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1  |  INTRODUC TION

Model organisms, such as fruit flies, are non- human species which 
are commonly used in research to investigate biological phenomena 

and parameters regarding life history traits of vertebrates and hu-
mans (Leonelli & Ankeny, 2013). Fruit flies, especially the common 
fruit fly Drosophila melanogaster (Diptera: Drosophilidae) and the 
Mediterranean fruit fly (medfly) Ceratitis capitata (Wiedemann) 
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Abstract
The relationship between the early- age activity of Mediterranean fruit flies (medflies) 
or other fruit flies and their lifespan has not been much studied, in contrast to the 
connections between lifespan and diet, sexual signaling, and reproduction. The ob-
jective of this study is to assess intra- day and day- to- day activity profiles of female 
Mediterranean fruit flies and their role as biomarker of longevity as well as to explore 
the relationships between these activity profiles, diet, and age- at- death through-
out the lifespan. We use advanced statistical methods from functional data analysis 
(FDA). Three distinct patterns of activity variations in early- age activity profiles can 
be distinguished. A low- caloric diet is associated with a delayed activity peak, while 
a high- caloric diet is linked with an earlier activity peak. We find that age- at- death of 
individual medflies is connected to their activity profiles in early life. An increased risk 
of mortality is associated with increased activity in early age, as well as with a higher 
contrast between daytime and nighttime activity. Conversely, medflies are more likely 
to have a longer lifespan when they are fed a medium- caloric diet and when their daily 
activity is more evenly distributed across the early- age span and between daytime 
and nighttime. The before- death activity profile of medflies displays two characteris-
tic before- death patterns, where one pattern is characterized by slowly declining daily 
activity and the other by a sudden decline in activity that is followed by death.
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(Diptera: Tephritidae), have regularly been used as model organisms in 
aging and behavioral research (Carey et al., 2006; Gargano et al., 2005; 
Markowska & Breckler, 1999; Promislow et al., 2022). Common fruit fly 
behaviors include general activity (Prenter et al., 2013; Zou et al., 2011) 
and specific behaviors such as sexual signaling (Zhang et al., 2006), su-
pine behavior (Papadopoulos et al., 2002), feeding (Fanson et al., 2013), 
resting (Chiu et al., 2013) and sleeping (Koh et al., 2006). These behav-
iors are known to vary during the life course of individuals, exhibiting 
age- related patterns (Carey et al., 2006).

The study of the mortality and longevity of fruit flies is well 
established in the biodemographic literature. For instance, Zhang 
et al. (2006) provided evidence that high levels of recent calling ac-
tivity in male medflies are linked to longer remaining lifespans. Müller 
et al. (2001) demonstrated that the rate of exponential decrease in 
egg laying by female medflies is predictive for their remaining lifes-
pan, while Harshman and Zera (2007) investigated the connection 
between early- life increments in reproduction and later survival and 
explored the biological mechanisms behind this relationship.

Changes in spontaneous activity patterns are usually correlated 
with environmental conditions and food quality in the field (Hendrichs 
et al., 1991; Promislow et al., 2022) and have been considered in the 
past as biomarkers of “functional senescence” (Jacobson et al., 2010), 
providing insights to understanding the aging process of living organ-
isms (Markowska & Breckler, 1999; Simon et al., 2006). Kaladchibachi 
et al. (2019) analyzed the circadian patterns of activity change in female 
Drosophila ananassae and studied its relationship with aging. Although 
previous studies aimed at investigating this relationship, they have 
been limited in their methodology and did not feature continuous com-
prehensive monitoring (Le Bourg, 1987; Lints et al., 1984; Sohal, 1985; 
Sohal & Buchan, 1981). For instance, Sohal and Buchan (1981) stated 
that the lifespan of individual flies corresponds to their levels of phys-
ical activity observed between day 4 and day 7, while Le Bourg (1987) 
found no significant correlation between lifespan and average loco-
motor activity observed once per week. However, these studies used 
an aggregated activity score as a measure of activity, which does not 
provide a comprehensive quantification of the daily activity profile. 
Furthermore, none of these studies monitored activity longitudinally 
with a 24/7 activity monitor throughout the lifetime of each individual, 
which provides a more accurate and detailed representation of activ-
ity and thus the relationship between movement activity levels and 
lifespan. Additionally, the correlation calculation used in these studies 
was not amenable to the exploration of more complex dependencies 
between lifespan and activity levels.

In our study, we used the advanced LAM25 system to obtain 
repeated observations of the 24- h movement activity of medflies. 
The system records the movement of each fly as it crosses a barrier. 
We model the intra- day and day- to- day activity profiles and their 
relationship with the remaining lifespan of each individual through 
functional data analysis (FDA) for repeated observations. This ap-
proach models the activity profiles as manifestations of an under-
lying function- valued stochastic process (Chen et al., 2017; Chen & 
Müller, 2012; Wang et al., 2016). In our analysis, the longitudinal time 
is the age of the fly (in days) and the repeated observations consist of 

the	daily	activity	records	that	are	recorded	for	each	day	(0–24 h).	By	
addressing the limitations of prior research, our approach leads us to 
hypothesize that activity profiles may serve as effective biomarkers 
for assessing the aging and longevity of medflies.

