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73, 337 — 348, 2000

Analysis of the diurnal activity patterns of six species of Drosophila
(Diptera, Drosophilidae) at Bordils (North East of Spain)

MERCE ARGEMI !, GERHARD BACHLI?, FRANCESC MESTRES' &
Lufs SERRA '

The diurnal activity patterns of six species of Drosophila (D. subobscura, D. simulans, D. melano-
gaster, D. immigrans, D. phalerata, and D. testacea) collected at Bordils (North East of Spain) have
been analysed. The analyses are based on daily samples of drosophilids taken during several months
in two periods widely separated in time. The pattern of diurnal activity, measured by the adjusted abun-
dance, does not in general differ significantly between species collected during the same day. Males
and females of the same species usually have equivalent patterns of diurnal activity, the few excep-
tions being probably due to a particular behaviour of males. There is a quadratic relationship between
the relative abundance of individuals collected at a particular hour and the solar angle, as a conse-
quence of the bimodality of the diurnal activity patterns. Light intensity might trigger and set the
boundaries of the diurnal behaviour of individuals, whereas additionally each species would have a
particular adaptation to a given range of temperature and humidity, basically to prevent desiccation.

Keywords: Diurnal activity, solar angle, temperature, Drosophila.

INTRODUCTION

Despite the great amount of information available on the genetics of Droso-
phila, comparatively little is yet known about the ecology of the species which com-
prise the genus (CARSON, 1971; KriMBAS, 1993; POWELL, 1997). With the extensive
use of these organisms for studies of population genetics and speciation, ecological
information becomes all the more important. Although some information is avail-
able on the diurnal periodicity of Drosophila very little is known about differences
in activity between related species (PAVAN et al., 1950; MITCHELL & EPLING, 1951;
ISHIHARA et al., 1953; DYSON-HUDSON, 1956; KANEKO, 1968; ROoCHA PITE, 1978;
ANPELKOVIC et al., 1985; NOOR, 1997) .

Temperature, humidity and light are the factors which have been considered
as possibly having some limiting effects on the periods during which the flies visit
the traps. These factors are interdependent but they differ in their daily range of vari-
ation, the reaction of the flies varying accordingly. They vary also from locality to
locality because of various topographic, vegetation and climatic factors. Fur-
thermore, the total number of flies which appear at the traps is determined by their
abundance in a given season but the numbers that appear at different times of the
day are determined by the factors which control the diurnal cycle.
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The aim of the present study has been to analyse and compare the diurnal
activity patterns of the most common Drosophila species collected at Bordils (North
East of Spain), to find out whether there are significant differences between the daily
activity patterns of species and also between males and females of each species, and
to ascertain the influence of some environmental factors — temperature, humidity
and solar angle — on these patterns.

MATERIAL AND METHODS.

Samples were taken from a plantation of Populus nigra and associated vege-
tation near Bordils (70 km North-east of Barcelona, Spain; 42° 3° N, 2° 54’ E, alti-
tude 42 m). The trees are arranged in rows and columns, separated from each other
by a distance of approximately 5 m. There is a high degree of humidity in the hours
of maximum activity and the whole area is a highly homogeneous habitat.

Flies were collected each month over fermenting banana baits (MONCLUS,
1964) between September 1979 and August 1981 in the first period, and in Octo-
ber 1996 and in February, May and July 1997 in the second period. On each occa-
sion 20 baits were set early in the morning on the ground. Collections were made
by placing a net over the baits hourly until sunset. In December 1979 and in Febru-
ary, November and December 1980 it proved impossible to collect flies because of
low temperature, rain or strong wind. For each collection, the temperature and
humidity were recorded every hour (ARGEMI ef al., 1999). For the identification of
the specimens we have used the keys given by BACHLI & BURLA (1985) and MON-
CLUS (1964).

The monthly collections vary with regard to the number of individuals and the
Drosophila species composition. In this study only the most frequent species have
been considered: D. subobscura, D. phalerata, D. melanogaster, D. simulans, D.
immigrans, and D. testacea. Furthermore, not all of them can be included in all the
analyses because they have not been found in some hours of particular months. The
winter collections, in which the dominant species was D. subobscura and only a
few individuals of the other species were present, have not been included in the
analyses.

