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A B S T R A C T   

Fannia pusio (Wiedemann) is originally from tropical and subtropical regions of the Americas, where it has 
repeatedly been collected from both animal carrion and human cadavers. This species is expanding its distri-
butional range, and it has been introduced to Africa, Asia, Australia, Oceania, and Europe. Newly introduced 
species may be confused with native species of local arthropod necrophagous assemblages, which from a forensic 
entomology perspective may impact the accuracy of post-mortem interval (PMI) estimations based on insect 
evidence. In this work we aim to raise awareness among forensic entomologists of the potential benefits and risks 
associated with the expanding range of F. pusio. Morphology of all larval instars is documented with a combi-
nation of light, confocal laser scanning and scanning electron microscopy. Characters allowing identification 
from other forensically important Fanniidae are listed. Thermal requirements for the development of immature 
stages of F. pusio were examined under nine ambient temperatures. Models describing changes in larval body 
length over time were produced for eight different temperatures. The thermal summation constant (k) and 
developmental zero (Tmin) were calculated for six developmental events: hatching, first ecdysis, second ecdysis, 
wandering, pupariation, and eclosion.   

1. Introduction 

The death of an organism initiates a decomposition process that 
contributes to recycling nutrients through the ecosystem (Parmenter and 
MacMahon, 2009). Decomposing bodies represent rich, yet ephemeral 
resources, attractive to numerous organisms (Charabidze et al., 2021). 
With the passage of time and resultant cadaver breakdown, specific 
insect assemblages may colonize the body (Smith, 1986). The natural 
activity of insects not only accelerates decomposition, but rigorous 
analysis of entomological material present on a cadaver may also be 
used to determine the time elapsed since death occurred, the 
post-mortem interval (PMI) (Amendt et al., 2011). A significant 
advantage of using insects as forensic indicators is the high accuracy of 
PMI estimation and the fact that this method can be applied for an 
extensive period after death has occurred. To shed more light on cases of 
death of animals and humans, one may use either a successional or a 
developmental approach. For the successional method, the underlying 

assumption is that insects colonize a cadaver in a predicted, sequential 
manner and PMI estimates are obtained by a comparison of observed 
successional pattern against reference data (Matuszewski et al., 2011). 
In case of the developmental approach, the age of the oldest preimaginal 
stages present on the cadaver is assumed to reflect, under certain cir-
cumstances, the minimum PMI (mPMI) (Richards and Villet, 2008). 
However, numerous factors affect both the carrion-arthropod succession 
and the rate of insect development (Clark et al., 2006; Matuszewski 
et al., 2014; Richards and Villet, 2008). Thus, the accuracy and precision 
of PMI estimation by means of successional or developmental ap-
proaches require precise models derived from field or laboratory ex-
periments. Furthermore, under both approaches, one additional 
requirement must be fulfilled for successful application of forensic 
entomology methods. That is, correct species identification is a prereq-
uisite to use species-specific data and determines credibility and accu-
racy of PMI estimations. Definite identification may still be challenging, 
particularly for immature stages, since these have not been documented 
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for many species, or available information does not provide 
species-specific characters allowing for easy identification. Additionally, 
the difficulties in identifying entomological material hinders progress in 
the succession-based approach due to incomplete exploration of carrion 
arthropod assemblages. To overcome these issues, detailed in-
vestigations of the morphology of immature stages, with the application 
of state-of-the-art microscopic methods, are necessary (Grzywacz et al., 
2014). 

Fannia pusio (Wiedemann) is a dipteran species originating from 
tropical and subtropical regions of the Americas (Carvalho et al., 2003; 
Chillcott, 1960). Close association with humans allowed the species to 
spread through commerce to various regions of the World. Fannia pusio 
is currently known to occur in Africa (Pont, 1980), Asia (Omar et al., 
2007), Australia and Oceania (Pont, 1977) and Europe (Rozkošný et al., 
1997). The preferred breeding medium for immature stages are verte-
brate excrements, yet larvae successfully develop also in other types of 
decaying organic matter. Importantly, F. pusio has repeatedly been re-
ported from carrion succession experiments as well as human cadavers 
(Bohart and Gressitt, 1951; Carvalho et al., 2000; de Faria et al., 2018; 
Grzywacz and Castro, 2012; Vasconcelos et al., 2019). Adults of F. pusio 
may relatively easily be differentiated from other fanniids (Couri, 2005; 
Grisales et al., 2016), especially beyond South America where 
morphologically similar conspecifics do not occur (Chillcott, 1960; 
Pont, 1977; Rozkošný et al., 1997). However, for PMI estimation by 
means of the developmental approach, preimaginal stages are of pri-
mary usefulness. Despite the fact that immature stages of F. pusio have 
already been described (Al Gazi et al., 2004; Bohart and Gressitt, 1951; 
Chillcott, 1960; Couri, 1992) and the species has been included in a key 
for third instar larvae by Chillcott (1960) and Rozkošný et al. (1997), 
available descriptions are incomplete or even erroneous. Thus, identi-
fication of immature stages of F. pusio may currently be challenging or 
even impossible, depending on geographical region and occurrence of 
closely related conspecifics (Szpila and Grzywacz, 2020). These issues 
notwithstanding, correct species identification does not by itself promise 
an accurate mPMI estimation. Available data on thermal requirements 
for the development of immature stages of F. pusio (Bravo-Pena et al., 
2021; Marchiori and Prado, 1996) are incomplete and models allowing 
for comprehensive mPMI estimation are currently not available for this 
species or any other close relative (Grzywacz, 2019). 

Wide application of F. pusio for medico-legal purposes is currently 
held up. To fill this gap and facilitate the application of F. pusio as 
entomological evidence in legal investigations, we provide herein: (1) a 
comprehensive re-description of the larval morphology, and (2) data on 
the influence of temperature on the development time of a European 
population of F. pusio. To provide comprehensive development models 
we: (1) investigated the time to reach six developmental events 
(hatching, first ecdysis, second ecdysis, wandering, pupariation, and 
eclosion) under nine constant temperatures from 12 ◦C to 36 ◦C; (2) 
estimated thermal requirements for development with the application of 
both linear and nonlinear models; and (3) measured and simulated 
changes in larval body length at nine temperatures. 

