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Estimating the Preappearance Interval from
Temperature in Creophilus maxillosus L.

(Coleoptera: Staphylinidae)* "

ABSTRACT: Some carrion insects appear on carcasses late in decomposition. While using these late-arriving taxa to estimate postmortem inter-
val, it is vital to accurately estimate an interval preceding their appearance on a cadaver called the preappearance interval (PAI). This paper tests the
possibilities of a PAI estimation from temperature in case of late-arriving, predatory carrion beetle Creophilus maxillosus. The relationship between
temperature and PAI of adult and larval C. maxillosus was modeled using the results of a large-scale experiment on succession in forests of Central
Europe. In both stages, PAI was found to be strongly, inversely related to temperature averaged for the duration of PAI. The PAI estimation from
mean degree-day accumulations (mDDA), estimated DDA, and “PAI*T” functions were tested using external successional data. The greatest accu-

racy of PAI estimates was achieved using an exponential “PAI*7” function.
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There are two approaches to estimate postmortem interval (PMI)
from entomological evidence: a development-based approach and a
succession-based approach (1-3). A key point of the development-
based approach is to age immature insects sampled from a corpse
(1-7). This approach is widely used in short PMI cases (particularly
with immature blowflies), and it usually results in an estimate of
the minimum PMI (2,3,6,7). In case of taxa that colonize carcasses
shortly after death (e.g., blowflies), the minimum PMI is a very
good approximation of PMI (Fig. 1). However, with insects that
start breeding late in decomposition, the minimum PMI is clearly
an inaccurate approximation of PMI (Fig. 1). It results from the
fact that minimum PMI says nothing about an interval preceding
the appearance of a taxon on a corpse. Consequently, to obtain an
accurate estimation of PMI, one should estimate not only the devel-
opment interval but also the preappearance interval (PAI). The esti-
mation of PAI is critically important in case of those insects that
colonize carcasses late in decomposition as, for example, most car-
rion-breeding beetles (8). In some cases, PAI may be much longer
than the development interval, and thus, lack of its estimation or an
inaccurate estimation may clearly invalidate the resultant PMI
(Fig. 1).

While using the succession-based approach in the way proposed
by Schoenly et al. (9), after choosing the model of succession and
taxa which will define lower (minimum) and upper (maximum)
PMI, one has to estimate the values of lower and upper PMI for a
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given case. The lower PMI is simply the PAI of a first definitive
taxon, and the upper PMI is a sum of PAI and the presence inter-
val of a second definitive taxon (Fig. 2). Consequently, the accu-
racy of lower and upper PMI depends on the accuracy with which
PAI of definitive taxa was estimated. Therefore, the estimation of
PAI of carrion insects is the essence of the succession-based
approach.

Currently, the only way to estimate PAI for most carrion taxa is
to use results of experiments on succession. To this end, one has to
search for the experiment which closely mirrors the context of the
case and then carefully use its results to estimate PAI of a given
taxon. Unfortunately, this context-dependent way of PAI estimation
is clearly impractical, as it demands a huge body of forensically
useful successional data.

Results of recent studies suggest, however, that in some taxa
the PAI may be estimated from temperature. Megyesi et al. (10)
demonstrated that decomposition of human remains is best mod-
eled as dependent on accumulated temperature. Although this
study covered only physical changes in the corpse, its results
prompt to speculate that other processes during decomposition
(e.g., entomological succession) may also be modeled as depen-
dent on temperature. This hypothesis was supported by work of
Michaud and Moreau (11), who demonstrated in some forensically
useful insects that their presence on carrion is predictable with
respect to temperature accumulations and seasonal effects.
Although this study modeled the residency on carrion as depen-
dent on temperature accumulations, its results suggest that the PAI
in some carrion insects may also be temperature dependent. This
speculation is supported by paper of Matuszewski et al. (12), who
found a strong relationship between the time of a taxon appear-
ance on carrion (and consequently PAI) and the onset of bloating
in many carrion insects. Because the time necessary for the mani-
festation of bloating is strongly inversely related to temperature

© 2011 American Academy of Forensic Sciences
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FIG. 1—Importance of the preappearance interval (PAI) while estimating
the postmortem interval (PMI) from the development of early and late colo-
nizers. DI, the development interval; PMImin, minimum postmortem
interval.
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FIG. 2—Importance of the preappearance interval (PAI) while estimating
the postmortem interval (PMI) from the succession of insects. TI-T4, taxa
sampled from the remains; DTI, a taxon defining lower PMI; DT2, a taxon
defining upper PMI; PI, the presence interval.