To compare the diurnal activity of the different species during the different
hours of the same day, we have used an adjusted abundance parameter (NOOR, 1997)
which is obtained for each species dividing the number of individuals collected at
a particular hour by the maximum number of individuals collected at any hour of
the day. In addition to temperature and humidity, other environmental factors have
an influence on the diurnal activity patterns of Drosophila species (PAVAN et al.,
1950; MiTcHELL & EPLING, 1951; ISHIHARA et al., 1953; DysoN-HuDSON, 1956;
KANEKO, 1968; SHORROCKS, 1977; RocHA PITE, 1978; Topa, 1981; GoONI et al.,
1997), in particular the light intensity. It can be measured by the solar angle of each
solar time. The solar angle has a zero value at sunrise and sunset, and describes a
parabola with a maximum at noon. In this work, the solar angle values have been
calculated according to the expression given by NOOR (1997); the values of the
apparent solar declination have been obtained from the astronomical almanac:
“ALMANAQUE NAUTICO DEL MINISTERIO DE DEFENSA” (1999).

The relationship between the number of individuals collected for each spe-
cies and month with temperature and humidity has been analysed using the Spear-
man Rank correlation test (to avoid problems with lack of normality). For compar-
ing the diurnal activity of the different species in a particular month we have car-
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Fig. 1. Diurnal activity patterns of six species of Drosophila collected in Bordils (North East of Spain).

ried out an ANOVA analysis with the factor species and solar time as the block fac-
tor, using the new variable “adjusted abundance” (AA). This method can be used
since there is homogeneity and the residual distribution fits the required conditions.
Then, a multiple comparisons test (Tukey and Bonferroni methods) was done con-
sidering the factor species. For the months and species in which enough data were
available, we have also compared the diurnal activity distributions of males and
females of the same species. Using the AA variable for males and females, a t-paired
test (the same hour of the day) has been done.

To study the relationship between the daily distribution of individuals and the
solar angle we have defined two new AA variables: morning and evening and ana-
lysed the linear and quadratic regression between them, the R coefficient being es-
timated in each case.

RESULTS

The analysis has been carried out for those months in which data for practi-
cally each hour were available, and only for those species with a sufficient number
of individuals. The distributions of the individuals of the different species against
the solar time are shown in Fig. 1: in this figure only the most significant months
within each season (not including winter time) have been chosen in the period
1979-81; in the period 199697 only the autumn collection has been selected. The
observed distribution patterns are clearly bimodal, as a function of the solar time.
The corresponding peaks of these curves for each species and in the same month,
are located at approximately the same hour of collection, which indicates a similar
behaviour of the different species analysed with regard to the environmental con-
ditions.
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Tab. 1. Spearman rank correlation tests.

April 81 May 81 June 80 July 80 Aug80 Sep80 Oct80 Feb97 May97 July97 Oct96
Species
D. subobscura ns ns +H ns -T +H ns ns -T +H +H ns ns
D. phalerata -T -T -T+H  -T +H ns -T +H ns
D. testacea ns -T +H ns ns
D. immigrans -T +H -T +H ns -T +H ns ns ns -T +H -T +H
D. simulans ns -T +H ns ns -T +H -T +H
D. melanogaster -T +H -T +H ns ns ns ns -T+H  -T+H

-T = significant negative correlation with temperature
+H = significant positive correlation with humidity
ns = non significant correlation

All species show an increase early in the morning reaching a peak; then a
decrease during the central hours of the day is observed followed by an evening
increase, reaching a second peak followed by a rapid decrease during the last col-
lections (Fig. 1). This behaviour is similar to that found in other studies (PAVAN et
al., 1950; ISHIHARA et al., 1953; DysoN-HUDSON, 1956; KANEKO, 1968; RocHA PITE,
1978; TobpA, 1981; NOOR, 1997). These bimodal curves vary according to the month,
showing a maximum distance between peaks in June (maximum variation of the
solar angle) and becoming practically unimodal in winter months (minimum varia-
tion of the solar angle). The solar angle plays a significant role in the daily activity
of the Drosophila species studied. During May and June, the evening decrease takes
place with a solar angle of approximately 5 degrees; in July and August, the value
of the angle is practically 2 degrees (of course, the other environmental conditions
as temperature and humidity must be taken into account, mainly the temperature
which is high late in the evening and shows a low gradient of decrease). In April,
September and October the evening decrease takes place at approximately 10 de-
grees. In summary, within permissive ranges of temperature and humidity the
species set their daily activity clock according to the solar angle.