The goals of our investigation are (1) To study the relationship be-
tween activity and aging dynamics and the role of activity as a bio-
marker of longevity, for which we utilize function- valued principal 
component analysis (Chen & Müller, 2012) for repeated functional 
data to construct the principal components of the underlying activity 
process, separating the intra- day and inter- day components. (2) To in-
vestigate the connection between early- age activity and lifespan at the 
subject level. For this we use functional linear regression to predict an 
individual's remaining lifespan, given the activity profile and diet. (3) To 
explore before- death patterns of decline in activity.

2  |  DATA DESCRIPTION

The protocol of Rodovitis et al. (2022) was followed for both meas-
uring detailed locomotor activity and maintaining the flies in the 
glass tubes. The day following adult emergence, we placed virgin 
females of the Mediterranean fruit fly laboratory strain “Benakio,” 
which was maintained under laboratory conditions for more than 
30 years	 (Kyritsis	et	al.	 (2019)), in the tubes of the locomotory ac-
tivity Monitor- LAM25 system and maintained them until death. In 
this	system,	each	fly	was	put	in	its	own	glass	tube	(25 mm	diameter,	
125 mm	length),	where	three	ray	rings	of	an	infrared	light	monitor	at	
three different planes were placed (close to the two ends of the tube 
and one in the middle). The activity of each tube was measured every 
minute as the number of times the fly passed through an infrared 
beam. An agar- based gel diet consisting of sugar, yeast, hydrolysate, 
agar, nipagin and water (4:1:0.2:0.1:20) was prepared to provide 
adults with both nutrients and water simultaneously. We used three 
different gel diets which differed in the sugar and yeast hydrolysate 
content in the gel (50%, 20%, and 10%, represented by treatment 
C- 50, C- 20, and C- 10 accordingly). The gel diet was replaced every 
4 days	to	avoid	dehydration.	Females'	mortality	was	recorded	daily	
with visual observations until the death of all individuals.

In our analysis, individual activities from the record of the middle 
monitor	were	used	and	aggregated	per	hour	for	a	total	number	of	96	
tubes under three different treatment levels (C- 10, C- 20, C- 50). Each 
treatment level corresponds to 32 tubes. See Figures S1, S2, and S3 
in the supplement for the daily activities under each treatment along 
with individual lifespans.

3  |  STATISTIC AL METHODS

3.1  |  Function- valued stochastic process

Denote the time coordinate of the calendar days by t ∈   and the re-
peated measurement coordinate of hours within a day by s ∈ . Let 
X(s, t) to be the function- valued stochastic process representing the 
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activity level at day t and hour s. Mean function and the covariance 
function of the process can be defined as

Mercer's theorem implies the spectral decomposition of the co-
variance surface G as follows, 

where �k and �k are eigenvalues and two- dimensional eigenfunctions 
of the covariance operator with covariance kernel G. By the Karhunen- 
Loève expansion (Karhunen, 1946) one can represent X(s, t) through 
two- dimensional Functional Principal Component Analysis (FPCA), a 
key technique of FDA, as 

where �k = � � (X(s, t) − �(s, t))�k(s, t)dsdt are the principal components 
of the process. These components are zero mean uncorrelated random 
variables representing the fluctuations of the process X(s, t) around the 
mean function �(s, t). In practice, one works with the first K compo-
nents and the approximated process X (s, t) = �(s, t) + ΣK

k=1
�k�k(s, t). 

We choose K = 3 in the following analysis.
Modes of variation (Castro et al., 1986) are a common tool to 

interpret and visualize the components of FPCA. They focus on the 
contributions of each eigenfunction to the stochastic behavior of the 
underlying process. The k- th mode of variation is a set of functions 
indexed by a parameter � ∈ ℝ given by 

3.2  |  Prediction of remaining lifetime

Previous approaches for remaining lifetime prediction (Müller & 
Zhang, 2005) need to be adjusted for the scenario of a function- 
valued rather than scalar- valued activity process that we adopt here. 
We denote the lifetime or age- at- death of a subject by T and assume 
that for each subject the daily activity X is recorded continuously. 
We denote the observed activity trajectory for an individual that is 
still alive at time T0 by X̃

(
s, t, T0

)
, 0 ≤ t ≤ T0, s ∈  , that is

Our goal is to predict the remaining lifetime T − T0, given 
X̃
(
s, t, T0

)
. The activity record thus is censored by the age- at- death 

of a fly, and there is an inherent trade- off between the selected age 

span and the number of flies whose activity can be observed over 
their entire lifespan. Our approach is based on nonparametric data 
analysis and thus is very flexible. If one is willing to sacrifice some 
of this flexibility, some more complex approaches to deal with this 
censoring issue are provided by joint modeling (Ding & Wang, 2008; 
Müller & Zhang, 2005). Denote the expected remaining lifetime con-
ditional on X̃ as r

X̃

(
T0

)
, i.e.,

The functional linear regression model (Müller, 2005; Müller & 
Stadtmüller, 2005; Ramsay & Silverman, 2005) is given by

 

where r0
(
T0

)
 is a nonrandom intercept function, �(s, t) is the smooth 

coefficient surface and �
(
s, t, T0

)
 is the mean function of X̃

(
s, t, T0

)
. 