(13), these results suggest that the time in which insect species
appear on carrion is strongly related to temperature. Moreover,
Matuszewski et al. (14) found that in many carrion taxa seasonal,
annual, and environmental differences in appearance time (and
consequently PAI) closely mirror corresponding differences in
temperature.

All these data prompt to hypothesize that in some carrion insects
the PAI is closely related to temperature and may be estimated
from temperature in a context-free way. This way of PAI estima-
tion is context-free in this sense that the same model of relationship
between PAI and temperature is used in any case irrespective of its
context. Obviously within this approach, the context of the case is
still clearly important, as it affects, for example, estimation of tem-
peratures to be used in the case. Nevertheless, the estimation of
PAI in itself is context-free.

In this paper, I test the possibilities of an estimation of PAI from
temperature in adult and larval Creophilus maxillosus L. (Coleop-
tera: Staphylinidae). C. maxillosus is a broadly distributed carrion
beetle, which repeatedly breeds in carrion and regularly appears late
in decomposition (12,14-21). In both feeding stages, it is predatory
and feeds on maggots and pupae of flies (22). In the case of adult
and larval C. maxillosus, strong correlations between the time of
their appearance on carrion and the onset of bloating were found
(12). Because the time necessary for the onset of bloating is
strongly inversely related to environmental temperature (13), these

results suggest that PAI of adult and larval C. maxillosus is closely
related to temperature and, thus, may be estimated from tempera-
ture in a context-free way. Accordingly, here I test the hypotheses
that in case of adult and larval C. maxillosus a close inverse rela-
tionship exists between the temperature of the environment and
PAL Moreover, the nature of the relationship is investigated,
degree-day models are constructed, and the accuracy of different
methods in estimation of PAI is evaluated.

Materials and Methods
The Relationship Between PAI and Temperature

The relationship was evaluated with data from a forensically ori-
ented experiment on pig carrion decomposition and insect succes-
sion in forests of Central Europe (12,14,23). The experiment was
conducted in three types of forests (alder forest, hornbeam-oak for-
est, and pine-oak forest) during spring, summer, and autumn of
2006 and 2007. In total, 36 domestic pig (Sus scrofa domestica)
carcasses of similar weight (mean = 25.8 kg) were used. Beetles
were collected using pitfall traps and manual sampling. Until the
end of active decay, sampling was performed daily. Adult and lar-
val C. maxillosus appeared within the daily period of sampling in
all carcasses. A detailed description of methods may be found in
Matuszewski et al. (12,23).

The PAI is an interval from the moment of death until the
appearance of the first specimen of a given stage. The relationship
between PAI and temperature was tested separately in adult and
larval stages. The larval stage was chosen instead of the egg stage,
owing to difficulties in sampling eggs of C. maxillosus in the field
(it oviposits in the soil around the carcass).

In the case of the adult stage I included in the analyses, those
carcasses on which at least five specimens had been recorded. It
resulted in 32 observations and a PAI range of 2-34 days. In the
case of the larval stage, I included in the analyses those carcasses
on which at least 10 specimens had been recorded. This gave 29
carcasses and a PAI range of 9-39 days.

Instead of ambient air temperature, I used ground-level tempera-
ture, as it better models temperature of the environment where car-
casses are exposed on the ground. I decided to use neither the
temperature of carcass tissues nor the correction of ground-level
temperatures with maggot mass effect. While these temperatures
would better model the temperature of the environment as com-
pared to ground-level temperatures, they are closer to temperatures
that affect the process producing attractants of C. maxillosus (what-
ever is the process, it certainly acts within a carcass). However, in
casework, they are in majority of cases unavailable. Moreover, cur-
rently, there is no useful method of correcting ambient air or
ground-level temperatures to cover carcass characteristics or mag-
got mass effect. Consequently, models of relationship between PAI
and temperature, other than ambient air or ground level, would be
practically useless.