2. Materials and methods 

2.1. Laboratory culture 

Females of F. pusio were collected in southern Spain in 2016. Insects 
were transferred to Poland to establish a laboratory colony. About 35 
trapped females were kept separately in 120 ml containers with access to 
water, sugar, and decomposed chicken liver. Species identification of 
each female was confirmed based on male offspring (Rozkošný et al., 
1997). The laboratory colony was established from the first generation 
of laboratory-reared individuals. The colony was maintained as 
described in Grzywacz (2019). 

2.2. Larval morphology 

Third instar larvae were collected in 2010 from a laboratory colony 
maintained at the Mexican-American Commission for the Eradication of 
Screwworm (COMEXA) in Chiapa de Corzo, Chiapas, Mexico. First, 
second and third instar larvae were obtained from above mentioned 
laboratory colony. Larvae of adequate age were transferred from the 
rearing containers to a Petri dish, killed by soaking in hot water (≈
95 ◦C), cleaned in distilled water with a fine brush and preserved in 70% 
ethanol. 

Light microscopy examination was performed with a Stemi 2000 
stereomicroscope (Carl Zeiss Light Microscopy, Germany). Larvae for 
light microscopy examination were slide-mounted in Hoyer’s medium 
with the use of cavity slides and examined with a M205 C Leica Ste-
reomicroscope (Leica Camera AG, Germany) with an integrated high- 
resolution Leica DFC495 digital camera (Leica Camera AG, Germany). 

For CLSM observations material was prepared according to the 
protocol by Szpila et al. (2021) with the following modifications: (1) 
reduced or extended digestion time depending on the size of individuals 
(12–18 h for first and second instar larvae to 24 h for third instar larvae); 
(2) mounting specimens in a drop of glycerine. Following the protocol, 
larval specimens were transferred to 10% potassium hydroxide (KOH) 
with adjusted maceration time. The larval specimens were then trans-
ferred to 80% EtOH to dehydrate for 15 min and placed in a drop of 
glycerine on a cavity slide and covered with a coverslip afterwards. 
CLSM study was conducted using a Leica TCS SP8 Confocal Laser 
Scanning Microscope (Leica Microsystems, Wetzlar, Germany). Three 
excitation wavelengths (488 nm, 561 nm, 633 nm) were used and 
sequential scanning was performed with a 4x frame averaging to in-
crease image quality. The laser power and gain values were selected 
individually for each sample. Specimens were examined under a 40x oil 
immersion objective with a numerical aperture (N.A.) of 1.3. After 
acquisition, all single two-dimensional images were assembled to 
generate maximum intensity projections (MIP) using LAS AF V3.3 
software and 3D visualization using LAS X 3D Viewer program. The 
number of z-steps was manually changed to 97 for first instar larvae and 
130–212 for second and third instar larvae. 

Preparation for SEM examination involved dehydration through 80, 
90 and 99.5% EtOH, processing in a Bal-Tec CPD 030 (Leica Micro-
systems, Germany) critical point drier, mounting on aluminum stubs 
with double-sided tape and sputter-coating with platinum for 140 s (20 
nm of coating) using a Jeol JFC 2300HR (JEOL Ltd, Japan) high reso-
lution fine coater. SEM images were taken with a JEOL Scanning Mi-
croscope JSM-6335F (JEOL Ltd, Japan). Terminology follows Courtney 
et al. (2000) with several modifications to general morphology proposed 
by Szpila and Pape (2005). For family-specific structures, particularly 
for the processes covering body segments, terminology by Lyneborg 
(1970) and Grzywacz et al. (2012) is followed. Voucher specimens have 
been deposited in the collection of the Department of Ecology and 
Biogeography, Nicolaus Copernicus University in Toruń. 

2.3. Temperature-dependent development 

Developmental experiments were performed under nine ambient 
temperatures (from 12 to 36 ± 0.5 ◦C) according to the protocol 
described by Grzywacz (2019). During each experimental run three 
ILW53 incubators (Pol-Eko, Poland) were used simultaneously. 
Equal-age eggs were obtained by placing a container with decomposed 
liver in the rearing cage for four hours to allow females to oviposit. 
Subsequently, eggs were transferred to Styrofoam® cups with a moist-
ened cellulose pads and a portion of liver as feeding substrate. To avoid 
the possible increase of the temperature due to maggot masses up to 30 
eggs was placed in each container. Small rearing cups were placed in 
larger containers. Each of the latter contained moist paper at the bottom, 
four small rearing containers and was closed with a perforated lid. Inside 
incubators containers were arranged on two shelves and to reduce the 
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influence of containers’ positions inside the cabinet on insect develop-
ment, they were randomly rearranged every day. Experiment was con-
ducted at 60–75% relative humidity and under a 14:10 h light:dark 
photoperiod. Decomposed chicken liver was added ad libitum. Samples 
were taken every 4, 6, 8, 12, or 24 h depending on the developmental 
stage and experimental temperature, such that the time between sam-
pling events covered about 10% of the given immature stage duration 
(Richards and Villet, 2008). About ten specimens were sampled each 
time from a random cup taken from a randomly chosen container. 
Immature stages were placed in a drop of water on a Petri dish, killed in 
hot water, and subsequently preserved in 80% ethanol. The distance 
from the bases of the anterior processes on the first thoracic segment to 
the posteriormost part of the anal division was used as a substitute for 
the total body length (Grzywacz, 2019). Immature stages were measured 
with a digital calliper under a stereomicroscope (Stemi 2000, Zeiss). 