The temperature ranges in which the six species have been collected are shown
in Tab. 5, together with the the corresponding humidity values, solar time and month
of collection. To analyse the influence of temperature and humidity on the distri-
bution of the number of individuals of each species collected every month, we have
used a Spearman rank correlation test to avoid lack of normality. The results are
given in Tab. 1. Only those cases for which the test is significant are shown. Out
of 43 cases analysed, 18 show a significant negative correlation with temperature
(p < 0.05) and two have a p value between 0.05 and 0.1. For humidity the results
are similar, with 17 cases showing a significant positive correlation (p < 0.05) and
two with a p value between 0.05 and 0.1. In summary, all species analysed show in
general a significant negative correlation with temperature and a positive signifi-
cant correlation with humidity, as also observed by other authors (MITCHELL &
EPLING, 1951; DYsoN-HuDSON, 1956).

To compare the daily distribution pattern of the different species within the
same month, we have carried out an ANOVA with the factor species and consider-
ing the different hours of the day as a block. On applying this method the adjusted
abundance parameter (AA) has been used. The distribution of AA is approximately
normal with equality of variances which justifies the use of the method. The
ANOVA analysis has also been done only for those species and months for which
a sufficient number of individuals was available. The diurnal activity patterns of the
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Fig. 2. Adjusted abundance of each species as a function of solar time.

species are in general equivalent, as shown in Fig. 2 for the case of the May 1981
collection. Significant differences between the patterns have only been found in two
cases (June 80 and October 96 samples). As shown by a subsequent multiple com-
parison test (Tab. 2), the significance is due to the difference between D. subob-
scura and D. immigrans for the sample of June 80 (Fig. 2) and between D. subob-
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Tab. 2. Similarities between the diurnal activity patterns of species of Drosophila, as revealed by mul-
tiple comparison tests of the ANOVA analysis.

May 81 June 80 July 80 Aug80 Sep80 Oct80 July97 Oct 96
Species
D. subobscura D. phalerata ns ns ns
D. immigrans *® ns ns ns ns
D. simulans ns ns ns ns
D. melanogaster ns ns ns
D. phalerata  D. immigrans ns ns
D. simulans ns
D. melanogaster ns
D. immigrans D. simulans ns ns ns ns ns
D. melanogaster ns ns ns
D. simulans D. melanogaster ns ns ns

ns = non significant differences
* = significant at the 0.05 level (p-value<0.05)

scura and D. melanogaster for the sample of October 96. In the period 1996-97 we
have not been able to compare the distribution of D. phalerata because this species
was not collected in July 97 and October 96. As expected, in all these ANOVA ana-
lyses a great component of variability is due to the block factor (solar time). In sum-
mary there are in general no significant differences between the daily distribution
of the adjusted abundance of the different species analysed which shows that their
daily activity patterns are similar.

Thus, a close relationship between the solar angle and the number of individ-
uals collected every hour must exist. If we divide the collections into two groups:
morning collections (solar time < 12) and evening collections (solar time > 12), a
quadratic regression of the number of individuals against the solar angle would be
expected (a parabola with a maximum). As the behaviour of the different species 1s
similar in the analysed months (as shown by the results given in Tab. 2, with the
only exceptions of the samples collected in June 80 and October 96), we have group-
ed the number of individuals of the analysed species for each hour and defined a
new AA variable (AA*) for the morning and evening periods, respectively. In the
case of the sample obtained in October 96, in which a different behaviour between
species was detected, we have grouped only the data corresponding to D. simulans,
D. immigrans and D. melanogaster, which are the species for which no significant
differences have been observed using the multiple comparison test. Then, the lin-
ear and quadratic relationship between this new variable (AA*) and the solar angle
has been studied. The results are shown in Tab. 3. The quadratic model is signifi-
cant for all months (p < 0.05) and for those cases in which the linear model is
significant, the R coefficient is always greater in the quadratic model than in the
linear model, so the quadratic adjust is very good, as expected.