Mean daily ground-level temperatures were obtained from a
weather station located about 13 km from the area of the study.
They were corrected using the linear regression performed with
data from the station and on-site measurements. On-site measure-
ments were taken during every sampling. Moreover, day-long mea-
surements were taken as described in Matuszewski et al. (23). All
these data were included in the analyses. After correction, mean
daily temperatures were averaged for the duration of PAIL Conse-
quently, in the case of adult C. maxillosus, the averaged tempera-
tures ranged from 114 to 21.7°C, and in the case of larval
C. maxillosus, they ranged from 11.8 to 20.1°C.
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The relationship between PAI and temperature was evaluated
using regression analysis. The linear and exponential
[y = b*exp(—q*x)] models were tested. In the case of the exponen-
tial model, the Levenberg-Marquardt method of estimation was
used. It is a standard algorithm used to estimate parameters of the
nonlinear models of regression.

Degree-Day Models

Base temperatures (7;,) were calculated using four methods. Two
methods used the x-intercept approach (1/PAI plotted against tem-
perature), the first one in the full temperature range and the second
one in the low temperature range (6). Low temperature range was
defined as 7 < 16°C. The third and the fourth methods were based
on the assumption that 7;, is the temperature which results in the
lowest variation in degree-day accumulations (DDA) for a given set
of field observations (24). The third method used the 15th formula
proposed by Yang et al. (24, p. 66) for the least coefficient of varia-
tion in DDA. In the fourth method, calculations of DDA for differ-
ent T, were performed iteratively. I have started with 7, calculated
using the 15th formula of Yang et al. (24) and successively chan-
ged it by +0.1°C. For each T, accumulations were worked out and
their variation was evaluated. Eventually, the 7}, that resulted in the
least variation in DDA was found. For all T;, the variation in DDA
was estimated with the coefficient of variation.

Degree-days (DD) were calculated using the formula DD =
T — Ty, where T is the mean daily ground-level temperature and 7,
is a given base temperature. When 7 < Ty, the DD were set to
zero. DDA were calculated by adding together all DD for the dura-
tion of PAIL To test whether DDA were related to average tempera-
ture for the duration of PAI, “DDA*T” scatter plots were made
and the relationship was analyzed using linear regression.

Accuracy of Estimations

Three methods of the estimation of PAI were evaluated. The
first method uses mean DDA (mDDA). It was tested in four varia-
tions differing in the 7, used. The second method uses DDA esti-
mated from equations regressing DDA against temperature. It was
also tested in four variations differing in the 7;, used. The third
method estimates PAI directly from “PAI*7” function. It was
tested in two variations, one with a linear function and one with
an exponential function. To use the second or third method, one
has to estimate mean daily ground-level temperature which will
approximate the environmental temperatures present for the dura-
tion of PAI in the case of a given corpse. These temperatures are
eventually used to estimate DDA as in the case of the second
method or to directly estimate PAI as in the case of the third
method. To obtain these temperatures for particular carcasses, |
have selected from the literature average seasonal PAI of a given
taxon in a given biogeographic location or the nearest similar area
for which such data have been published. For example, for the
European cases, I used data published by Matuszewski et al. (14).
Then, for these rough PAls, daily temperatures were averaged and
these temperatures used to estimate DDA (the second method) or
PAI (the third method).

Methods of PAI estimation were tested using external data. For
this purpose, the carrion succession literature was searched for
reports, indicating PAI of adult or larval C. maxillosus with accom-
panying temperature data. Eventually, 26 carcasses were included
in the analyses in the case of the adult stage and eight carcasses in
the case of the larval stage (Table 1). Because most sources report

only ambient air temperatures, ground-level temperatures were
obtained through simple correction. For spring or summer cases,
daily ambient temperatures were increased by 0.5°C, whereas for
autumn and winter cases, daily ambient temperatures were
decreased by 0.3°C. The correction factor was obtained through
calculations of average seasonal differences between ambient and
ground-level temperatures for the local weather station data. This
method of correction only roughly approximates actual ground-level
temperatures; however, it was the only way to get more accurate
temperatures.

The accuracy of estimations was measured using absolute and
relative errors. The following formulae were used:

absolute error = |PAI — ePAI| and
[PAI — ePAI|

PAL x 100%

relative error =

where PAI is an actual preappearance interval and ePAI is an esti-
mated preappearance interval.

The significance of differences in relative errors of estimates
between methods of PAI estimation was evaluated with analysis of
variance for repeated measures (rmANOVA) designs. Method of
PAI estimation was a repeated factor. For the purpose of multiple
pairwise comparisons, the Fisher least significant difference proce-
dure was used.