2.4. Development models 

To estimate thermal requirements, obtained data were analysed with 
the application of Ikemoto and Takai (2000) model (Eq. (1)): 

DT = k + TminD (1)  

where D is the duration of development (in hours or days), Tmin is the 
lower developmental threshold, T is the ambient temperature, and k is 
the thermal summation constant. Parameters of Ikemoto & Takai model 
were calculated by means of the Reduced Major Axis (RMA) in R (R Core 
Team, 2019) with the lmodel2 package (Legendre, 2014). Only values in 
the linear portion of the temperature-development relationship were 
used in the calculation of parameters (Ikemoto and Takai, 2000; 
Richards and Villet, 2008). Additionally, the relationship between 
development rate and temperature was modelled using empirical 
nonlinear models: Analytis (Eq. (2)), Brière-2 (Eq. (3)), and Lactin-2 (Eq. 
(4)) (Damos and Savopoulou-Soultani, 2012; Moallem et al., 2017): 

1
D

= a ∗ (T − Tmin)
n
∗ (Tmax − T)m (2)  

1
D

= a ∗ (T − Tmin) ∗ (Tmax − T)
1
d (3)  

1
D

= e(p∗T) − e

(

p∗Tmax −

(
Tmax − T

ΔT

))

+ λ (4)  

where Tmin is the lower developmental threshold, Tmax is the upper 
developmental threshold, Tfast is the temperature at which the devel-
opment rate is the fastest, and a, n, m, d, p, ΔT, and λ are fitted model 
coefficients. The fourth, theoretical, nonlinear model used in this study, 
the Sharpe-Schoolfield-Ikemoto (SSI) model (Eq. (5)) (Shi et al., 2011), 
captures the impact of temperature on enzyme activity. This model al-
lows the intrinsic optimum temperature (Tφ) to be calculated and it has 
been suggested that Tφ represents the optimal ambient temperature at 
which the population size in ectotherms will be maximized and the 
mortality of ectotherms will be the lowest. The equation of the SSI model 
used is as follows: 

1
D

=
ρφ

(
T

Tφ

)
∗ e[

ΔHA
R ∗(( 1

Tφ)− (
1
T))]

1 + e
[

ΔHL
R ∗

( (
1

TL

)
− (1

T)
)]

+ e
[

ΔHH
R ∗

( (
1

TH

)
− (1

T)
)] (5)  

where ρφ is the development rate at the intrinsic optimum temperature 
Tφ assuming no enzyme inactivation, ΔHA is the enthalpy of activation of 
the reaction that is catalysed by the enzyme, ΔHL is the change in 
enthalpy associated with low-temperature inactivation of the enzyme, 
ΔHH is the change in enthalpy associated with high-temperature inac-
tivation of the enzyme, R is the gas constant, TL is the temperature at 
which the enzyme in 1/2 active and 1/2 low-temperature inactive, and 

TH is the temperature at which the enzyme is 1/2 active and 1/2 high- 
temperature inactive (Shi et al., 2011). Nonlinear models were fitted 
in R with use of the Levenberg-Marquardt algorithm in the minpack.lm 
package (Elzhov et al., 2016) for experimental models, and the SSI 
package (Shi et al., 2011) for the theoretical model. We modelled the 
relationship between larval body length and the time after hatching by 
means of nonlinear regression using the ggpmisc extension to the ggplot2 
package (Wickham, 2009) in R. 

3. Results 

3.1. Larval morphology 

Cephaloskeleton. Weakly sclerotized in the first instar, except for the 
vertical plates (Fig. 2A, D); equipped with paired mouthhooks (mh), 
unpaired labrum (lb), epistomal sclerite (es), intermediate sclerite (is) 
and basal sclerite (bs) (Fig. 1A). The major part of the mh in form of a 
long, gently up-curved rod; the basal part slightly widened and ven-
trolaterally equipped with a lateral arm (la). The epistomal sclerite 
protuberant, clearly visible in lateral view (Fig. 2A, D). The es fused 
anteriorly with the basal part of lb, and laterally with the parastomal 
bars (pb). The pb slender along their entire length. The intermediate 
sclerite elongated and H-shaped. Basal sclerite consists of paired vertical 
plates (vp), each with a parastomal bar in the anterior part and dorsal 
(dc) and ventral cornu (vc) posteriorly. Both vp are connected antero- 
dorsally by a perforated dorsal bridge (db) and anteroventrally by 
faintly sclerotized ventral bridge (vb). The length of the dc is shorter than 
the vc. In its lower posterior part vc carries a sensory organ X, equipped 
with paired sensilla. Hypopharynx weakly sclerotized with longitudinal 
ridges. 

Cephaloskeleton in the second instar distinctly sclerotized (Fig. 2B, 
E). The mh elongated, distal third curved ventrally and laterally and with 
a barb-like posteriorly directed ventral projection (Figs. 1B, 2E). The 
basal part of the mh drawn out into a distinct process posterodorsally. 
Paired ds present below basal part of the mh. Epistomal sclerite lies 
freely between anterior arms of is and the basal part of the mh, above the 
crossbeam. A pair of labial sclerites (ls) present below es. Long, massive 
bs with broad vp, and dc shorter than vc. Both vp connected ante-
rodorsally by a well-developed, perforated dorsal bridge (db) and 
anteroventrally by sclerotized ventral bridge (vb). Dorsal extension (de) 
of vc relatively small, equipped with a barely sclerotized and down- 
curved projection directed posteriorly (pp). In its lower posterior part 
vc carries a sensory organ X, equipped with paired sensilla (Fig. 1B). 
Hypopharynx weakly sclerotized with longitudinal ridges. 

Cephaloskeleton in the third instar distinctly sclerotized (Fig. 2C, F). 
The apical part of each mh down-curved, hook hollow inside with an 
orifice at the base (Fig. 2F). Robust basal part of the mh anteriorly 
equipped with a ventrolateral extension, posteriorly drawn out into 
blunted posterodorsal and posteroventral processes (Fig. 1C). Paired ds 
and accessory stomal sclerites (acc) below the basal part of the mh. 
Epistomal sclerite massive, tapering anteriorly. The es lies freely be-
tween the anterior arms of is and the basal part of the mh. A pair of labial 
sclerites (ls) present below es. Long bs with broad vp, and dc shorter than 
vc. Dorsal extension (de) of vc equipped with a well sclerotized and 
posteroventrally directed pp. In its lower posterior part vc carries a 
sensory organ X, equipped with paired sensilla. Hypopharynx weakly 
sclerotized with longitudinal ridges. 

