—The False Positive Rate (FPR), also
called fa/se alarm rate, is the probability that a midlife sequence will be incorrectly classified
as a terminal segment.

FpP

FPR=+r T Fp

(10)
False Negative Rate (FNR), is the proportion of terminal segments that were classified as
midlife segments. This metric complements the sensitivity measure, TPR.

FN

FNR= 75 FN

(11

2.3.4 Predictive values—Predictive values (positive and negative) reflect the
performance of the prediction. The Positive Predictive Value (PPV), also known as the
precision metric, equal the proportion of all segments classified as terminal that are truly
terminal.

TP
PPV = 75+ FP a2
Its complement, the False Discovery Rate (FDR), equals the proportion of all segments that

were classified as terminal that were actually midlife segments.

FP
FDR = TP+ FP (13)
=(1 - PPV)

Negative Predictive Value (NPV) is the proportion of all segments that were classified as
midlife that were classified correctly.

TN

NPV =N T FN

(14)

Its complement, the False Omission Rate (FOR), is the proportion of all segments that were
classified as midlife that were incorrectly classified.

FN
FOR = TN+ FN (15)
=(—-NPV)
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This measure complements both the PPV and the FDR.
Likelihood ratios
The likelihood ratios combine both sensitivity and specificity—not all positive results are
true positive and, likewise, not all negative results are true negatives. The Positive
Likelihood (LR+) is the ratio of the True Positive Rateto the True Negative Rate. It
measures how much the odds of the terminal segment classification increases when the
prediction is positive.
TPR
LR+ = FPR (16)
The Negative Likelihood (LR-) is the ratio of the False Positive Rate to the False Negative
Rate. This rate measures how much the odds of the likelihood of the terminal segment
classification decreases when the prediction is negative.
FNR
The Diagnostic Odds Ratio (DOR) is the ratio of the odds of the probability that the terminal
segment being correctly classified relative to it being incorrectly classified relative to the
odds of the probability that the segment is terminal relative to the odds of the segment being
positive but not being a terminal segment.
LR+
3. Results

3.1 Lifetime Reproductive Patterns

Event-history reproductive charts plotted in both chronological and thanatological time for
all three fruit fly species are presented in Fig. 3. Several aspects of these graphs merit
comment. First, the chronological plots of egg laying patterns for all species reveal the
familiar progression starting at eclosion from the pre-reproductive, maturation period,
followed by a periods of high reproduction with relatively high levels of intra-individual and
inter-species variability. This period, in turn, is followed by a period of tapering off, the
length of which depends largely on an individual’s lifespan. The low levels of egg laying are
evident at older ages in all species but is most striking in the oldest D. melanogaster. Second,
the event-history plots in thanatological time reveal visually the repositioning of
reproduction that occurs when the schedule is normalized with respect death rather than
birth (eclosion). This shift is especially evident in diagonal band of high reproduction that
tracks to the left of the cohort survival the curve. In these cases (lower row of graphs) the
most advanced ages in thanatological time correspond the very youngest and thus most
fecund ages in chronological time. 7hird, patterns of egg laying near death as seen in all
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three species and for both time frames differ between short-lived and long-lived individuals.
This is outcome of the differences in the underlying “causes” of death at young and old ages.
Increasing frailty due to old age is the most likely “cause” of death in the longest lived
individuals. This accounts for the progressive decrease in egg production at older ages.
However, increasing frailty due to aging is an unlikely “cause” of death for flies that die
young and at ages when they are at or near their peak in egg production. Thus no single egg
laying pattern or combination of patterns will likely ever apply to all flies regardless of age
or cause of death.

3.2 Gross and Net Reproduction

3.3

Comparisons of the average reproductive rates and timing for all three species plotted with
respect to both chronological and thanatological ages are given in the different panels shown
in Fig. 4. Because the number of eggs laid by the average female in her lifetime is the same
regardless of whether the eggs are summed from birth to death or from death to birth, net
reproductive rates, Rg, will be the same regardless of whether it is considered in
chronological or thanatological time. But as noted in Methods section, this not the case for
gross reproductive rate (GRR) computations. For example, the 50% greater value of GRR
for thanatological age (~2,020) relative to the value of this metric for chronological age
(*1,332) in D. melanogasteris the result of a subset of extremely long-lived individuals who
both matured early and produced many eggs at young ages. When re-plotted these young
ages in chronological time represent the “old” ages in thanatological time. Thus individuals
who are both long-lived and highly fecund at young chronological ages represent a large
fraction of the small number at the tail end of the “death” cohort. Differences in the values
of the mean age of parenthood, T, across species for chronological versus thanatological
ages revealed that it was 8 days closer to birth than to death in D. melanogaster, but slightly
over 4 days closer to death than to birth in the Mexfly and nearly equidistant from birth and
death in the Medfly (i.e., 21.6 vs 20.3 days).