For all statistical analyses, a 5% level of significance was
accepted. Calculations were made using STATISTICA 8.0 (28).

Results
The Relationship Between PAI and Temperature

In both stages, PAI was strongly inversely related to mean daily
ground-level temperature averaged for the duration of PAI (Figs 3—
4). The exponential models showed better fit than the linear mod-
els; however, the difference in variation explained was clearly neg-
ligible (below 1%, Figs 3-4).

Degree-Day Models

Base temperature (7,) resulting in the lowest variation in DDA
was 10.8°C in case of the adult stage and 9.5°C in case of the lar-
val stage (Table 2). In case of the larval C. maxillosus, both ver-
sions of the x-intercept method (Fig. 5) produced higher T
resulting in higher variation in DDA (Table 2). As for the adult
C. maxillosus, the x-intercept method in the low temperature range
(Fig. 6) gave T, being close to the temperature resulting in the low-
est variation in DDA (Table 2). mDDA needed for the appearance
of adult C. maxillosus was about 56 DD (T}, = 10.8°C) and larval
C. maxillosus about 126 DD (T, = 9.5°C) (Table 2). In both stages
and with all T3, a broad range of DDA and a substantial variation
in DDA were recorded (Table 2). In case of most 7,, DDA were
to some extent related to mean daily ground-level temperatures
averaged for the duration of PAI (Figs 7-8).

Accuracy of Estimations

In the case of adult C. maxillosus, method of PAI estimation had
a significant effect on the relative error of PAI estimates (rmANO-
VA, Fy55 =4.997, p <0.0001, Fig. 9). In case of larval C. max-
illosus, no significant effect was found (rmANOVA, Fye; = 1.483,
p =0.17, Fig. 9).
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TABLE 1—Data used in the evaluation of accuracy of the preappearance interval (PAI) estimation.

Sampling Temperature Carcass

Source Stage PAI (days) Resolution T (°C) Data Geographic Location Season Type
Tantawi et al. (15) A 4 Daily 23.8% OS, Av Alexandria (Egypt) Spring Rabbit

A 11 Daily 16.7* 0OS, Av Alexandria (Egypt) Autumn Rabbit

A 16 Daily 13.3* 0OS, Av Alexandria (Egypt) Winter Rabbit
Richards and Goff (16) A 6 Daily 17.9% 0S,D, G Hawaii (U.S.A.) Spring Pig

A 1 Daily 29.8%* OS,D, G Hawaii (U.S.A)) Summer Pig

A 8 Daily 17.9% 0S,D, G Hawaii (U.S.A)) Autumn Pig
Tabor et al. (17) A 4 Daily 18.8% S, Av Virginia (U.S.A.) Spring Pig

A 6 Daily 18.2% S, Av Virginia (U.S.A.) Spring Pig

A 3 Daily 23.1% S, Av Virginia (U.S.A.) Summer Pig

A 2 Daily 25.0% S, Av Virginia (U.S.A.) Summer Pig
Reckel and Grunwald (25) A 6.5 Daily 224 0S, D Munich (Germany) Summer Pig
Sharanowski et al. (18) A 16 Every 2-3 days 15.8% 0S,D, G Saskatchewan (Canada) Spring Pig

A 24 Every 2-3 days 12.2% 0S,D, G Saskatchewan (Canada) Autumn Pig

A 24 Every 2-3 days 12.7* 0S,D, G Saskatchewan (Canada) Autumn Pig
Matuszewski et al. (19) A 6.25 Daily 19.5" S, D Western Poland Summer Pig

A 5.25 Daily 18.2° S, D Western Poland Summer Pig

A 4.25 Daily 20.8" S, D Western Poland Summer Pig
Wang et al. (20) A 2 Daily 22.9% 0OS, Av Southern China Spring Pig

A 1 Daily 34.1% 0OS, Av Southern China Summer Pig

A 4 Daily 22.9% 0OS, Av Southern China Autumn Pig

A 10 Daily 18.6%* OS, D Southern China Winter Pig
Grunwald and Reckel (26) A 8.5 Every 2 days 17.4 0OS, D Munich (Germany) Summer Pig
Prado e Castro et al. (27) A 7 Daily 19.4* OS, D Lisbon (Portugal) Spring Pig