Pseudocephalon. Each lobe of bilobate pseudocephalon equipped 
with an antennal complex (an), maxillary palpus (mp) and ventral organ 
(vo) (Figs. 3B, 5B, 7B). The maxillary palpus surrounded by one circular 
and a few short longitudinal folds and consisting of three sensilla coe-
loconica (sc), three sensilla basiconica (sb) and up to five small addi-
tional sensilla arranged in a tight cluster and two typical sensilla 
coeloconica of non-maxillary origin (ns) located latero-dorsally 
(Figs. 3D, 5C, 7C). The functional mouth opening surrounded by a 
facial mask composed of two oral ridges (or) in the first instar (Fig. 3B) 
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Fig. 1. Cephaloskeleton of Fannia pusio larvae [inked drawings]: (A) first instar larva, lateral view; (B) second instar larva, ventral and lateral view; (C) third instar 
larva, lateral view. Abbreviations: acc, accessory stomal sclerite; db, dorsal bridge; dc, dorsal cornu; de, dorsal extension; ds, dental sclerite; es, epistomal sclerite; is, 
intermediate sclerite; la, lateral arm; lb, labrum; ls, labial sclerite; mh, mouthhook; pb, parastomal bar; pp, posterior projection; vb, ventral bridge; vc, ventral cornu; 
vp, vertical plate; x, “sensory organ X”. 
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and numerous or in the second and third instars (Figs. 5B, 7B). Poste-
riorly mouth opening closed by a pair of labial lobes (ll) equipped with 
sensilla of the labial organ (lo). A pair of ventral organs (vo) placed close 
to the antero-lateral end of the mouth opening, each equipped with two 
sensilla ampullacea, one sensillum basiconicum and one resembling a 
sensillum placodeum (Figs. 3F, 7D). In the second and third instar vo is 
bulge-shaped and surrounded by or (Fig. 7D). 

Anterior and posterior spiracles. Anterior spiracle (as) in first instar 
present as a simple respiratory aperture (ra), indistinguishable under a 
standard light microscope (Fig. 3C). In the following instars each as 
carries about 7–8 lobes (Figs. 5D, 7D). Posterior spiracles (ps) raised on 
robust stalks (Figs. 4F, 6E, 8G), each of which with a papillum in the 
basal, anterolateral position. In the first instar ps equipped with two 
respiratory slits (rs) (Fig. 4B). In the second instar rs placed on small 
baton-like projection (Fig. 6A) and in the third instar each of the three rs 
placed on a small finger-like lobe (Fig. 8D). The plate of each of ps with 
four simple spiracular tufts (st) in the first instar. In the second and third 
instar each st reduced to a form of single sensillum or complex of trichoid 
sensilla (Fig. 8E, F). 

Pattern of processes. A pair of lateral processes (lp) as minute promi-
nences with spine-like projections, present anteriorly to each of the as 
(Figs. 3C, 5D, 7F). The lp indistinguishable under the stereomicroscope. 
Anterior margin of T1 carries a pair of forwardly directed anterior 
processes (ap). Dorsomedian (dm), dorsolateral (dl), laterodorsal (ld), 
lateroventral (lv), ventrolateral (vl) and ventromedian (vm) processes 
present from the second thoracic (T2) to the seventh abdominal (A7) 
segment. The dm relatively short in the first instar (Fig. 4C), while 
moderately developed in the second and third instar (Figs. 6C, 8A). The 
length of the dm increases towards the posterior end of the body. Always 
covered with short spine-like projections. On A2–7 dm preceded with a 
few spine-like projections (Fig. 8A). The dl weekly developed on T2–3, in 
form of a small cones with simple projections, situated in the anterior 
part of each segment, between dm and ld (Figs. 5E, 7G). On A1–7 dl 
stronger, in form of minute stalks with simple projections in the first and 
second instars (Figs. 4E, 6D) and distinct stalks bearing furcate pro-
jections in the third instar (Fig. 8C), always placed in the posterior part 
of each segment, close to the base of or posterior to ld. In the first and 

second instar vl equipped with simple projections surrounding the cen-
tral papilla, both on thoracic and abdominal segments (Figs. 3H, 4A, 5F, 
6B). In the third instar, vl on the thoracic segments in the form of simple 
papillae (Fig. 7H), while on the abdominal segments each papilla sur-
rounded by spine-like projections (Fig. 8B). In the first instar vm as 2–3 
pairs of simple wart-like structures without any visible central papilla or 
associated projections (Fig. 4A), while in the second and third instar one 
pair of vm equipped with spine-like projections surrounding the central 
papilla (Figs. 6B, 8B). Thoracic vl and vm present anteriorly on each 
segment. Abdominal vl situated on the anterior margin, and vm close to 
the posterior margin of each segment. In the second and third instar, an 
additional ventrolateral prominence (avl) present in the middle of T2, 
between lv and vl (Figs. 5E, 7G). In the second instar the avl is equipped 
with surrounding spine-line projections, while in the third instar avl is a 
papilla without surrounding projections. On the anal division, sublateral 
processes (sl) are shorter than the lateral (l) and subapical (sa) processes 
(Figs. 4F, 6E, 8G). 

Integumental sculpture. The surface of the first instar lacks distinct 
polygonal pattern (Figs. 3A, E, G, 4F); the body covered with spines, 
more numerous in anterior part of each segment. On T1, anterior band of 
spines equipped with long projections and interrupted dorsally. Spines 
simple, bifurcated or in the form of short stalks with minute apical 
projections (Fig. 4C). Ventrally spines limited to the anterior part of each 
segment (Figs. 3H, 4A). 

In the second instar the whole T1 and dorsal surface of remaining 
segments covered with faint polygonal pattern (Fig. 5A). Dorsal body 
surface covered with short spines and wart-like prominences. On T1, 
anterior band of spines equipped with long projections and interrupted 
dorsally. Anterior part of T2–3 with complete bands of blunted spines 
and grouped in short rows (Fig. 5A, E). Abdominal segments in a dorsal 
aspect with spines mostly restricted to the anterior part of segment, 
while wart-like projections are present on posterior parts (Fig. 6C). 
Ventrally, abdominal segments with spines in transverse rows between 
vl (Fig. 6B). 