Tab. 3. Regression model analysis of Drosophila diurnal activity on solar angle.

April 81 May 81 July 80 Aug80 Sep80 Oct80  July 97 Oct 96

Linear model F 5.9 3.44 2.87 7.17 0.12 18.53 1.58 30.65
p-value 0.035 0.09 0.112 0.02 0.736 0.001 0.23  0.0001

R 0.609 0.597 0412 0.577 0.579 0.766 0.318 0.838

Quadratic model F 19.42 5.28 6.88 13.79 5.63 9.65 7.82 17.02
p-value | 0.0005 0.027 0.009 0.001 0.021 0.003 0.006  0.0003

R 0.901 0.902 0.717 0.859 0.764 0.785 0.739  0.859
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Tab. 4. Similarity between the diurnal activity patterns of males and females of the same species
(paired-samples t tests).

May 81 June 80 July 80 Aug 80 Sep 80 Oct 80 July 97 Oct 96
Species
D. subobscura ns * ns ns ns ns
D. phalerata * ns ns ns
D. immigrans ns * ns ns
D. simulans ns ns ns ns
D. melanogaster ns ns

ns = non significant differences
* = significant at the 0.05 level (p-value<0.05)

For the months and species in which enough data are available, a comparison
of the diurnal activity between males and females of the same species has been car-
ried out. We have used the adjusted abundance variable (AA) for males and females
separately and applied a paired-samples t test (Tab. 4). Out of 21 possible compar-
isons, 17 show no significant differences between the diurnal distribution of AA of
males and females. One of these cases (D. phalerata) is shown in Fig. 3. In four
cases significant differences have been found: D. immigrans and D. simulans col-
lected in September 80, D. phalerata collected in May 81 and D. subobscura col-
lected in July 80 (Fig. 4). In all these cases the AA of males is significantly lower
than the AA of females. A possible explanation of this situation would be that males
present a flush during a determined hour in which the environmental conditions are
optimal for them. On the other hand, the distribution of females, although having
the maximum at the same hour as that of males, is more regular all day long: the
difference among the number of females collected every hour is not so conspicu-
ous.

DISCUSSION

In this work we have found a clear bimodal diurnal pattern of activity for the
6 most abundant species (D. subobscura, D. immigrans, D. simulans, D. melano-

D.phalerata
September 80

100% )
80%
80% |
70% ® 8

60% | ]

@ AA males
il AA females

50% | ]

40% - ®
30% -
20% m

10% | ® ‘

0%

P 8 B
‘ T T & T T ]
4 6 8 10 12 14 16 18

solar time

Fig. 3. Comparison of the diurnal activity patterns of males and females of the same species.
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Fig. 4. Comparison of the diurnal activity patterns of males and females of the same species.

gaster, D. phalerata, D. testacea). However this pattern can be modified according
to the season: it is most conspicuous from April to October and the bimodal pattern
disappears in the collections of colder months, in which a unimodal or uniform pat-
tern is found. In this case it is somewhat similar to the pattern observed on cloudy
days by some authors according to the particular climate conditions (PAVAN et
al.,1950; MiTCHELL & EPLING, 1951; RocHA PITE, 1978). This bimodal pattern of
activity has also been found by the majority of authors and for many different species
of Drosophila (DOBZHANSKY & EPLING, 1944; PAvAN et al., 1950; HADORN et al.,
1952). The U-shaped model found in some occasions (NOOR, 1997) could be rather
an effect of not sampling in a sufficiently wide hourly range during the day due per-
haps to the limiting climatic conditions of the particular locality.The diurnal perio-
dicity of the behaviour of these species is evidently adaptive. The flies wander,
procuring food chiefly in the morning and before sunset, when relative humidity is
highest and temperature lowest during the light hours, they are practically inactive
during the middle of the day when the danger of desiccation is greatest.

The pattern of diurnal activity, measured by the adjusted abundance, does not
in general differ significantly between species collected during the same day. Only
in two cases, out of a total of 31 comparisons (Tab. 2), a significant difference
between the daily activity patterns of the species has been found, having probably
a random origin. Furthermore, the test is quite sensitive, because rather small dif-
ferences in the adjusted abundances of the species being compared can lead to a
rejection of the null hypothesis.

In general males and females of the same species have equivalent patterns of
diurnal activity, as shown by the fact that, out of 21 possible comparisons, only in
4 cases significant differences have been detected (Tab. 4). These differences can
be explained by a specific behaviour of males: they are quite abundant in some hours
of the day. Females, instead, have a more uniform distribution, although both sexes
have the peak of abundance at the same hour of the day. This is the reason that
explains why the values of the adjusted abundance significantly differ between
sexes. To give an example, D. subobscura (Fig. 4) has an abundance peak at 18
hours (solar time) with 90 males and 42 females; at 17 hours, 33 females and 22
males were collected. Thus, the adjusted abundance values for males will be much
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Tab. 5. Minimum and maximum temperatures in which the corresponding species have been collected.

temperature  humidity solar time month
D. subobscura
min.temp. males 8 93 % 15 January 80
females 10 68 % 14 January 80
max.temp. males 32 40 % 16 June 81
females 32 40% 16 June 81
D. simulans
min.temp. males 9.5 93 % 10 November 79
females 9.5 93 % 10 November 79
max.temp. males 28.5 48 % 13 August 81
females 28.5 48 % 13 August 81
D. immigrans
min.temp. males 9.5 93 % 10 November 79
females 9.5 93 % 10 November 79
max.temp. males 33 40 % 14 June 81
females 32 40 % 16 June 81
D. melanogaster
min.temp. males 13 95 % 6 September 79
females 13 95 % 6 September 79
max.temp. males 33 40% 14 June 81
females 33 40% 14 June 81
D. phalerata
min.temp. males 9.5 93 % 10 November 79
females 9.5 93 % 10 November 79
max.temp. males 33 40 % 14 June 81
females 33 40% 14 June 81
D. testacea
min.temp. males 10 95 % 15 November 79
females 11 95 % 11 November 79
max.temp. males 28.5 63 % 9 June 81
females 285 48 % 13 August 81

lower than those for females. The situation is much the same for the other hours of
the day. This shows that, for this species, the differences between the diurnal dis-
tribution patterns of males and females could be explained by the fact that males
are particularly active during some hours in which they have an abundance flush.
This is in agreement with the results obtained in a study on the capacity of disper-
sal of this species carried out in the same locality (SERRA et al., 1987), in which a
greater activity and capacity of dispersal of males was detected.

As has been observed in different studies, three main environmental factors
can determine the daily distribution of the species: temperature, humidity and light
intensity. Light intensity might trigger and set the boundaries of the diurnal
behaviour of individuals and, additionally, each species would have a particular
adaptation to a given range of temperature and humidity, basically to prevent
desiccation (LILLELAND, 1938). Different measures of light intensity have been used
by authors (MITCHELL & EPLING, 1951; DysoN-HUDSON, 1956). We have used the
variable “solar angle” (NOOR, 1997) as a measure of this environmental factor
which, in spite of having some drawbacks, is a more accurate and comparable mea-
sure. One of the drawbacks is described by the “clear sky” condition during the
collecting times: the influence of the factor “solar angle” may be modified by clouds.
Although we have not monitored this parameter systematically in our analysis the
data obtained in October 96 (Fig. 1) show that the general pattern is preserved on
cloudy and rainy days. This is reinforced by the observation of the maintenance of
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the bimodal pattern of the number of D. subobscura individuals caught in a suction
trap both on fine and dull days (TAYLOR & KaLMUS, 1954). Our results show that
there is a quadratic relationship between the relative abundance of the individuals
collected at a particular hour and the corresponding solar angle. Furthermore the
diurnal activity of the flies would start and finish at a given threshold value of the
solar angle, equivalent to the threshold values of the light intensity found by DySoN-
Hupson (1956) for D. subobscura and by MITCHELL & EPLING (1951) for other spe-
cies. The quadratic relationship with the solar angle is just a consequence of the
bimodality of the patterns of diurnal activity. Were the pattern U-shaped, which is
not the case in our study, then a linear relationship with the solar angle would be
expected.