A 6 Daily 20.5% OS, D Lisbon (Portugal) Summer Pig

A 9 Daily 17.9% 0S, D Lisbon (Portugal) Autumn Pig

A 27 Every 2 days 9.8% OS, D Lisbon (Portugal) Winter Pig
Tantawi et al. (15) L 28 Daily 13.3% 0OS, Av Alexandria (Egypt) Winter Rabbit
Sharanowski et al. (18) L 32 Every 2-3 days 16.6* 0S,D, G Saskatchewan (Canada) Spring Pig

L 34 Every 2-3 days 14.7* 0S,D, G Saskatchewan (Canada) Spring Pig

L 16 Every 2-3 days 21.7* 0S,D, G Saskatchewan (Canada) Summer Pig
Matuszewski et al. (19) L 12 Daily 19.5° S,D Western Poland Summer Pig

L 24 Every 3 days 16.8" S, D Western Poland Summer Pig

L 12 Daily 21.7° S, D Western Poland Summer Pig
Wang et al. (20) L 28 Daily 20.4* 0S, D Southern China Winter Pig

A, adult stage; L, larval stage; 7, daily temperatures averaged for the duration of PAI; OS, on-site measurements; S, local weather station measurements;
D, mean daily temperatures; Av, average temperatures for the whole study period; G, temperatures reconstructed from the graph.

*Temperatures corrected with a ground-level temperature correction factor (see in the text).

"Ground-level temperatures from the weather station corrected using the linear regression of on-site and station measurements.
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224.865%exp(—0.184755%T), p = 0.008, 1> = 0.6956.

In both stages, estimations with a direct use of exponential
“PAI*T” function resulted in the lowest errors of estimates
(Table 3, Fig. 9). The linear “PAI*7” function gave clearly higher
errors (Table 3, Fig. 9). In the case of the adult stage, methods
employing estimated DDA (eDDA) performed better than methods
using mDDA; however, in the larval stage, both approaches gave

estimates of similar accuracy (Table 3, Fig. 9). Some DDA methods
performed with similar accuracy as compared to the exponential
“PAI*T” function, and two of these (¢eDDA/Yang and eDDA/itera-
tively) were similarly accurate in both stages (Table 3, Fig. 9). With
all methods tested, a broad range of errors and a positively skewed
distribution of relative errors were found (Table 3, Fig. 10).
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duration of PAI (T). (A) linear model,

PAI = 81.1433-3.6631*T, p < 0.001, 1* =

299.762%exp(—0.167176*T), p < 0.001, r* = 0.7876.

TABLE 2—Base temperatures (Ty,) and mean degree-day accumulations
(DDA) for the preappearance interval in adult and larval Creophilus

maxillosus.
DDA
Coefficient of
Ty (°C) Mean Range Variation in DDA (%)
Adult stage 11.8% 45.7 20.0-78.0 35.47
104" 60.6 24.0-104.1 34.47
9.6? 69.4 25.8-124.5 35.30
10.8" 56.2 23.1-94.8 34.28
Larval stage 12.2% 77.0 35.5-153.8 31.10
11.7° 854  42.9-164.4 28.63
9.3* 129.5 84.7-216.3 24.34
9.5% 125.6 81.8-211.8 24.30

*The x-intercept method, full temperature range.

"The x-intercept method, low temperature range (<16°C).

“The least coefficient of variation in DDA method, 15th equation from
Yang et al. (24).

SThe least coefficient of variation in DDA method, iteratively.

Discussion
The Relationship Between PAI and Temperature

Carrion insects are attracted to carcasses by volatile organic
compounds (VOCs) released during decomposition, as was demon-
strated for some blowflies or burying beetles which respond to
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0.7854; (B) exponential model [y = b*exp(—q*x)], PAI =

sulfur-containing compounds emitted by a fresh carcass (29-31).
VOCs are produced in biological or chemical processes during
decomposition. Consequently, it is reasonable to assume that the
relationship between PAI and temperature in C. maxillosus simply
reflects the relationship between the temperature and the process
producing VOCs attracting this species. Unfortunately, in case of
C. maxillosus, the attractants for which this species respond and
processes producing these attractants are not known. Actually, it
may respond to VOCs being the byproducts of putrefaction, but on
the other hand, it may be attracted by some compounds originating
from its prey (e.g., larval blowflies).