The cuticle of the third instar pebbled with a polygonal pattern 
(Figs. 7A, F–H, 8A, B, G). On T1, anterior band of spines equipped with 
long projections, interrupted dorsally (Fig. 7A). Anterior spinose band 

Fig. 2. Cephaloskeleton of Fannia pusio larvae [A–C light microscopy; D–F CLSM]: (A) first instar larva, lateral view; (B) second instar larva, lateral view; (C) third 
instar larva, lateral view; (D) first instar larva, lateral view; (E) second instar larva, lateral view; (F) third instar larva, lateral view. Abbreviations: es, epistomal 
sclerite; ds, dental sclerite; is, intermediate sclerite; la, lateral arm; lb, labrum; mh, mouthhook. 
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Fig. 3. Fannia pusio, anterior body segments of the first instar larva [SEM]: (A) anterior end of body, lateral view; (B) pseudocephalon, ventral view; (C) anterior 
spiracle; (D) maxillary palpus; (E) thoracic segments, dorsal view; (F) ventral organ; (G) thoracic segments, lateral view; (H) thoracic segments, ventral view. 
Abbreviations: A1, abdominal segment 1; an, antennal complex; ap, anterior process; dl, dorsolateral process; dm, dorsomedian process; ko, Keilin’s organ; ld, 
laterodorsal process; ll, labial lobe; lo, labial organ; lp, lateral process; lv, lateroventral process; mp, maxillary palpus; ns1–2, additional sensillum coeloconicum 1–2; 
or, oral ridges; PC, pseudocephalon; ra, respiratory aperture; sb1–3, sensillum basiconicum 1–3; sc1–3, sensillum coeloconicum 1–3; T1–3, thoracic segment 1–3; vl, 
ventrolateral process; vo, ventral organ. 
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Fig. 4. Fannia pusio, posterior body segments of the first instar larva [SEM]: (A) seventh abdominal segment, ventral view; (B) posterior spiracle; (C) seventh 
abdominal segment, dorsal view; (D) subanal papilla on anal division, ventral view; (E) seventh abdominal segment, lateral processes, dorsal view; (F) posterior end 
of body, dorsal view; (G) posterior end of body, ventral view. Abbreviations: dl, dorsolateral process; dm, dorsomedian process; l, lateral process on the anal division; 
ld, laterodorsal process; ps, posterior spiracle; sa, subapical process on the anal division; sl, sublateral process on the anal division; vl, ventrolateral process; vm, 
ventrolateral process. 
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Fig. 5. Fannia pusio, anterior body segments of the second instar larva [SEM]: (A) anterior end of body, lateral view; (B) pseudocephalon, ventral view; (C) maxillary 
palpus; (D) anterior spiracle; (E) thoracic segments, lateral view; (H) thoracic segments, ventral view. Abbreviations: an, antennal complex; avl, additional 
ventrolateral process; dl, dorsolateral process; dm, dorsomedian process; ld, laterodorsal process; lv, lateroventral process; mp, maxillary palpus; ns1–2, additional 
sensillum coeloconicum 1–2; or, oral ridges; PC, pseudocephalon; sb1–3, sensillum basiconicum 1–3; sc1–3, sensillum coeloconicum 1–3; T1–3, thoracic segment 1–3; 
vl, ventrolateral process; vm, ventromedian process; vo, ventral organ. 
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Fig. 6. Fannia pusio, posterior body segments of the second instar larva [SEM]: (A) posterior spiracle, dorsal view; (B) third abdominal segment, ventral view; (C) 
sixth abdominal segment, dorsal view; (D) seventh abdominal segment, lateral processes, dorsal view; (E) posterior end of body, dorsal view; (F) posterior end of 
body, ventral view. Abbreviations: dl, dorsolateral process; dm, dorsomedian process; l, lateral process on the anal division; ld, laterodorsal process; p, papilla; ps, 
posterior spiracle; rs, respiratory slit; sa, subapical process on the anal division; sl, sublateral process on the anal division; st, spiracular tuft; vl, ventrolateral process; 
vm, ventrolateral process. 
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Fig. 7. Fannia pusio, anterior body segments of the third instar larva [SEM]: (A) anterior end of body, lateral view; (B) pseudocephalon, ventral view; (C) maxillary 
palpus; (D) ventral organ; (E) Keilin’s organ on the third thoracic segment; (F) anterior spiracle; (G) thoracic segments, lateral view; (H) thoracic segments, ventral 
view. Abbreviations: an, antennal complex; avl, additional ventrolateral process; dl, dorsolateral process; dm, dorsomedian process; ld, laterodorsal process; ll, labial 
lobe; lo, labial organ; lp, lateral process; lv, lateroventral process; mp, maxillary palpus; ns1–2, additional sensillum coeloconicum 1–2; or, oral ridges; PC, pseu-
docephalon; sb1–3, sensillum basiconicum 1–3; sc1–3, sensillum coeloconicum 1–3; T1–2, thoracic segment 1–2; vl, ventrolateral process; vm, ventromedian process; 
vo, ventral organ. 
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Fig. 8. Fannia pusio, posterior body segments of the third instar larva [SEM]: (A) sixth abdominal segment, dorsal view; (B) first abdominal segment, ventral view; 
(C) seventh abdominal segment, lateral processes, dorsal view; (D) posterior spiracle, dorsal view; (E) respiratory slit of the posterior spiracle; (F) sensilla of the 
posterior spiracle; (G) posterior end of body, dorsal view; (H) posterior end of body, ventral view. Abbreviations: dl, dorsolateral process; dm, dorsomedian process; l, 
lateral process on the anal division; ld, laterodorsal process; ps, posterior spiracle; rs, respiratory slit; sa, subapical process on the anal division; sl, sublateral process 
on the anal division; st, spiracular tuft; vl, ventrolateral process; vm, ventrolateral process. 
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complete on T2–A1, equipped with simple spines and wart-like projec-
tion (Fig. 7G). Anterodorsally A2–7 without distinct spines (Fig. 8A). 
Posterodorsally and posterolaterally A1–7 with bands of wart-like pro-
jections, some of which, especially laterally, with pointed tips (Fig. 8A, 
G). Ventrally, abdominal segments with spines arranged in transverse 
rows between vl (Fig. 8B). 