The functional linear regression model can be equivalently rewritten as

 

where � is a zero mean finite variance random error. If one represents 
the coefficient surface �(s, t) using the orthonormal eigenbasis �k from 
equation (2), such that �(s, t) =

∑∞

k=1
�k�k(s, t), then the model for the 

mean remaining lifetime becomes

where the �k are the principal components as in equation (2).
In order to assess the strength of the association, a pseudo- R 

square measure can be used that is defined as

where larger values of R2 indicate that the predictor explains more of 
the variability of the response, i.e., of remaining lifetime.

3.3  |  Conditional distributions of 
remaining lifetime

The conditional distribution of remaining lifetime T − T0 at a current 
time T0 of a subject, given an observed trajectory X̃ up to time T0, is 
defined as F

X̃ ,T0
(y)=P

(
T−T0≤y|X̃

(
s, t, T0

)
, 0≤ t≤T0, T0≤T

)
. Müller 

and Zhang (2005) proposed to construct the conditional distribu-
tion function of the remaining lifetime by the further assumption 
that the linear predictor function �

(
T0

)
= ∫ T0

0
∫ 24
0

X̃
(
s, t, T0

)
�(s, t)dsdt 

determines the conditional distribution,

(1)�(s, t) = E(X(s, t)),

G
((
s1, t1

)
,
(
s2, t2

))
= E

(
X
(
s1, t1

)
X
(
s2, t2

))

− �
(
s1, t1

)
�
(
s2, t2

)
, s1, s2 ∈  , t1, t2 ∈  .

G
((
s1, t1

)
,
(
s2, t2

))
=
∑∞

k=1
�k�k

(
s1, t1

)
�k
(
s2, t2

)
,

(2)X(s, t) = �(s, t) +
∑∞

k=1
�k�k(s, t),

(3)mk(s, t, �) = �(s, t) + �
√
�k�k(s, t), � ∈ ( − ∞,∞).

X̃
�
s , t ,T0

�
=

⎧
⎪
⎨
⎪
⎩

X(s,t) if T0≤T ,0≤ t≤T0,

unobserved if T0>T .

rX̃

(
T0

)
=E

[
T−T0|X̃

(
s, t, T0

)
, 0≤ t≤T0

]
.

r
X̃

(
T0

)
= r0

(
T0

)

(4)+∫
T0

0
∫
24

0

(
X̃
(
s, t, T0

)
−�

(
s, t, T0

))
�(s, t)dsdt,

T − T0 = r0
(
T0

)

(5)+∫
T0

0
∫
24

0

(
X̃
(
s, t, T0

)
−�

(
s, t, T0

))
�(s, t)dsdt+�,

(6)r
X̃

(
T0

)
= r0

(
T0

)
+
∑∞

k=1
�k�k ,

R2 = 1 −
Var(�)

Var
(
T − T0

) ,
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Here the unknown function �T0,y
(⋅) is assumed to be smooth in 

both y and T0. Estimating conditional remaining lifetime distribu-
tions then is equivalent to estimating functions �T0,y

{⋅} and �(⋅) and 
nonparametric smooth estimators employing boundary kernels 
(Müller and Wang (1994)) can be utilized to estimate the smooth 
function �(⋅). See Section 3.3 in Müller and Zhang (2005) for more 
details.

4  |  RESULTS

4.1  |  Early- age activity profile and connection to 
diet

The estimated mean process as per (1) of Section 3.1 is shown in 
Figure 1, along with the mean process under different diet levels. 
During a 24- h cycle, medflies are most active and energetic dur-
ing periods of illumination as indicated by the light sensor (07:00–
21:00) and less active during periods of darkness. With regard to 
activity dynamics, older medflies exhibit a tendency to rise later. 
A low nutrition level (C- 10) is associated with a relatively delayed 
activity peak, while a high nutrition level (C- 50) is linked to an ear-
lier activity peak.

Over 30% of the variation in the early- age activity model (2) is 
explained by the first three eigenfunctions, as depicted in Figure S5 
in the supplement. The modes of variation of the first three eigen-
functions as per (3) in Section 3.1 are illustrated in Figure 2 to fa-
cilitate the interpretation of the eigenfunctions. The predominant 

variation is reflected in the contrasting patterns of the activity be-
tween early and late days and between daytime and nighttime. This 
indicates that the predominant source of variation is attributed to 
young medflies during their active daytime hours. The second ei-
genfunction highlights a contrasting pattern between early and 
late ages, while the third eigenfunction focuses on the contrast 
between the activity during day 8 to day 20 (daytime only) and the 
other periods.

To further investigate the treatment effect on early- age medfly 
activity, we fit linear regression models using scores of the FPCA as 
the response variables and treatment levels as predictors. Table 1 
shows the summarized fitted results. To enhance the visualization 
of the treatment effect, we use pairwise score representations in 
Figure S4 in the supplement to facilitate interpretation of the re-
gression relation.