The relationship between PAI and temperature was close in
both adult and larval C. maxillosus, which suggests that an inter-
val preceding their appearance on a carcass may be estimated
from temperature in a context-free way. Similar results were
found for adult and larval Necrodes littoralis (32). Both species
breed in carrion; consequently, the close relationship between
PAI and temperature may be a rule in case of carrion-breeding
beetles. Moreover, this paper shows that the predatory taxa may
display a satisfactorily close relationship between PAI and
temperature.

Similarly, as in the case of N. littoralis (32), current results indi-
cate that the relationship between PAI and temperature is exponen-
tial in nature. The exponential function better fitted the current
data, compared to other popular functions. Moreover, the direct
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(T < 16°C), 1/PAI = —0.0693 + 0.00767*T, x-intercept = 11.7°C.
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estimation of PAI using the exponential “PAI*7T function clearly
gave greater accuracy, as compared to the linear “PAI*7T” function.
The latter resulted mainly from the better performance with cases
with very high or very low temperatures.

Degree-Day Models

With all applications of DD, the base temperature is a tempera-
ture in which a process being modeled with DD stops.

Accordingly, in the case of the PAI of adult C. maxillosus, base
temperature may be conceptualized as the temperature in which the
process producing attractants of C. maxillosus stops. As with other
larval species, in case of the PAI of larval C. maxillosus, base tem-
perature has no clear biological meaning. It is simply an approxi-
mation of three different base temperatures (73,): Ty, for the PAI of
adult C. maxillosus, Ty, for the preoviposition interval (an interval
from the appearance of first adult specimen until the onset of ovi-
position), and T;, for the development of the egg stage.
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full temperature range, x/low, Ty, determined by using the x-intercept approach in the low temperature range; Yang, Ty determined by using the 15th formula
from Yang et al. (24); iter, Ty, determined by iterative calculations of DDA for different temperatures.

Base temperatures produced by the x-intercept approach were
clearly higher as compared to the ones resulting from the least
variation in DDA approach. Similar results were found in the
case of adult and larval N. littoralis (32). In both species, base
temperatures determined using the latter approach are more realis-
tic, and consequently, they seem to better approximate the actual

base temperatures as compared to the ones produced by the x-
intercept approach. Moreover, in the case of larval C. maxillosus,
estimation of PAI with base temperatures determined using the
least variation in DDA approach, resulted in lower errors than
estimation with base temperatures determined with the x-intercept
approach (Fig. 9). These results suggest that in studies on PAI
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TABLE 3—Accuracy of preappearance interval (PAI) estimations with different methods in adult and larval Creophilus maxillosus.

Accuracy of Estimations

Absolute Error (days) Relative Error (%)

Method of Estimation N Mean Range Mean Range
Adult Stage mDDA/11.8 (x/full) 26 2.62 0.1-17.6 37.4 1-130
mDDA/10.4 (x/low) 26 2.34 0-11.5 447 0-180
mDDA/9.6 (Yang) 26 2.35 0.3-9.4 49.9 4-210
mDDA/10.8 (iter) 26 2.33 0-12.8 41.9 0-170
eDDA/11.8 (x/full) 26 2.64 0.1-17.3 38.6 1-140
eDDA/10.4 (x/low) 26 2.05 0.1-14 27.7 1-90
eDDA/9.6 (Yang) 26 1.94 0.2-12.9 26.4 1-80
eDDA/10.8 (iter) 26 2.16 0-14.8 30.5 0-95
Directly/linear* 26 2.30 0.1-6.5 48.7 1-100
Directly/exponential 26 1.36 0.1-3.3 23.1 1-75
Larval Stage mDDA/12.2 (x/full) 8 13.18 2.4-40.5 53.1 18-145
mDDA/11.7 (x/low) 8 11.28 2-25 45.5 16-89
mDDA/9.3 (Yang) 8 7.92 0.2-17.6 30.8 2-63
mDDA/9.5 (iter) 8 8.02 0-17.7 31.2 0-63
eDDA/12.2 (x/full) 8 12.06 0.4-28.3 454 3-101
eDDA/11.7 (x/low) 8 10.23 0.4-18 39.2 3-64
eDDA/9.3 (Yang) 8 8.31 0.6-18.2 332 4-65
eDDA/9.5 (iter) 8 8.39 0.6-18.2 335 4-65
Directly/linear* 8 9.46 2.6-21.6 453 16-89
Directly/exponential 8 7.44 0.8-18.1 31.0 6-65

mDDA, mean degree-day accumulations for a given base temperature; eDDA, estimated degree-day accumulations for a given base temperature; x/full, a
base temperature (7},) determined using the x-intercept approach in the full temperature range; x/low, T}, determined using the x-intercept approach in the low
temperature range; Yang, 7}, determined using the 15th formula from Yang et al. (24); iter, T}, determined by iterative calculations of DDA for different

temperatures.