3.2. Thermal requirements 

Larvae hatched from eggs at all experimental conditions, while 
immature stages reached the adult stage under seven of the nine selected 
temperatures (Fig. 9; Supplementary Table S1). This is congruent with 
estimations of the linear model, since Tmin for hatching was 8.58 ±
0.22 ◦C (Table 1). Developmental zero estimated for the eclosion ac-
cording to the linear model was 11.96 ± 0.18 ◦C. The lowest ambient 
temperature we tested in this study (12 ◦C) fits within this range and 
insects did not eclose at this temperature. Larvae failed to pupariate at 
the highest temperature conditions (36 ◦C) and this observation con-
firms Tmax parameter we obtained in Analytis and Brière-2 parameters 
(Table 2). The longest median time ± SE for egg development to be 
completed was 6.5 ± 0.5 days at 12 ◦C, and the shortest was 1.0 ± 0.15 
and 1.0 ± 0.19 days at 30 and 33 ◦C, respectively (Supplementary 

Table S1). The total development time ± SE from oviposition to eclosion 
was 67.0 ± 7.99 days at 15 ◦C. The shortest total development time, 
11.5 ± 0.43 days, we observed at 30 ◦C, and this time increased again at 
33 ◦C to 12.5 ± 0.94 days (Supplementary Table S1). This result sup-
ports the Tfast values calculated from development data with use of the 
three nonlinear models, Analytis, Brière-2 and Lactin-2, which were 
between 30 and 33 ◦C (Table 2). 

Lower developmental thresholds calculated from linear models 
ranged from 8.58 to 11.96 ◦C. For example, development from egg to 
eclosion in F. pusio required a mean ± SE of 199.14 ± 5.79degree-days 
above a threshold temperature of 11.96 ± 0.18 ◦C (Table 1). Nonlinear 
experimental models (Supplementary Figs. S1–6) estimated Tmin values 
that highly differed both among and within models (Table 2). The lower 
developmental thresholds for successive developmental events differed 
significantly, and some Tmin values below 0 ◦C were estimated (Table 2). 
The estimated intrinsic optimum temperature, Tφ, ranged from 18.78 to 
23.58 ◦C (Table 2). 

The lowest maximum larval body length was observed at the highest 
experimental temperature, and the maximum body length increased 
with decreasing temperature (Fig. 11). 

Fig. 9. Isomorphen diagram for Fannia pusio constructed from the median time to reach each developmental event at each of the nine ambient temperatures tested. 
Horizontal bars represent standard error (SE) bounds. 
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Fig. 10. Relationships between rearing temperature and duration of development of Fannia pusio (circles) and reduced major axis (RMA) regression lines with 95% 
confidence intervals used to determine thermal requirements for six developmental events. In all plots, DT is the time to reach the developmental event (D) multiplied 
by the rearing temperature (T, temperature values are noted next to the circle symbols). Closed circles mark points used in RMA calculations, and open circles mark 
points not used in RMA calculations because they were outside the linear section of the temperature-development relationship. 
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4. Discussion 

Species accidentally introduced to new areas may have various, often 
contradictory, effects on local fauna. Invasive species may affect the 
local fauna through direct interspecific interactions or modifications of 
their development habitat. In both cases, the introduced species may 
reduce the populations of native species, either by modification of 
development time or increased mortality of the native species (Amendt, 
2021; Ivorra et al., 2019). On the other hand, possible benefits in the 
form of increased fitness, may arise from newly established interspecific 
interactions (Charabidze et al., 2021; Fouche et al., 2021; Komo and 
Charabidze, 2021). Regardless of the positive or negative effect of 
introduced species on the local fauna, one should take into consideration 
that the introduction may impact patterns of carrion succession and thus 
affect the accuracy of PMI estimations based on studies conducted prior 
to the alien introduction. In a global perspective, homogenization of the 
fauna of forensic importance, i.e., an increasing similarity of carrion 
insect assemblages over time, will lead to a shared set of species of 

forensic usefulness for very large geographic areas. Thus, forensic 
entomologist will deal with a combination of native regional forensic 
indicators, useful for PMI estimation for a relatively narrow geographic 
range, and widely distributed taxa recognised as forensically informa-
tive over a wide geographic range. On the other hand, misidentification 
of an alien species as a native element of carrion insect assemblages, if 
students are not aware of its presence, may impact the accuracy of PMI 
estimations based on insect evidence (Amendt, 2021). Thus, we aim to 
raise awareness among forensic entomologists of the expanding distri-
bution of F. pusio and potential benefits and risks for forensic ento-
mology associated with this phenomenon. 

Changes, both expansions and reductions, in distribution range are 
well documented for insects of medical and veterinary importance 
(Lambiase and Camerini, 2012; Velásquez et al., 2013; Vikhrev, 2008). 
Species recognised as valuable forensic indicators in their native range 
also become highly informative in newly colonised regions. One of the 
most recognised examples of such cases is the Old World blowfly genus 
Chrysomya Robineau-Desvoidy, where four species have been intro-
duced accidently to both North and South America and relatively 
quickly expanded into large distributions. The introduced Chrysomya 
species have dominated or even outcompeted many native species, thus 
becoming important and regular forensic indicators (Badenhorst and 
Villet, 2018; Tomberlin et al., 2006). An example of an introduction in 
the opposite direction is the New World muscid Synthesiomyia nudiseta 
Wulp, recently utilised for medico-legal purposes in Europe and Asia 
(Ivorra et al., 2021; Sukontason et al., 2007; Velásquez et al., 2013). 
Within the family Fanniidae, F. canicularis (Linnaeus) and F. scalaris 
(Fabricius), both of forensic importance (Smith, 1986), have increased 
their distribution range because of the close association with humans. 
Fannia scalaris has spread through temperate regions of the World, 
while. F. canicularis is almost cosmopolitan (Chillcott, 1960; Rozkošný 
et al., 1997). 

Fannia pusio has a potential to become a forensic indicator in newly 
colonised regions, yet only if it can be correctly differentiated from 
native species. Although previous authors contributed to the docu-
mentation of third instar larva/puparium of F. pusio (Al Gazi et al., 2004; 
Bohart and Gressitt, 1951; Chillcott, 1960; Couri, 1992), precise species 

Table 1 
Summary of developmental constants for six developmental events of Fannia 
pusio calculated from the model proposed by Ikemoto and Takai (2000). D is the 
duration of development in days in the ambient temperature T.   