Consistent with the results of the mean activity profiles, a low 
nutrition level (C10) is associated with a diminished contrast be-
tween daytime and nighttime activity and a relatively late peak 
in activity. On the other hand, medium nutrition (C- 20) and high 
nutrition (C- 50) result in a relatively early peak in activity and an 
increased contrast between daytime and nighttime activity, with 
high nutrition (C- 50) having a strong connection to high early- age 
activity.

4.2  |  Relationship between early- age activity  
and lifespan

The preceding section focused on the early- age activity profile of 
medflies, while here we explore the relationship between the activ-
ity profile and longevity and demonstrate that the activity profile 
can be used as a biomarker for longevity.

(7)

FX̃ ,T0 (y)=P
(
T−T0≤y|X̃

(
s, t, T0

))

=P
(
T−T0≤y|�

(
T0

))

=�T0,y

{
�
(
T0

)}
.

F I G U R E  1 Estimated	mean	functions	
of early- age activity, as per (1) of 
Section 3.1, for population level and three 
diet levels C- 10, C- 20, and C- 50.
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We present the results of the functional linear regression model 
(4) with treatment levels and score representations of the early- age 
activity profile as predictors. By using the two- dimensional ortho-
normal eigenfunctions in the FPCA, the regression model can be 
reformulated	 through	 equation	 (6),	 and	 the	 results	 for	 the	 fitted	
model are summarized in Table 2 where R2 = 0.21.	We	also	provide	
the regression model under each treatment level in Table S1 in the 
Supplement. A medium nutrition diet (C- 20) is associated with longer 
lifespans compared with the other treatments. However, a higher 
score for the eigenfunction �1 (representing high levels of activity 
in early age and a large contrast between daytime and nighttime 

activity) can be associated with increased mortality risk. This effect 
is particularly pronounced for individuals under a high nutrition diet 
(C- 50) as they may have exhausted themselves during their early life 
or daytime periods. These results indicate that the medfly activity 
profile can serve as a biomarker of longevity.

Figure 3 presents the daily activity curves along with the pre-
dicted lifespan in a sample of randomly selected tubes. The results 
suggest that the prediction of lifespan is in good agreement with the 
actual age- at- death. The conditional density curves show the pre-
dicted distribution of age- at- death, with higher values indicating a 
higher probability of death at that time.

F I G U R E  2 The	modes	of	variation,	as	per	(3)	in	Section	3.1, vary with the parameter α	ranging	from	−2	to	2	(left	to	right).	The	three	rows	
correspond to the modes of variation of the first three two- dimensional eigenfunctions. The eigenfunctions are illustrated in Figure S5 in the 
Appendix.

Response Intercept C- 20 C- 50 R2

�1 −243.29 (<0.001) 295.37 (<0.001) 389.43 (<0.001) 0.23

�2 −132.30 (0.01) 50.43 (0.455) 321.96 (<0.001) 0.28

�3 −50.03	(0.24) 27.53	(0.63) 13.31 (0.05) 0.06

Note: The corresponding p- values are included in brackets and the R2 values are listed in the final 
column. Coefficients with significant p- values (p- value≤ 0.05) are shown in bold.

TA B L E  1 The	results	of	the	linear	
regression using the FPCA scores of 
the early- age activity as the response 
variables (top to bottom) and treatment 
levels as predictors (left to right).
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4.3  |  Before- death activity profile

To study the activity patterns of medflies before they die, we model 
the before- death activity as a function- valued stochastic process. 
The time coordinate is thanatological age represented by thanato-
logical days (days going backwards from the day of death), while the 
repeated measurement coordinate remains unchanged and corre-
sponds to the hour within a day. The mean function and eigenfunc-
tions can be defined and estimated similarly as in Section 3.1.

Figure 4a shows the population level mean function of the med-
fly activity modeled in the thanatological age scale, where the time 

coordinate starts from the day of death and the hour within the day 
remains unchanged. The mean function displays the average activity 
pattern of the medflies, indicating that they tend to be more active 
during the hours when the light sensor is on (7:00–21:00) and less 
active during the hours when the light sensor is off. Additionally, the 
mean function shows a decline in activity as the medflies approach 
their death.

Over 50% of the variation in the before- death activity is ex-
plained by the first three two- dimensional eigenfunctions, as de-
picted in Figure S6 in the supplement. Modes of variation of the 
first three eigenfunctions as per (3) in Section 3.1 are illustrated in 
Figure 5. The primary variation can be seen in the decline of activity 
during the daytime leading up to death. The second eigenfunction 
emphasizes the level of activity prior to death. The third eigenfunc-
tion concentrates on the decrease in activity during the early morn-
ing hours.

The FPCA scores associated with the first three eigenfunctions 
are utilized for downstream cluster analysis. We employ a Gaussian 
mixture model with a diagonal covariance matrix to identify two 
underlying clusters, as shown in Figure 6. The first cluster can be 
connected with the sudden death feature of the medflies, while the 
second cluster reflects a dwindling pattern of activity as medflies 
approach their death.