*PAI estimated directly using the linear function for relationship between PAI and temperature.
TPAI estimated directly using the exponential function for relationship between PAI and temperature.
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FIG. 10—The distribution of relative errors in preappearance interval (PAI) estimates of adult Creophilus maxillosus in case of the two most accurate
methods. (A) Estimation directly by using the exponential ““PAI*T” function, (B) estimation with eDDA (estimated degree-day accumulations) and a base

temperature determined by using the 15th formula from Yang et al. (24).

estimation, the x-intercept approach generates inadequate base
temperatures.

Owing to the broad range and substantial variation in DDA, it
was expected that estimation of PAI using the mDDA would result
in greater errors than estimation when DDA was calculated using
the “DDA*T” functions. Results demonstrated here in case of adult
C. maxillosus clearly confirm these expectations. Similar results
were found in case of adult N. littoralis (32). It suggests that the
DDA needed for the appearance of adult carrion insects depends
on temperature and therefore should be estimated before being
used.

Accuracy of Estimations

Lack of significant differences between methods, as recorded in
case of larval stage, resulted supposedly from the small size of the
sample tested. However, the trends observed are worth discussing,
as they were close to a 5% level of significance.

In both stages, PAI estimates reached with the direct use of the
exponential “PAT*T” function were, on average, the most accurate
of all methods tested. This method performed very well also in
case of M. littoralis (32). Accordingly, it should be considered
equivalent to or even better than the DDA approach. However, it
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needs further refinement and, in particular, a more accurate way of
determining the average temperature used to obtain a PAI would
be essential.

Similar to results achieved for N. littoralis (32), estimation of
PAI using the eDDA resulted in lower errors as compared to
that from the use of mDDA. Therefore, the former approach
may be considered superior to the latter.

For all methods, errors are apparently overestimated owing to
the weaknesses of the validation procedure used. The procedure
was a meta-analysis of successional data, and quite frequently,
these data were collected or reported in a way which may have
caused substantial inaccuracies (Table 1). For example, in some
experiments, the sampling was performed every second day or
every third day (Table 1), which caused inaccuracies in PAI
determinations and may have increased errors in PAI estimates
during the current validation. Moreover, many papers reported
temperature data from the weather station, and quite often, only
average temperatures for the study period were included
(Table 1). Even taking the readings from the graphs with temper-
ature data, owing to the poor resolution of original figures, may
have caused some inaccuracies and some overestimation of the
errors reported here.

As expected, the distribution of relative errors was positively
skewed. However, the most accurate methods had surprisingly high
number of estimates with very low errors (Fig. 10). It strongly sug-
gests that the overall accuracy of the best methods is higher and
that with better validation data, methods of PAI estimation would
perform much better.

Despite the weaknesses of the validation procedure, some meth-
ods performed surprisingly well. Because the validation data were
collected in experiments with different designs, in different seasons
and habitats (Table 1), results of the validation study indicate that
models of the “PAI*T” relationship and some methods of PAI esti-
mation are fairly robust and will work in a context-free way. More-
over, successional data used in the current validation were collected
in different geographic areas (Table 1). Thus, it is reasonable to
speculate that models reported here may give accurate predictions
of PAI for adult and larval C. maxillosus from different geographic
populations.

Self-Critique

Lack of All Day-Long, On-Site Measurements of Tempera-
ture—The relationship between PAI and temperature was modeled
with data from a local weather station, as no 24-hour on-site mea-
surements were available. Although the station data were corrected
to cover microclimatic conditions of particular sites, the whole pro-
cedure must have resulted in some inaccuracies of the temperatures
used.

Daily Frequency of Sampling—Data on PAI used to model the
relationship between PAI and temperature were collected using
daily sampling of insects. Adult C. maxillosus during very hot
weather may appear on carrion even after 2-3 days of decomposi-
tion (14). With such an early appearance, daily sampling causes
inaccuracies of PAI determinations. The current model covers three
such observations.
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