Model Developmental 
zero Tmin,  
◦C (SE) 

Thermal 
summation 
constant k, 
Day * ◦C (SE) 

R2  

hatching DT = 21.91 
+ 8.58 * D 

8.58 (0.22) 21.91 (0.68) 0.997 

first ecdysis DT = 43.87 
+ 8.81 * D 

8.81 (0.22) 43.87 (1.35) 0.996 

second 
ecdysis 

DT = 59.24 
+ 9.13 * D 

9.13 (0.28) 59.24 (2.42) 0.995 

wandering DT = 102.42 
+ 9.79 * D 

9.79 (0.09) 102.42 (1.75) 0.999 

pupariation DT = 125.79 
+ 10.12 * D 

10.12 (0.21) 125.79 (5.76) 0.998 

eclosion DT = 199.14 
+ 11.96 * D 

11.96 (0.18) 199.14 (5.79) 0.999  

Table 2 
Estimated parameters and goodness of fit (Akaike Information Criterion, AICc) of the nonlinear developmental rate models describing six developmental events of 
Fannia pusio. Parameters are explained in details in the Development models section of Materials and methods.  

Model Parameter Hatching First ecdysis Second ecdysis Wandering Pupariation Eclosion 

Analytis a 0.00001312 0.002598 0.00000003446 0.002196 0.002607 0.007412  
n 0.3421 0.633388 0.2414 0.7158 0.7393 1.1634  
m 2.375 32.9139 5.431 10.3169 59.3592 75.5148  
Tmin − 4.39 3.26 − 1.62 7.55 8.33 12.80  
Tmax 37.91 36.00 36.11 36.00 33.00 33.00  
Tfast 32.59 35.37 33.89 34.15 32.70 32.69  
AICc − 38.03 − 51.94 − 48.79 − 67.56 − 74.31 − 119.12 

Brière-2 a 0.00007159 0.0004632 0.0004012 0.0002039 0.0002208 0.00009173  
d 3.705 19.4622 16.40 5.656 12.25 3.541  
Tmin 3.487 − 2.35 2.21 5.71 6.46 9.72  
Tmax 37.08 36.00 36.00 36.03 33.06 34.58  
Tfast 32.89 35.07 34.96 33.37 31.89 31.00  
AICc − 49.76 − 62.82 − 60.44 − 78.68 − 82.86 − 102.41 

Lactin-2 Р 0.1182 0.1731 0.1863 0.1698 0.1491 0.1156  
ΔT 8.2295 5.7650 5.3631 5.8843 6.6950 8.6213  
Λ − 0.1819 0.03795 0.02886 − 0.0024 − 0.02639 − 0.0416  
Tmax 40.69 38.29 37.99 37.63 37.69 39.53  
Tfast 32.30 32.48 32.59 31.69 30.94 30.84  
AICc − 50.92 − 51.83 − 57.94 − 69.41 − 77.34 − 100.49 

SSI Tφ 18.78 22.15 23.58 22.67 19.11 20.57  
ρφ 0.4657 0.304 0.2439 0.1258 0.07144 0.04327  
ΔHA 17,034.43 16,138.63 17,175.33 18,728.88 22,279.15 20,044.29  
ΔHL − 62,642.19 − 52,939.21 − 53,047.24 − 57,818.31 − 60,471.81 − 76,639.02  
ΔHH 43,730.83 64,949.09 81,743.08 81,069.45 45,432.16 55,997.03  
TL 8.58 8.82 9.14 9.79 10.12 11.96  
TH 33.22 34.58 34.76 33.38 30.83 32.21  
AICc 59.55 61.57 53.87 47.09 33.77 12.80  
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identification still raises some concern (Szpila and Grzywacz, 2020), 
especially in the New World, where several other members of the pusio 
subgroup occur (Carvalho et al., 2003). Chillcott (1960) examined 
larvae and puparia of F. pusio and two other Nearctic representatives of 
the pusio subgroup, F. femoralis Stein and F. howardi Malloch, but did not 
find species-specific character states, and thus questioned the possibility 
of F. pusio being morphologically differentiated from closely related 
species. For the Neotropical fauna, details of larval morphology are only 
available for F. sabroskyi Seago (Prado et al., 2020), F. trimaculata (Stein) 
(Al Gazi et al., 2004) and F. yunguensis Quiroga and Domínguez (2010). 
Although Al Gazi et al. (2004) observed some minor differences between 
F. pusio and F trimaculata in the number and size of lobes of the anterior 
spiracles, this finding has not been supported by documentation of 
adequate quality, and may as well be an artefact of material being 
prepared for SEM. Comparison with F. yunguensis and F. sabroskyi did not 
reveal distinct species-specific character states. Thus, identification of 
F. pusio in its native range should still be undertaken with care, and 
additional studies of closely related species are necessary. 

In the Old World, where F. pusio is an alien species, it may be rela-
tively easily differentiated from concomitant fanniids. Rozkošný et al. 
(1997) covered F. pusio and F. leucosticta (Meigen), the only European 
native representative of the pusio subgroup. However, interpretation of 
F. pusio third instar and hereafter puparium morphology present in 
Rozkošný et al. (1997) differs from those provided by other authors 
(Chillcott, 1960; Couri, 1992) Rozkošný et al. (1997) classified F. pusio 
among fanniids with processes of the anal division of the same length. 
This may partly be because Chillcott (1960) was inconsistent with his 
interpretation of F. pusio third instar. According to the description pro-
vided by Chillcott (1960), sublateral processes in F. pusio are shorter 
than other processes on the anal division, yet on the corresponding 
figure all three processes are depicted with similar length in ventral 
view, but with the sublateral processes shorter than lateral and subapical 
processes in dorsal aspect. In the present study, we recognised that 
sublateral processes on the anal division in F. pusio are not distinctly, yet 
still evidently shorter than the two other processes. Thus application of 
the key of Rozkošný et al. (1997) will lead to misidentification of F. pusio 

Fig. 11. Boxplots (median, interquartile range, minimum, and maximum body length) of Fannia pusio larval body lengths after hatching at nine constant temper-
atures. Each line represents the polynomial function fitted to the larval body length over the time of development at a constant temperature, with the equation and 
coefficient of determination (R2) listed on the plot. Gray areas represent standard error (SE) bounds. 
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as F. leucosticta. However, our preliminary comparison of these two 
species revealed differences between F. pusio and F. leucosticta in details 
of the abdominal processes. In F. leucosticta, the dorso-lateral processes 
on sixth and seventh abdominal segments are equipped with two to 
three projections, which are at most slightly bifurcated apically, while in 
F. pusio these processes are equipped with about five, distinct projections 
(Fig. 8C). 