To gain a deeper understanding of the differences between the 
two clusters, we randomly select six flies from each cluster and pres-
ent their activity data in Figures S7 and S8 in the supplement. For 
cluster 1, four tubes (24–3, 15–2, 10–1, and 2–2) exhibit a noticeable 

TA B L E  2 The	regression	coefficients	along	with	95%	confidence	
intervals	for	functional	linear	regression	as	per	model	(6)	in	
Section 3.2 where significant coefficients are bold.

Coefficient Fitted result
Confidence 
interval

r0

(
T0

)
18.606 (8.502, 27.811)

�1 −0.013 (−0.034, 0.001)

�2 −0.013 (−0.030,	0.002)

�3 −0.005 (−0.025,	0.011)

C20 11.856 (0.218, 19.757)

C50 8.726 (−6.044,	26.473)

Note: Score representations of the early- age activity profile in 
Section 4.1 together with treatment levels are the predictors, while the 
remaining lifespan is the response.

F I G U R E  3 The	prediction	of	the	remaining	lifespan	as	per	model	(6)	in	Section	3.2, where the score representations of the early- age 
activity profile in Section 4.1 together with treatment levels are predictors, while the remaining lifespan is the response. The figure displays 
three rows, corresponding to the randomly selected tubes under different treatment levels (C- 10, C- 20, and C- 50, top to bottom). The 
observed age- at- death is marked as a cross while the predicted age- at- death is marked as a circle for each tube. The predicted conditional 
density of age- at- death as per model (7) in Section 3.3 is shown as red dashed line for each tube.
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F I G U R E  4 Estimated	mean	functions	
of before- death activity profile, as per (1) 
of Section 3.1, for (a) population level and 
three diet levels (b, c, and d) C- 10, C- 20, 
and C- 50.

F I G U R E  5 The	modes	of	variation,	as	per	(3)	in	Section	3.1, vary with the parameter α	ranging	from	−2	to	2	(left	to	right).	The	three	rows	
correspond to the modes of variation of the first three two- dimensional eigenfunctions. The eigenfunctions are illustrated in Figure S6 in the 
Appendix.
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decline in activity just before death. For cluster 2, all six tubes 
demonstrate a gradual decrease in activity leading up to death.

5  |  DISCUSSION

We model the daily activity of the Mediterranean fruit fly as a 
functional- valued stochastic process, taking into account the re-
peated measurements of activity for each day during their lifespan 
and using advanced FDA methodology. The longitudinal time is rep-
resented by the calendar day, and the repeated observations are the 
recorded times within each day. FPCA is used to effectively demon-
strate the modes of variation of the process.

The study identified three distinct patterns of variation in the 
early- age activity profile and explored their connection to diet. A 
low nutrition level (C- 10) is associated with a diminished contrast be-
tween daytime and nighttime activity and a relatively late peak in ac-
tivity. On the other hand, medium nutrition (C- 20) and high nutrition 
(C- 50) result in a relatively early peak in activity and an increased 
contrast between daytime and nighttime activity, with high nutrition 
(C- 50) having a strong connection to high early- age activity.

Our analysis also indicates that there is a strong connection 
between daily activity in early age and subsequent mortality and 
demonstrates that the activity profiles can serve as a biomarker. 
We apply a functional linear regression model that uses the activity 
within	the	first	32 days	and	the	treatment	received	by	the	medfly	to	
predict its lifespan. Increased mortality risk is linked with higher ac-
tivity levels and greater contrast between daytime and nighttime ac-
tivity, particularly in the high nutrition level group (C- 50). Individuals 
receiving medium nutrition (C- 20) are predicted to have a longer 
lifespan compared to those in the low nutrition group (C- 10) and 
high nutrition group (C- 50). We also present predicted lifespan dis-
tributions for individual subjects, where a higher value of the density 
function of the predicted distribution indicates a higher probability 
of death for the medfly. All of this shows that activity profiles can 
serve as a useful biomarker of longevity.

It is important to note that the proposed methodology can be 
generally used for tracking medfly activity across various conditions 
and also for other species as long as continuous recording of activity 
is available over the lifespan of the respective species. Furthermore, 
it is essential to acknowledge that our current findings stem from 
observing the activity of unmated female adult medflies living in 
an isolated glass tube. The cost of reproduction has been strongly 

correlated with the aging process in medflies' life history traits in the 
past (Chapman et al., 1998). Therefore, in future studies, it would 
be extremely interesting to investigate the differences between the 
locomotory activity patterns for virgin and mated flies and their rela-
tionship with aging. In addition, the social interactions and crowding 
that happened in the field could potentially impact activity profiles 
and lifespan (Gaskin et al., 2002; Warburg & Yuval, 1997), although 
tracking these effects can pose significant challenges.

Additionally, exemplifying the adaptability of the proposed ap-
proach, we demonstrate that the technique to model the early- age 
activity profile can also be applied to the modeling of before- death 
activity profiles and provides insights into the before- death activ-
ity. The use of a Gaussian mixture model cluster analysis identifies 
two distinct patterns in the before- death activity profiles, allowing 
for a deeper understanding of the process leading up to death. One 
cluster is characterized by a slow decline in daily activity and the 
other is connected with a sudden activity decline before death. 
Understanding these modes of dying is of general interest to gain 
further insights into longevity.