Independent Variables: Total eggs and egg ratio

The means and frequency distributions of the two independent variables we use in the
regression model for each of the fly species are shown in the series of plots contained in Fig.
5. These graphs anticipate the outcome of the modelling results by revealing the differences
between the metrics in the midlife segments relative to the terminal segments. There were
striking differences in the metrics for each of the two categories of segments in D.
melanogaster with nearly 5-fold fewer eggs and 3-fold greater average egg ratio in the
terminal segments. The signs of the differences in the mean and overall distributions for the
two tephritid species were similar but the magnitudes of the differences were much less. We
thus anticipate more favorable performance metrics for distinguishing between terminal and
mid-life egg laying patterns in D. melanogasterthan in the two tephritid species.

3.4 Logistic Regression Model

The logistic regression model yields three general results. First, the model’s overall
performance supports the concept that the egg-laying patterns of total eggs (TE) and egg
ratio (ER) as individual flies approached death are, in the majority of cases, distinctly
different from those patterns over an 11-day sequence in middle of their lives. This was
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evident in the performance metric (Table 1) of fraction correct (FC)—i.e., the FC-value for
all species exceeded 0.64 using all data and exceeded 0.73 using only the segments in which
flies laid 25 eggs or greater (censored). Second, with a minor difference for several of the D.
melanogaster metrics, the performance of the regression model was more favorable when
applied to the censored data than with use of the uncensored data. The reason for the
differences was because there were 11-day egg-laying sequences in which few or no eggs
were produced or that egg laying was declining in midlife. These are the patterns for the
independent variables that were associated with and thus predictive of the terminal
segments. These midlife patterns occurred more in in the two tephritid species than in D.
melanogaster and thus helps explain the higher performance levels for the regression model
in this species. Third, the performance metrics for D. melanogaster were extraordinarily high
relative to those for the two tephritids as well as absolute. One metric especially stands out
—positive predictive value (PPV) for D. melanogaster was nearly 95% (i.e., (0.9395). In
other words, given that an 11-day egg-laying segment of this species is classified as
terminal, there is nearly a 95% chance that this classification is correct. The value of this
performance metric in this fruit fly species contrasts to that for the values from data on the
tephritid species where it ranged between around 66% to just under 75% depending on
species and whether the database was complete or censored.

4. Discussion

We believe that there were a number of important results from this study. The first was the
revelation that daily egg-laying patterns (i.e., TE; ER) in fruit flies can be used to distinguish
periods (i.e., 11 days) in a female fly’s life that end in death from those that do not (i.e.,
terminal vs non-terminal segments). Most of the previous analyses and models concerned
with individual-level egg laying in fruit flies at or near the end of life focused primarily on
classification of end-of-life stage such as senescent, terminal or retired stage. Our approach
differed in that we made specific predictions that could be quantified according to
performance metrics.

A second important result was that the overall performance metrics such as precision,
accuracy and false positives and negatives were heavily species-dependent. This was
because of between-species differences in the consistency of egg laying patterns in both the
midlife and terminal segments. Among the three species the best performing metrics
including accuracy and precision were those produced using data on D. melanogaster.

A third important outcome of our study was that it shed important light on the challenges
inherent in predicting the timing of death. As we noted earlier, one reason for some of the
low-performing metrics was that the egg-laying patterns indicative of flies that are at the end
of their lives are also present in midlife. Consequently the segments in which these occur are
misclassified as terminal rather than midlife. Another problem of misclassification occurred
when flies either died at the height of their egg laying (i.e., when younger) or very old flies
produced larger numbers of eggs close to their day of death. In other words, patterns of egg
laying that were more common in midlife than at or near the end of life. These types of
misclassifications were rare in D. melanogasterbut occurred around one third of the time in
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the Mexfly as was reflected in the much higher rates of false negatives for this species
relative to the other two.

A fourth important and what we consider to be the overarching outcome of our study was
“proof-of-principle’—patterns of reproduction at the individual level contain information
that can be used to predict impending death in fruit flies. This general finding is important
since it suggests that there are likely identifiable individual-level age-specific life history
data ranging from information on respiratory, metabolic and locomotor activity (Avanesian
and others 2009; Lane and others 2014; Williams and others 2004; Zou and others 2000) to
sleep, circadian, and mating patterns (Chiu and others 2013; Priest and others 2008; Shaw
and others 2000) that can be used singly or in various combinations to predict the timing of
death, not only in fruit flies, but in a range of other organisms including in humans. Indeed,
the egg laying patterns we used to identify impending death may be the rudimentary
equivalents of clinical prediction rules (CPR) in humans (Grady and Berkowitz 2011; Reilly
and Evans 2006; Siontis and others 2011) used to calibrate the timing of deaths across age
groups and between sexes.

A unique strength of our study was in its multi-level comparisons involving two different
fruit fly families (i.e., Drosophilidae vs Tephritidae), two different genera within one of
these families (i.e., Anastrephasp vs Ceratitis sp) and three different species overall (i.e., D.
melanogaster, Medfly and Mexfly). Our results demonstrated (1) that the same independent
variables could be used across families, genera and species to classify egg-laying segments
(i.e., robust); but that (2) the performance metrics such as accuracy and precision were
family-, genus- and species-dependent.

A caveat that applies to all studies like ours involving contingency tables is that performance
metrics including PPV and NPV depend upon the relative numbers of positive and negative
cases. Because the proportion of negatives influences the number of both false positives and
true negatives, as the proportion of negatives increases, PPV decreases and NPV increases.
For example, in disease epidemiology the if the prevalence of infection were low, the PPV
might be very small (e.g., <1%) but will be much larger (e.g., 80%) in a population with
moderate or high prevalence. So the fraction of true positives relative to false positives will
be lower (and thus PPV lower) in the former (low prevalence) hypothetical scenario than in
the latter (high prevalence) but in both cases the TPR remains the same.

This sample size-dependent relationship for some performance metrics in the contingency
table was one of the primary reasons we used equal numbers of mid life and terminal
segments for each fruit fly species rather than the number of mid-life segments possible for
each species. For example, after a 10-day maturation period, flies that live 25, 50 and 100
days each have only a single 11-day terminal segment but 4, 29 and 68 possible mid-life 11-
day segments, respectively. Because both the cohort sizes and life expectancies differed
among the three fly species, the relative numbers of possible mid-life versus terminal 11-day
segments also differed. Thus using different relative numbers of mid-life versus terminal
segments for each species rather than equal numbers would have confounded comparisons.
This perspective underscores the caution required in the interpretation of contingency table
performance metrics such as sensitivity and specificity where one is much higher than the
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other. Indeed, this is the case for the Medfly and Mexfly in which sensitivity ranges from 40
to 60% (uncensored) for both but specificity is substantially higher for both species—i.e., 90
and 70%, respectively. This we conclude that our findings are robust but that the specific
values of the performance metrics are subject aspects of the sample including size and
details such as segment length. An entirely different aspect of this large concept and one we
don’t address in this study is that of distinguishing between mid-life and terminal segments
when, for example, age-specific reproductive patterns are altered by changing food quality
modifying availability (Carey and others 2008; Carey and others 2002; Carey and others
2005bh).

We believe that research on the classification and timing of death in non-human species has
the potential to provide important insights into approaches on similar research in humans.
This includes research in contexts ranging from estimations of time to death after
withdrawal of life-sustaining treatment in patients (He and others 2015) including for organ
transplants (Puts and others 2011), in nursing homes where 50% die within 3 years and over
30% need palliative care within a year (Hjaltad6ttir and others 2011), in hospice end-of-life
care where one of the key criteria for entry and Medicare eligibility is that the patient has 6
months or less to live if the disease takes its natural course (Harris and others 2014), and for
physicians and their patients who are considering euthanasia (de Beaufort and van de
Vathorst 2016) for what is referred to as “dying on time” for dementia patients who may not
wish to continuing living in advanced stages of any number of dementia-related diseases, but
the symptoms conflict with the due care criteria (i.e., must be able to confirm the request for
euthanasia at the time of death (deHaas and others 2019).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Egg-laying patterns in three fruit fly species revealed impending death
. Precision, specificity and accuracy were highly species-specific
. Accuracy in Drosophila melanogaster exceeded 0.96

. Egg laying variability in two tephritids substantially reduced predictability
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Figure 1.
Schematic of the life courses of single medfly females (see Carey et al. 1998) depicted as

horizontal lines that were selected at each of 10 different survival levels out of the initial
1,000 flies. The vertical tics of varying lengths along each female life-line represent the
relative number of egg produced at each age. The areas with different color shadings in both
the main graph and the inset indicate the sampling structure for analysis including ECL
(green area) indicates the 10-day fly maturation period in which no samples were used; MID
(purple) indicates the midlife age classes after the fly’s maturation periods and ending before
the 11-day period prior to their deaths; and TER (red) indicates the 11-day egg laying period
before each fly’s death.
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The 2 x 2 contingency table for classifying different 11-day segments of fruit fly egg laying
into either terminal (1) or midlife (0). The output of the predicted class is true or false.
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Figure 3.

Event history charts depicting individual-level daily reproduction in large cohorts of three
fruit fly species according to either chronology age (top row) or thanatological age (bottom
row). The life course of individual females is depicted as a single horizontal like divided into
segments by day (age) and color-coded according to the number of eggs laid. The y-axis
scales differ by species number where the initial numbers, n, are 1131, 1,000 and 666, for
the Mexfly, the Medfly and D. melanogaster, respectively (graphic technique after Carey and
others 1998b).
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Figure 4.
Age-specific gross and net reproduction for three fruit fly species plotted according to

chronological age (top row) and thanatological age (bottom row). Values shown for gross
(GRR) and net (Rg) reproductive rates and mean age of reproduction (T).
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Figure 5.

Frequency distribution of two metrics that were derived from the 11-day sequences in either
the terminal segment or the midlife segments in three fruit fly species: (1) the 11-day total
eggs/female (left column); and (2) the ratio of eggs laid in the first 6 days of the segment to
the last 5 days (middle column); Black curves and font correspond to the terminal segments
and the gray to the midlife segments. Mean value shown for each metric by species.
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