Comparison of F. pusio larval morphology with fanniids occurring in 
other parts of the world is hindered due to the scarcity of published 
accounts. However, based on available information, especially from 
Australian and Oceanian region (Domínguez and Pont, 2014; Ferrar, 
1979; Holloway, 1984), F. pusio can be differentiated by the following 
combination of characters: posterior spiracles present in central part of 
the anal division, never on the lateral margin of ad; sublateral processes 
shorter than other processes on the ad; dorsomedian processes shorter 
than half length of the segment; dorso-lateral processes on abdominal 
segments in form of stalks, bearing about five projections. General 
morphology of the F. pusio immature stages has been described by Couri 
(1992). However, it has recently been revealed that certain larval instars 
were misidentified in this study (Prado et al., 2020), and the second 
instar was erroneously described as the first instar. Thus, the first instar 
larva of F. pusio has remained unknown until described for the first time 
in this study. Differences between the present study and that of Couri 
(1992) relate to details of the cephaloskeleton, with the latter recog-
nizing merely the general shape of mouthhooks, and the dental, inter-
mediate and basal sclerites. 

Only two other species of Fanniidae, F. canicularis and F. sabroskyi, 
are known from the first and second instar (Grzywacz et al., 2012; Prado 
et al., 2020). First instar of F. canicularis has dm processes on the seventh 
abdominal segment longer than half length of this segment, while in 
F. pusio these are shorter than half length of the segment. A difference in 
the size of the dm pertain also to the second and third instars (Chillcott, 
1960; Couri, 1992; Grzywacz et al., 2012). The second instar differs from 
F. canicularis and F. sabroskyi in details of the mouthhook. In F. pusio the 
apical part of the mh is equipped with a ventral projection directed 
posteriorly (Figs. 1B, 2B, E), while this is not present in the other two 
species. 

To date, Marchiori and Prado (1996) and Bravo-Pena et al. (2021) 
established the most comprehensive investigation of the thermal re-
quirements for F. pusio development. Marchiori and Prado (1996) pro-
vided data on hatching time at 16 different temperatures (from 10 to 
37 ◦C) and duration time of larval and pupal period at 20, 27 and 33 ◦C. 
Hatching time, at 12, 24, 27 and 33 ◦C was slightly longer in our study, 
yet shorter at 18 ◦C. Our re-examination of Marchiori and Prado (1996), 
that is RMA linear model fitting for hatching time, revealed Tmin = 8.72 
(±0.41) ◦C, k = 19.34 (± 0.92) ADD and R2 = 0.976. We consider these 
results, especially Tmin, relatively similar to those obtained in this study 
(Table 1). Marchiori and Prado (1996) did not observe differences in 
larval and pupal development time at 27 ◦C (63 h) and at 33 ◦C (198 h). 
In our study, we observed all developmental onsets to appear faster at 
33 ◦C comparing to 27 ◦C. Marchiori and Prado (1996) approximated 
585 ADD for entire development from oviposition to eclosion. This is 
almost thrice a value we obtained for eclosion, k = 199.14 ADD. The 
precision of linear model fitting is affected by the number of constant 
temperatures used in the regression analysis. It has been suggested that 
regression models should be based on at least six points along the linear 
section of the regression (Ikemoto and Takai, 2000; Richards et al., 
2008). Marchiori and Prado (1996) examined development time from 
oviposition to eclosion only under three ambient temperatures, and 
according to our re-examination of data from Marchiori and Prado 

(1996) data point from 33 ◦C is out of the linear portion of relationship. 
Thus, we consider the ADD for total development time provided by 
Marchiori and Prado (1996) as an overestimation, resulting from 
insufficient number of constant temperatures used in the regression 
analysis. 

Bravo-Pena et al. (2021) developmental experiments were termi-
nated at pupariation onset and not continued until adults eclosion. 
Comparing to the present study, authors examined development under 
eight ambient temperatures (5 ± 2 ◦C to 40 ± 2 ◦C), while in this study 
experiments were performed under nine ambient temperatures (from 12 
to 36 ± 0.5 ◦C). Although colony was maintained and eggs were ob-
tained at 25 ◦C, authors concluded F. pusio does not oviposit below 15 ◦C 
and above 35 ◦C. This is probably misinterpretation, and authors 
considered egg development, not oviposition. Nevertheless, according to 
our results, F. pusio first instar larvae hatched from eggs also at 12 ◦C and 
36 ◦C. Bravo-Pena et al. (2021) did not calculate Tmin and k, for exam-
ined developmental events, and thus detailed comparison of obtained 
herein thermal requirements is not possible. Immature stages length of 
F. pusio in the study of Bravo-Pena et al. (2021) did not follow equally 
patterns recognised for ectotherms. According to temperature-size re-
lationships ectotherms are expected to grow bigger at lower tempera-
tures, while an increase in developmental temperature lead to a decrease 
in the final larval size (Atkinson, 1994). In the study of Bravo-Pena et al. 
(2021) first and second instar larvae deviated, while results obtained for 
third instar and pupae were in agreement with this rule. According to 
our results, F. pusio larval size at different temperatures did not deviate 
from temperature-size relationships, and previously such relationships 
have also been revealed in F. canicularis (Grzywacz, 2019). 

Fannia pusio has a potential to be used as a forensic indicator over a 
wide geographic range. In this work we raised awareness among forensic 
entomologists of the expanding distribution of this species. From a 
forensic entomology perspective, even if F. pusio would not be used as an 
indicator, its misidentification as a native element of carrion insect as-
semblages may impact the accuracy of PMI estimations based on insect 
evidence (Amendt, 2021). Information provided herein should facilitate 
larval identification, especially in areas where F. pusio is an alien species. 
Subsequently, detailed information on thermal requirements of the 
species, will facilitate application of immature F. pusio in mPMI esti-
mation by means of developmental approach. 
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