Fruit flies, as fully metamorphosed insects, undergo a life cycle 
encompassing four distinct stages: egg, larva, pupa, and adult. They 
infest fruits by depositing their eggs beneath the fruit's surface, 
where the larvae subsequently feed on the fruit's interior. Upon 
reaching maturity, these larvae emerge from the fruit and undergo 
pupation in the soil. Given the considerable challenges in observing 
larval locomotor activity within natural fruit environments and arti-
ficial food mediums (Bittern et al., 2022; Risse et al., 2017), our study 
centers on observing and analyzing the locomotor activity of adult 
flies. Although numerous studies link immature experiences, such as 
rearing at lower temperatures or consuming protein- deficient diets, 
with adult fitness, reproductive success, and longevity, further in-
vestigation is required to ascertain the precise impact of immature 
experiences on adult aging dynamics (Yadav & Sharma, 2014). As 
mentioned above, fruit flies are holometabolous insects, and they 
are commonly used in aging studies. Interestingly, studies in the past 
argued that holometabolous species buffered adult phenotypes 
from immature developmental variation, thus hemimetabolous in-
sects may be more comparable with vertebrates when focusing on 
aging studies (Archer & Hunt, 2015; Lyn et al., 2011). From this point 
of view, it would be interesting to apply our models to hemimetabo-
lous species to characterize the aging process in plenty of different 
types of organisms, as the LAM system has been used in the past for 
imperfectly metamorphosed species (Kaniewska et al., 2020). As an 

F I G U R E  6 Representatives	of	the	two	
clusters identified for the activity profiles 
before death—abrupt end of the activity 
(left) and dwindling of activity (right).
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extension, exploration of the connections of underlying molecular 
and physiological mechanisms (Goossens et al., 2020) and activity 
profiles would aid to gain a better understanding of the factors gov-
erning activity.

AUTHOR CONTRIBUTIONS
Han Chen (Methodology, Software, Formal analysis, Writing—origi-
nal draft). Hans- Georg Müller (Conceptualization, Methodology, 
Software, Formal analysis, Resources, Writing—original draft, 
Supervision). Vassilis Rodovitis (Experimental design, Data curation, 
Writing—original draft). Nikos Papadopoulos (Experimental design, 
Data curation, Supervision). James R. Carey (Conceptualization, 
Resources, Writing—original draft, Data curation, Supervision, 
Funding acquisition).

ACKNOWLEDG MENTS
This work is funded in part by a grant from the Center for 
the Economics and Demography of Aging, UC Berkeley (NIH 
2P30AG012839)	and	in	part	by	National	Science	Foundation	grants	
DMS-	2014626	and	DMS-	2310450.

FUNDING INFORMATION
No funding information provided.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
The data supporting this study's findings are available from James 
R. Carey upon reasonable request (email address: jrcarey@ucdavis.
edu).

ORCID
Han Chen  https://orcid.org/0000-0002-4013-2257 

R E FE R E N C E S
Archer, C. R., & Hunt, J. (2015). Understanding the link between sex-

ual selection, sexual conflict and aging using crickets as a model. 
Experimental Gerontology, 71, 4–13.

Bittern, J., Praetz, M., Baldenius, M., & Klämbt, C. (2022). Long- term ob-
servation of locomotion of drosophila larvae facilitates feasibility of 
food- choice assays. Advanced Biology, 6(4),	2100938.

Carey, J. R., Papadopoulos, N., Kouloussis, N., Katsoyannos, B., Müller, H.- 
G.,	Wang,	J.-	L.,	&	Tseng,	Y.-	K.	(2006).	Age-	specific	and	lifetime	be-
havior patterns in Drosophila melanogaster and the Mediterranean 
fruit fly, Ceratitis capitata. Experimental Gerontology, 41(1),	93–97.

Castro,	P.	E.,	Lawton,	W.	H.,	&	Sylvestre,	E.	(1986).	Principal	modes	of	vari-
ation for processes with continuous sample curves. Technometrics, 
28(4),	329–337.

Chapman,	 T.,	 Takahisa,	 M.,	 Smith,	 H.	 K.,	 &	 Partridge,	 L.	 (1998).	
Interactions of mating, egg production and death rates in females 
of the Mediterranean fruitfly, Ceratitis capitata. Proceedings of 
the Royal Society of London. Series B: Biological Sciences, 265(1408), 
1879–1894.

Chen, K., Delicado Useros, P. F., & Müller, H.- G. (2017). Modelling 
function- valued stochastic processes, with applications to fertility 

dynamics. Journal of the Royal Statistical Society, Series B: Statistical 
Methodology, 79(1),	177–196.

Chen, K., & Müller, H.- G. (2012). Modeling repeated functional obser-
vations. Journal of the American Statistical Association, 107(500), 
1599–1609.