There is no doubt that light is a key factor for the diurnal activity behaviour
of these Drosophila species, but the highly correlated factors temperature and
humidity should also be taken into account. During the warmest season it is possi-
ble to collect individuals with a solar angle less than 4°, although with a very high
relative humidity and a fairly high temperature (lower than that of the central hours
of the day). There is a negative significant relationship between the number of col-
lected individuals and temperature and a positive significant relationship with
humidity (Tab. 1). In the case of D. subobscura, fly activity has been noticed at tem-
peratures as low as 4.4 °C (BASDEN, 1953). The higher upper limit varies signifi-
cantly according to the locality. There is probably a gradient, geneticallly deter-
mined, for these thresholds in the North-South direction (KrRiMBAS, 1993). The
threshold value of the solar angle is higher during the cold season (10 °) because
the low temperatures have an important effect (below 10 °C). In this season the
activity appears to be primarily dependent on temperature and light has only a sub-
sidiary influence.

In Bordils D. subobscura can be collected all year long. It is the dominant spe-
cies in winter months, having a flush when temperature increases during the win-
ter-spring transition (in March). In January some specimens have been collected at
8 °C (93 % humidity) at 15 hours (solar time) with a solar angle of approximately
10 ° (Table 5). In summer the species is found in lower numbers, although it can
still be collected during the central hours of the day. Apparently it can withstand
extreme temperatures although its activity is markedly reduced, as observed by
DysoN-HuDsoN (1956) for temperatures below 10 °C. The diurnal activity pattern
of the D. subobscura populations that have recently colonized the New World
(NOOR, 1997) is similar to that observed in this study for the population of Bordils.
In this locality, D. subobscura is the most representative and permanent species.
The results obtained in this study let us conclude that, within permissive ranges of
temperature and humidity, these species set their diurnal activity clock according to
the solar angle. In general there are neither significant differences between the diur-
nal distribution of the adjusted abundance of the different species nor significant
differences between the diurnal activity of males and females. D. phalerata has been
collected from March to November with a maximum in summer months, probably
in relation with fungi. The presence of the species over this broad range indicates
that it is adapted to rather extreme temperatures: it has been collected within a tem-
perature range of 9.5-33 °C (Tab. 5). SHORROCKS (1977) has also collected the
species at rather low temperatures; its fair abundance in Bordils is also in agree-
ment with the data obtained by RocHa PiTE (1978) in Portugal, in spite of the cli-
matic differences between the two localities (Atlantic and Mediterranean climates).
On the other hand D. testacea is collected during the warmest months, within a nar-
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rower range of temperatures (10-28.5 °C). It is also collected in smaller numbers
than the other five species, so it might be more sensitive to the particular environ-
mental conditions. D. simulans is found mainly from August to October, showing
a flush in August, when it is collected in very large numbers. It is very rarely found
in November; its seasonal activity period in Bordils coincides with the description
given by RocHA PITE (1978) in other studies. The minimum temperature at which
it has been collected in Bordils is 9.5 °C, in agreement with the observations of GONI
(1997) in American populations in spite of the habitat and climatic differences.
However the species is not found at high temperatures (maximum 28.5 °C). D.
melanogaster shows a wider tolerance to more extreme physical environments
(PARSONS & STANLEY, 1981), specially temperature and desiccation. As it has been
collected only from May to October, the minimum temperature at which it has been
found is higher (13 °C) than that of D. simulans. D. immigrans has also been found
within a fairly wide range of temperatures; as it has been collected in November,
the minimum temperature at which it has been found in Bordils (9.5 °C) is lower
than that of D. melanogaster. D. simulans and D. immigrans have a flush in August-
September; this similar seasonal behaviour is in agreement with the observations
made by RocHA PITE (1978) at Sintra-Colares (Portugal).
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