Chiu, J. C., Kaub, K., Zou, S., Liedo, P., Altamirano- Robles, L., Ingram, 
D., & Carey, J. R. (2013). Deleterious effect of suboptimal diet on 
rest- activity cycle in Anastrepha ludens manifests itself with age. 
Scientific Reports, 3(1), 1773.

Ding, J., & Wang, J.- L. (2008). Modeling longitudinal data with nonpara-
metric multiplicative random effects jointly with survival data. 
Biometrics, 64(2),	546–556.

Fanson, B. G., Petterson, I. E., & Taylor, P. W. (2013). Diet quality medi-
ates activity patterns in adult Queensland fruit fly (Bactrocera try-
oni). Journal of Insect Physiology, 59(7),	676–681.

Gargano, J. W., Martin, I., Bhandari, P., & Grotewiel, M. S. (2005). Rapid 
iterative negative geotaxis (ring): A new method for assessing age- 
related locomotor decline in Drosophila. Experimental Gerontology, 
40(5),	386–395.

Gaskin, T., Futerman, P., & Chapman, T. (2002). Increased density and 
male- male interactions reduce male longevity in the medfly, 
Ceratitis capitata. Animal Behaviour, 63(1),	121–129.

Goossens, S., Wybouw, N., van Leeuwen, T., & Bonte, D. (2020). The 
physiology of movement. Movement Ecology, 8, 1–13.

Harshman, L. G., & Zera, A. J. (2007). The cost of reproduction: The devil 
in the details. Trends in Ecology & Evolution, 22(2),	80–86.

Hendrichs,	J.,	Katsoyannos,	B.,	Papaj,	D.,	&	Prokopy,	R.	(1991).	Sex	dif-
ferences in movement between natural feeding and mating sites 
and tradeoffs between food consumption, mating success and 
predator evasion in Mediterranean fruit flies (Diptera: Tephritidae). 
Oecologia, 86, 223–231.

Jacobson, J., Lambert, A. J., Portero- Otín, M., Pamplona, R., Magwere, T., 
Miwa, S., Driege, Y., Brand, M. D., & Partridge, L. (2010). Biomarkers 
of aging in Drosophila. Aging Cell, 9(4),	466–477.

Kaladchibachi,	S.,	Secor,	M.	A.,	Negelspach,	D.	C.,	&	Fernandez,	F.	(2019).	
Longitudinal study of sleep and diurnal rhythms in Drosophila 
ananassae. Experimental Gerontology, 116,	74–79.

Kaniewska,	M.	M.,	 Vaněčková,	 H.,	 Doležel,	 D.,	 &	 Kotwica-	Rolinska,	 J.	
(2020). Light and temperature synchronizes locomotor activity in 
the linden bug, Pyrrhocoris apterus. Frontiers in Physiology, 11, 242.

Karhunen,	 K.	 (1946).	 Zur	 Spektraltheorie	 stochastischer	 Prozesse.	
Annales Academiae Scientiarum Fennicae. Series A, 34.

Koh,	K.,	Evans,	J.	M.,	Hendricks,	J.	C.,	&	Sehgal,	A.	(2006).	A	drosophila	
model for age associated changes in sleep: Wake cycles. Proceedings 
of the National Academy of Sciences, 103(37), 13843–13847.

Kyritsis,	 G.	 A.,	 Augustinos,	 A.	 A.,	 Livadaras,	 I.,	 Cáceres,	 C.,	 Bourtzis,	
K.,	 &	 Papadopoulos,	 N.	 T.	 (2019).	 Medfly-	Wolbachia	 symbiosis:	
Genotype x genotype interactions determine host's life history 
traits under mass rearing conditions. BMC Biotechnology, 19, 1–15.

Le	Bourg,	E.	(1987).	The	rate	of	living	theory.	Spontaneous	locomotor	ac-
tivity, aging and longevity in Drosophila melanogaster. Experimental 
Gerontology, 22(5),	359–369.

Leonelli, S., & Ankeny, R. A. (2013). What makes a model organism? 
Endeavour, 37(4),	209–212.

Lints,	F.,	Le	Bourg,	E.,	&	Lints,	C.	(1984).	Spontaneous	locomotor	activity	
and life span. Gerontology, 30(6),	376–387.

Lyn, J. C., Naikkhwah, W., Aksenov, V., & Rollo, C. D. (2011). Influence 
of two methods of dietary restriction on life history features and 
aging of the cricket Acheta domesticus. Age, 33,	509–522.

Markowska,	A.	L.,	&	Breckler,	S.	J.	(1999).	Behavioral	biomarkers	of	aging:	
Illustration of a multivariate approach for detecting age- related be-
havioral changes. The Journals of Gerontology. Series A, Biological 
Sciences and Medical Sciences, 54(12),	B549–B566.

Müller, H.- G. (2005). Functional modelling and classification of longitudi-
nal data. Scandinavian Journal of Statistics, 32(2), 223–240.

mailto:jrcarey@ucdavis.edu
mailto:jrcarey@ucdavis.edu
https://orcid.org/0000-0002-4013-2257
https://orcid.org/0000-0002-4013-2257


10 of 10  |     CHEN et al.

Müller, H.- G., Carey, J. R., Wu, D., Liedo, P., & Vaupel, J. W. (2001). 
Reproductive potential predicts longevity of female mediterra-
nean fruitflies. Proceedings of the Royal Society of London. Series B: 
Biological Sciences, 268(1466),	445–450.

Müller, H.- G., & Stadtmüller, U. (2005). Generalized functional linear 
models. The Annals of Statistics, 33(2), 774–805.

Müller,	H.-	G.,	&	Wang,	 J.-	L.	 (1994).	Hazard	 rate	estimation	under	 ran-
dom censoring with varying kernels and bandwidths. Biometrics, 50, 
61–76.

Müller, H.- G., & Zhang, Y. (2005). Time- varying functional regression for 
predicting remaining lifetime distributions from longitudinal trajec-
tories. Biometrics, 61(4),	1064–1075.

Papadopoulos, N. T., Carey, J. R., Katsoyannos, B. I., Kouloussis, N. 
A., Müller, H.- G., & Liu, X. (2002). Supine behaviour predicts the 
time to death in male Mediterranean fruitflies (Ceratitis capi-
tata). Proceedings of the Royal Society of London. Series B: Biological 
Sciences, 269(1501),	1633–1637.

Prenter, J., Weldon, C. W., & Taylor, P. W. (2013). Age- related activity 
patterns are moderated by diet in Queensland fruit flies Bactrocera 
tryoni. Physiological Entomology, 38(3),	260–267.

Promislow, D. E., Flatt, T., & Bonduriansky, R. (2022). The biology of 
aging in insects: From Drosophila to other insects and back. Annual 
Review of Entomology, 67, 83–103.

Ramsay, J. O., & Silverman, B. W. (2005). Functional data analysis. Springer.
Risse, B., Berh, D., Otto, N., Klämbt, C., & Jiang, X. (2017). An open 

source tracking and locomotion analysis software for small animals. 
PLoS Computational Biology, 13(5), e1005530.

Rodovitis, V. G., Papanastasiou, S. A., Bataka, E. P., Nakas, C. T., Koulousis, 
N. A., Carey, J. R., & Papadopoulos, N. T. (2022). Electronic record-
ing of lifetime locomotory activity patterns of adult medflies. PLoS 
One, 17(7),	e0269940.

Simon,	A.	F.,	Liang,	D.	T.,	&	Krantz,	D.	E.	 (2006).	Differential	decline	in	
behavioral performance of Drosophila melanogaster with age. 
Mechanisms of Ageing and Development, 127(7),	647–651.

Sohal,	R.	(1985).	Spontaneous	locomotor	activity	as	a	test	for	the	rate	of	
living theory. Gerontology, 31(5), 332–334.

Sohal,	 R.,	 &	 Buchan,	 P.	 (1981).	 Relationship	 between	 physical	 activity	
and life span in the adult housefly, Musca domestica. Experimental 
Gerontology, 16(2),	157–162.

Wang,	J.-	L.,	Chiou,	J.-	M.,	&	Müller,	H.-	G.	(2016).	Functional	data	analysis.	
Annual Review of Statistics and Its Application, 3,	257–295.

Warburg,	M.	 S.,	 &	 Yuval,	 B.	 (1997).	 Circadian	 patterns	 of	 feeding	 and	
reproductive activities of Mediterranean fruit flies (Diptera: 
Tephritidae) on various hosts in Israel. Annals of the Entomological 
Society of America, 90(4),	487–495.

Yadav, P., & Sharma, V. K. (2014). Circadian clocks of faster developing 
fruit fly populations also age faster. Biogerontology, 15, 33–45.

Zhang,	 Y.,	 Müller,	 H.-	G.,	 Carey,	 J.	 R.,	 &	 Papadopoulos,	 N.	 T.	 (2006).	
Behavioral trajectories as predictors in event history analysis: Male 
calling behavior forecasts medfly longevity. Mechanisms of Ageing 
and Development, 127(8),	680–686.

Zou, S., Liedo, P., Altamirano- Robles, L., Cruz- Enriquez, J., Morice, A., 
Ingram, D. K., Kaub, K., Papadopoulos, N., & Carey, J. R. (2011). 
Recording lifetime behavior and movement in an invertebrate 
model. PLoS One, 6(4), e18151.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Chen, H., Müller, H.-G., Rodovitis, V. 
G., Papadopoulos, N. T., & Carey, J. R. (2024). Daily activity 
profiles over the lifespan of female medflies as biomarkers of 
aging and longevity. Aging Cell, 23, e14080. https://doi.
org/10.1111/acel.14080

https://doi.org/10.1111/acel.14080
https://doi.org/10.1111/acel.14080

	Daily activity profiles over the lifespan of female medflies as biomarkers of aging and longevity
	Abstract
	1|INTRODUCTION
	2|DATA DESCRIPTION
	3|STATISTICAL METHODS
	3.1|Function-valued stochastic process
	3.2|Prediction of remaining lifetime
	3.3|Conditional distributions of remaining lifetime

	4|RESULTS
	4.1|Early-age activity profile and connection to diet
	4.2|Relationship between early-age activity and lifespan
	4.3|Before-death activity profile

	5|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES




