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Abstract. Three Nearctic species — Pseudomallada macleodi (Adams & Garland), P. perfectus (Banks), and P. sierra (Banks) — share
a suite of phenological characteristics with their Western Palearctic congeners. They overwinter as free-living larvae (primarily third
instars) in a photoperiodically induced diapause. For these three species, the critical photoperiods for diapause induction fell between
LD 16:8 and LD 14:10. In the laboratory, larvae remained responsive to daylength throughout diapause — short daylengths maintained
diapause until diapause terminated spontaneously or death occurred. Transfer of diapausing larvae from short to intermediate or longer
days accelerated diapause development, apparently in a quantitative response to daylength. A period of chilling appeared to delay,
rather than hasten, diapause development. In general, the expression of diapause in F1 hybrids (P. perfectus x P. sierra) resembled that
of the parents; there were minor differences in some features. Among populations of the three species under non-diapause conditions,
the times for complete development (egg hatch to adult emergence) ranged between 40 and 50 days (23.9°C). Under long-day condi-
tions, developmental rates of the P. perfectus egg and prepupal-pupal stages were linearly related to temperature; we provide thermal
thresholds and heat-degree days for these stages. In contrast, developmental rates of free-living larvae did not have a linear relationship

with temperature; photoperiod may interact with temperature to affect non-diapause development in these stages.

INTRODUCTION

The green lacewing genus Pseudomallada (previously
named Chrysopa, Anisochrysa, Mallada, Navasius, Di-
chochrysa) is widely distributed throughout the Old World,
with centers of diversity in the Mediterranean Basin, Afti-
ca, and Asia (Brooks & Barnard, 1990; Tsukaguchi, 1995;
Brooks, 1997; Aspock et al., 2001; Dong et al., 2004; Os-
wald, 2013). Only five of its ~165 species are reported from
the New World (Adams, 1978; Adams & Garland, 1982),
and these five species are restricted to North America; none
are known from Central or South America.

Pseudomallada is considered among the important
groups of predaceous species for use in biological control
of agricultural pests (Tsukaguchi, 1995; Daane, 2001; Pap-
pas et al., 2011; Pantaleoni, 2014); nevertheless the phe-
nology of very few of its species has been investigated.
For example, the overwintering stage is reported for only
eight species — seven from the Western Palearctic (Withy-
combe, 1922; Principi & Castellari, 1970; Séméria, 1977,
Principi & Sgobba, 1993; Canard et al., 1992; Volkovich,
1998) and one from the Nearctic (Smith, 1922). Several
other species were reared in the laboratory, but their hiber-
nating stages were not reported (Tsukaguchi, 1995; Haruy-
ama et al., 2012), and no phenological data exist for the
African or Asian species. Experimental data on photoperi-
odic and other responses that underlie seasonal cycles exist
for five Palearctic species (e.g., Principi & Sgobba, 1987,
1993; Canard & Grimal, 1993; Volkovich, 1998; Pappas

& Koveos, 2011; see Discussion, below), but comparable
information is unavailable from other regions of the world.

During a twelve-year period, we took advantage of fortu-
itous opportunities to accumulate experimental data on the
phenological (photoperiodic and thermal) responses from
three of North America’s five Pseudomallada species.
Herein, to broaden the geographic base of comparative in-
formation on the phenology of the genus, we present these
data within the context of information from Palearctic spe-
cies. Furthermore, we hope to stimulate additional studies
that explore the seasonal adaptations and photoperiodic
responses of Pseudomallada species throughout the broad
range of the genus.

MATERIAL AND METHODS

Sites, stocks and rearing

We examined populations of three Pseudomallada species
from widely separated localities in the United States (see Table
1). These species occur in midwestern and western parts of the
country, at a considerable distance from our laboratory at Cornell
University. Consequently, our studies relied on living specimens
that colleagues sent to us (or that we collected on brief field trips
focused on other research). Also, because our source material was
scarce and unpredictable in the timing of arrival at our labora-
tory, not all populations of each species were subjected to each of
the treatments and/or experiments. Our choices in experimental
design were based on the availability of resources at the time the
specimens were collected or sent to us.

One to several field-collected females from each population
formed the parental sources for most of our experiments; un-

* Deceased October 6, 2014.
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TaBLE 1. Source of parental stock for experiments with North American Pseudomallada species.

Locality
(Collector)

Date (stage collected)

. .
(Tauber Lot Number) Experiments (generation')

Pseudomallada macleodi

Stephenville population
Texas: Erath Co., Stephenville
(C.W. Agnew)
Manbhattan population
Kansas: Riley Co., Ashland Bottoms, nr. Manhattan
(J.R. Nechols, R.G. Helgesen, M.J. & C.A. Tauber)

11-V-1982 (eggs & adults)

28-V-1986 (eggs, larvae & adults)
(86:002) hackberry, mulberry, burr oak

Diapause induction (F1)
(82:001) blacklight

Diapause induction (F1)

Pseudomallada perfectus

Huachuca Mts population
Arizona: Cochise Co., Miller Cyn, Huachuca Mts, ~5,500"
(J.A. Powell)

Shasta Lake population
California: Shasta Co., Moore Crk, Shasta Lake,
McCloud Branch, 8 airmiles NW O’Brien
(J.A. Powell)

Redding population
California: Shasta Co., Redding
(R.B. Miller)

Kings Canyon population
California: Fresno Co., Ten Mile Crk, Kings Cyn Natl
Forest, ~3 mi. NE Hume
(C.A. & A.J. Tauber)

9-VIII-1974 (adults)
(74:052) at light

Diapause induction (F1)
Diapause termination (F2)

26-VIII-1975 (adults)
(75:040) blacklight

Diapause induction (F1)

10-VIII-1981
(eggs, larvae, & adults)
(81:020)

Diapause induction (F1)
Diapause termination (F1)
Cross with P. sierra (F1)

Diapause induction (F2)
Diapause termination (F2)

11-VIII-1983
(eggs, larvae & adults)
(83:004) black oak

Diapause induction (F1)
Temperature-development (F2)

Pseudomallada sierra

Redding population
California: Shasta Co., Redding
(R.B. Miller)

(eggs, larvae & adults) (81:002)

30-V-1981 Diapause induction (F1)
Cross with P. perfectus (F1)
Diapause induction (F2)

Diapause termination (F2)

IGeneration: F1 — experiment with first generation offspring of field-collected female(s); F2 — experiment with second generation

offspring of field-collected female(s).

less noted to the contrary, tests were conducted with their F1
offspring. Larvae were reared in individual vials on the eggs of
Sitotroga cerealella (Olivier). Adults had continuous access to
water and a mixture of protein hydrolysate of yeast, Wheast®,
honey, and sugar (1:1:1:1 ratio, by volume). Except where stated
otherwise, rearing was done at 23.9 + 1°C. All other temperatures
also were maintained within +1°C; humidity was not controlled.

The species identities of all populations were confirmed
through published keys and descriptions (primarily Adams &
Garland, 1982). Voucher specimens are deposited in the Es-
sig Museum of Entomology, University of California, Berkeley
[EMEC Nos. 735499-735598, 1068000-1068129].

Experiments
1. Diapause induction — photoperiod

This experiment evaluated the influence of photoperiod on the
induction and maintenance of diapause; it sought to determine:
(a) the diapausing stage or stages, (b) the critical photoperiod for
diapause induction, (c¢) the influence of photoperiod on the dura-
tion (or depth) of diapause, and (d) the photoperiodic responses
of prediapause and postdiapause stages. Altogether, seven geo-
graphic populations from three species were tested: P. macleodi
(Manhattan, KS and Stephenville, TX populations); P. perfectus
(Huachuca Mts, AZ; Shasta Lake, CA; Redding, CA; and Kings

50

Canyon, CA populations), and P. sierra (Redding, CA popula-
tion) (see Tables 1, 2).

Eggs (one to three days old) from each population were distrib-
uted among constant photoperiods (generally LD 10:14, 12:12,
14:10, and 16:8; in two cases LD 13:11), all at 23.9°C; the num-
ber of individuals in each treatment varied (see Table 3). Rearing
conditions were as described above, and for each individual, we
recorded larval molts (3 instars), cocoon spinning, adult emer-
gence, and death; we did not distinguish between the prepupal
and pupal stages within the cocoon. Also, for five populations
(with at least one for each species) we recorded the egg incuba-
tion periods; in all populations, this period ranged between 5-7
days and was not affected by photoperiod. Thus the incubation
period was not considered in the analysis of photoperiodic re-
sponses.

Occasionally, prepupal larvae went through cocoon-spinning
motions, but no silk was produced. In many of these cases, the
larva underwent metamorphosis to the pupal or pupal and adult
stages without a cocoon. If the resulting pupa or adult appeared
healthy (i.e. survived more than a day) we included the life stage
data. A significantly prolonged third instar indicated a photoperi-
odic effect on development that we, and previous investigators
(e.g., Principi et al., 1977; Canard et al., 1990; Principi & Sgobba,
1993), consider to be diapause.



TaBLE 2. Developmental times (egg hatch to adult emergence)
for three North American Pseudomallada species [Photoperiod:
LD 16:8; Temperature: 23.9 + 1.0°C]. Values followed by same
letter are not significantly different (ANOVA, with Bonferroni

test, p <0.05).

Species Time [no. days, Survival Sex Ratio
Locality x +s.d., n] [%,n] [F:M]
P. macleodi
Stephenville, Texas 46.9+42(12)b 100(12) 2:6
Manbhattan, Kansas 40.8+1.7(17)a 100 (18) 7:9
P. perfectus
Redding, California 42.1+£1.5(25)a 86(29) 11:8
Kings Canyon, California 49.9 £3.9 (30)c 91 (35) 15:16
P, sierra
Redding, California 40.8+2.3(38)a 93(14) 7:6

2. Diapause termination — photoperiod, temperature

These experiments focused on the influence of photoperiodic
increases and decreases, as well as low temperature (“chilling”),
on the rate of diapause development leading to diapause termina-
tion and cocoon formation.

The first experiment dealt solely with photoperiod; in this
test we transferred diapausing third instars that had been reared
under various short-day regimens, to either longer or shorter
daylengths; then, we recorded cocoon formation (i.e., an event
signifying that larvae had terminated diapause and undergone
postdiapause development leading to spinning) (Table 4). For
comparison, we maintained a cohort of equivalent larvae under
the original short-day condition. This test was conducted with P.
perfectus — specifically 34-day-old, diapausing third-instar off-
spring of field-collected females from the Redding, CA popula-

TaBLE 3. Photoperiodic influence on preimaginal development of three Pseudomallada species [Temperature: 23.9 + 1.0°C; L1-L3
= instar number; cocoon = prepupal third instar + pupa]. Within each population and within each column, values followed by same
letter are not significantly different (ANOVA, with Bonferroni test, p < 0.05).

Species Developmental time, Mean = SD, days (n) . s
Locality o Larval survival rate Time within cocoon
Photoperiod L1 L2 Free-living L3 Mean + SD, days (n)
Pseudomallada macleodi
Manhattan, Kansas
LD 16:8 7.2+04 (17)a 6.6+£0.7 (17)a 8.5+0.8(17)a 100% (17) 18.4+0.8 (17)a
LD 14:10 82+0.6(17)b 22.5+£7.7(17)b 77.3 £40.8 (14)b 82.3% (17) 20.0+ 16 (12)b
LD 12:12 7.3+0.4 (16)a 8.1+0.6 (16)a 108 (1) 6.3% (16)! 20 (1)
LD 10:14 7.0+ 0.4 (19)a 7.5+£0.8(19)a — 0% (19)? —
Stephenville, Texas
LD 16:8 9.3+0.7 (16)a 6.8+0.4 (14)a 14.8+£2.0 (12)a 95.0% (20) 17.8£1.0 (12)
LD 10:14 102+0.7(13)b 7.2+0.8 (13)b 131.5+16.3 (2)b 15.3% (13)3 —

Pseudomallada perfectus
Huachuca Mts, Arizona*

LD 14:10 — 121.0+69.8 (31) 130.1+54.9 (20)a 33.3% (6) 20.4+2.0(12)
LD 13:11 — — 125.4+46.7 (T)a 87.5% (8) —
LD 12:12 — — 161.7 +£50.3 (12)a 66.6% (18) —
LD 10:14 — — 221.0+40.9 (67)b 90.5% (74) —
Shasta Lake, California™ °
LD 16:8 9.0+1.3(21a 7.9+0.6(21)a 9.0+0(8) 38.1% (21) —
LD 14:10 10.0£0.9(12)b  19.2+2.7 (5)¢ 45,108 (2) 16.6% (12) —
LD 13:11 85+0.5(13)a 103 +1.1(13)b 174-214 (3) 15.4% (13) 17.0£0(2)
LD 12:12 8.5+0.5(13)a 9.6+ 1.1 (10)b 147, 194 (2) 15.4% (13) —
LD 10:14 Not tested
Redding, California
LD 16:8 7.8+0.5(16)a 7.3+0.5(15)a 89+ 1.3 (14)a 62.5% (24) 189+ 1.8 (7)a
LD 14:10 9.6+09(15)b 245+9.0(15)ab  126.5+24.7 (6)b 65.0% (20) 18.8+2.6 (11)a
LD 12:12 9.1+08(17)b 33.8+40.4(9b 128.7+57.3(15)b 56.0% (18) 18.7+3.1 (10)a
LD 10:14 8.1+03(12)a 22.0+18.0(10)ab 131.0+42.8 (8)b 53.3% (15) 22.6+3.9 (5)a
Kings Canyon, California
LD 16:8 — 7.6 +0.6 (25)a 11.1 £2.1 24)a 96.0% (25) 20.0 £ 0.9 (22)be
LD 14:10 — 13.5+7.5(20)a 64.9 +54.9 (20)b 80% (25) 18.7 + 1.5 (19)ab
LD 12:12 — 92+ 1.1 (27)a 118.7 £ 19.6 (24)c 88.9% (27) 21.3+2.8(24)c
LD 10:14 — 29.4+31.924)b  84.0+25.6 (24)b 96.0% (25) 18.8 £4.3 (22)a
Pseudomallada sierra
Redding, California
LD 16:8 8.7+0.8 (29)c 7.9+0.7 (29)a 7.3+£0.8 (43)a 100% (29) 174+ 1.1 (38)a
LD 14:10 79+04(22)b 13.5+£1.7(27)b 162.0 £44.1 (7)d 13.0% (23) 180+ 1.4(2)a
LD 12:12 7.1+£0.5(22)a 8.0+0.9 (22)a 126.7 +48.5 (19)c 82.6% (23) 179+ 1.8 (8)a
LD 10:14 7.5+£05(7)ab  7.7+0.6 (29)a 104.5+23.7 (11)b 21.7% (23) 18.5+ 1.7 (10)a

"Deaths occurred after 150 days as third instars. *Deaths occurred after 82—236 days as second instars. *Most deaths occurred after 176
days as third instars. “The Huachuca Mts population was not tested under LD 16:8. Several individuals reared at that photoperiod com-
pleted development within ~45 days. This duration is similar to those of nondiapausing individuals from other populations (Table 2).
SSurvival was low probably because of poor quality larval diet. ¢ Third instar numbers too low for statistical test.

51



TaBLE 4. Photoperiodic influence on the duration of larval diapause in Pseudomallada perfectus [ Temperature: 23.9 + 1.0°C; Free liv-
ing third instar (L3) developmental time = days from L2—L.3 molt to cocoon formation; cocoon = prepupal L3 + pupa]. Within each pop-
ulation and within each column, values followed by same letter are not significantly different (ANOVA, with Bonferroni test, p <0.05).

Free-living L3 developmental
time, Mean + SD, days (n)!

Locality; Diapausing stage
Photoperiod

Time within cocoon
Mean + SD, days (n)

L3 survival rate (n)
[age at death, days]

A. Redding, California; Third instar (transfers to photoperiod #2 at age 34 d)

LD 10:14 131.0 £ 42.8 (8)a
LD 10:14 — LD 16:8 56.9+2.0 (7)b
LD 12:12 128.7 £57.3 (15)a
LD 12:12 - LD 16:8 56.7+5.9 (13)b
LD 14:10 126.5+24.7 (6)a
LD 14:10 — LD 16:8 52.5+4.8 (6)b
LD 16:8 8.9+ 1.3 (14)c

Free-living L3: ANOVA - F =27.317538, p <0.0001, d.f., = 70.

75.0% (12) [210-300] 20.6 + 4.8 (5)
100% (7) 18.8 = 1.8 (6)
83.3% (15) [160] 18.7 + 3.1 (10)
100% (13) 21.8+1.7(11)
75.0% (80) [94, 183] 17.8+ 1.6 (5)
100% (7) 213+1.0(7)

100% (15) 18.9 + 1.8 (7)

Cocoon: ANOVA — F =3.2365536, p=0.01011, d.f. = 50; Bonferroni test: no significant differences between treatments.

B. Huachuca Mts, Arizona; Third Instar (transfers to photoperiod #2 at age 10 d)

LD 10:14 —
LD 10:14 —- LD 12:12
LD 10:14 — LD 14:10
LD 10:14 — LD 16:8
LD 13:11 - LD 10:14
LD 13:11

199.5 + 50.7 (4)ab
128.6 + 42.6 (5)be
47.0 £ 13.7 (6)d
59.6 +24.6 (5)cd
269.7 +41.4 (3)a
141.4 +46.7 (T)b
LD 13:11 — LD 14:10 38.8+9.8 (4)d
LD 13:11 — LD 16:8 33.7+£58(3)d

Free-living L3: ANOVA - F = 22.537608, p < 0.0001, d.f., = 36

57.1% (7) [302-407] —
83.3% (6) [271] —
100% (6) —
100% (5) —
75.0% (4) [341] —
100% (7) —
100% (4) —
75.0% (4) [278] —

'Developmental time = total number of days for third instar development (from molt to cocoon spinning), not the number of days from

the transfer to LD 16:8 until cocoon spinning.

tion, and 10-day-old, diapausing third-instar F2 offspring from
the Huachuca Mtn, AZ population.

The second experiment examined the effects of photoperiod
and low temperature on diapausing larvae that had been reared
under LD 10:14, 23.9°C (Table 5). It had two sets of treatments
and four conditions (see Table 5). Treatment #1 was initiated 26
days after larvae had molted to the third instar and continued until
64 days post-molt. During this treatment, all larvae experienced
the same constant short daylength (LD 10:14); but, half of the lar-
vae (Conditions 1 & 3) were exposed to low temperature (4.4°C)
and the other half (Conditions 5 & 7) remained at 23.9°C. In Con-
ditions 1 and 3, the transfer from the warm to the cool regimen
(23.9°C to 4.4°C) was done stepwise: on day 26 the larvae were
transferred to 15.6°C where they remained for 4 days; on day 30
they were transferred to 10°C for 4 days; and then, on day 34 they
were moved to 4.4°C where they remained for 30 days.

Treatment #2 began immediately after Treatment #1 (day 64
post-molt). During Treatment #2, all larvae experienced the same
temperature (constant 23.9°C); but, half of the larvae from each
of the regimens in Treatment #1 (Conditions 1 & 5) remained
under short daylength (LD 10:14), and the other half (Conditions
3 & 7) was transferred to long daylengths (LD 16:8). The trans-
fer from cool to warm conditions occurred in an abrupt, single
change.

This experiment involved the Redding, CA populations of P,
perfectus and P. sierra, as well as one hybrid genotype (SP = P
sierra mother x P. perfectus father) [See “3. Interspecific hybrids
...”, below]. Note: The test with the SP hybrid genotype differed
from the above in the timing of the treatments; i.e. Treatment #1
began on day 30 of larval life, and Treatment #2 followed imme-
diately afterwards, beginning on day 96 (Table 5).
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3. Interspecific hybrids — diapause-related responses (Table 6)

In an earlier study, we had determined that P, perfectus (P) and
P, sierra (S) could hybridize and produce viable (but infertile)
offspring (Tauber & Tauber, in prep.). Here, we examined how
the F1 hybrids respond to photoperiodic conditions that induce
and maintain diapause in the parental genotypes.

Our test began with intraspecific and interspecific pairings of
first generation, lab-reared adults — four of P. sierra (S x S), nine
of P. perfectus (P x P), one of P. perfectus @ % P. sierra 3 (P x
S) cross, and two of P. sierra @ x P. perfectus & (S x P). This
experiment was identical to and concurrent with the “Diapause
induction — photoperiod” experiment described above; the data
for P. sierra and P. perfectus (Redding, CA), reported on Table 3,
represent the results for the parental population.

4. Development — temperature

The thermal requirements for development and the initiation
of reproduction were examined for one population of P. perfectus
[Kings Canyon, CA]. Eggs were distributed among five constant
temperatures (15.6 to 26.7°C) at LD 16:8 (Table 7); each con-
dition began with 2946 individuals. Rearing procedures were
as described above. We recorded larval molts, cocoon spinning,
adult emergence, and deaths. The prepupal stage was defined as
the period from cocoon spinning to the larval-pupal molt within
the cocoon; the preoviposition period was the time from female
emergence to first oviposition. Newly emerged females and males
were paired and maintained under the temperatures at which they
were reared. If an adult died before oviposition occurred, the sur-
viving partner received a new mate.

For each life stage we analyzed the effect of temperature on
development by first plotting developmental rate [1/developmen-
tal time (1/days)] against temperature. We estimated “t, .~ the
minimum temperature for development [= lower developmental
threshold (t), lower developmental temperature (LDT), or basal



TaBLE 5. Effect of photoperiod and chilling on the developmental time (to cocoon formation) of diapausing third instars — Pseudomal-
lada perfectus, P. sierra, and an F1 hybrid. Parental populations from Redding, California.

Experimental conditions

Condition Treatment #1 Treatment #2
1. LD 10:14 4.4°C! LD 10:14 23.9°C
3. LD 10:14 4.4°C LD 16:8 23.9°C
5. LD 10:14 23.9°C LD 10:14 23.9°C
7 LD 10:14 23.9°C LD 16:8 23.9°C
Experimental results
L3 duration after start of Treatment #2, L3 total duration, % cocoon

Mean + SD, days (n)

Pseudomallada perfectus®?

Mean + SD, days (n) formation (n)

1. 74.6 £32.0 (9)b 168.5+35.5 (9)c 100 (10)
3. 21.9+6.6 (8)a 118.5+16.5(8)b 100 (8)
5. 92.7+36.7 (7)b 144.3 +47.9 (8)bc 53 (15)
7. 31.7+4.0 (T)a 57.9+2.0(7)a 88 (8)
Pseudomallada sierra®*
1. 47.0+ 15.8 (12)b 130.2 £23.4 (13)c 86 (14)
3. 134424 (13)a 91.8+3.1 (14)a 100 (14)
5.70.0+ 18.4 (11)c 104.5+23.7 (11)b 78 (14)
7. Not included
Pseudomallada sierra-perfectus F1 (SP) hybrid>¢
1. 48.8+20.8 (11)a 210.1+19.0 (11)a 100 (13)
3. 145+£5.0(11)b 110.2+5.9 (9)b 100 (13)
5. 57.6+16.2 (12)a 1113 +17.2 (12)b 100 (12)
7. 13.6 2.0 (13)b 46.0 £3.2 (10)c 100 (14)

'Transfer from 23.9°C to 4.4°C was step-wise (See Material & Methods); the reciprocal transfer at the initiation of Treatment #2 was in
one step. > Treatment #1 extended from days 26—-64; Treatment #2 began on day 64. * Photoperiod, but not temperature, had a significant
effect on the duration of diapause [ANOVA, with Bonferroni test: L3 duration after start of Treatment #2, Temp: F = 0.897, P =0.3538;
Photoperiod: F = 47.420, P < 0.0001; Interaction: F = 0.001, p = 0.1975; d.f. = 27]. * Both temperature and photoperiod had significant
effects on the duration of diapause [Student t-test: L3 duration after start of Treatment #2, Condition 1 versus 3, t = 7.3743, p < 0.0001,
d.f. =22; Condition 1 versus 5,t=4.8315, p <0.0001, d.f. = 37; Condition 3 versus 5, t = 0.4989, p = 0.623, d.f. = 21; L3 total duration,
Condition 1 versus 3, t =5.997, p < 0.0001, d.f. = 25; Condition 1 versus 5, t = 2.6414, p = 0.01491, d.f. = 22]; Condition 3 versus 5,
t=-1.9871, p=0.05895, d.f. = 23]. S Treatment #1 extended from days 30-96; Treatment #2 began on day 96. ®* Both temperature and
photoperiod had significant effects on the duration of diapause, as well as a significant interaction [ANOVA, Temp: F = 350.075, P <
0.0001; Photoperiod: F =360.370, P < 0.0001; Interaction: F = 16.787, p = 0.0002; d.f. = 39].

temperature (T,) of other authors] by extrapolating the regression
line between developmental rate and temperature to the x-axis.
Then, we estimated K, the number of heat degree-days for com-
pletion of development [= HDD, or sum of effective temperatures
(SET) of other authors] from the equation, K = 1/m, where m is
the slope of the regression line.

We used “KaleidaGraph”, Version 4.5, Synergy Software, to
quantify the above linear relationships. Also, because some of the
developmental rates appeared not to be linearly related to temper-
ature, we also used “KaleidaGraph” to fit a smooth curve to the
data. This calculation first applies a Stineman function to the data.
The output of this function then has a geometric weight applied
to the current point and £10% of the data range, to arrive at the
smoothed curve. There is no single expression that represents this
curve; therefore, there are no parameters, and we did not report

t, i OF K values for life stages with nonlinear data.

RESULTS

All three Pseudomallada species underwent uninterrupt-
ed development (oviposition to adult emergence) when im-
matures were reared under long-day conditions (LD 16:8)
(Table 2). Developmental times averaged 41-50 days (at
23.9°C), and diapause was absent (although third instar
development was slightly prolonged in some individuals).

1. Diapause induction — photoperiod
(a) Survival

In all but one population that we tested, survival rates
were high (60-100%) under nondiapause conditions (LD
16:8). In some (e.g., the two populations of P. macleodi,
from Kansas and Texas), diapause was associated with low
survival (<20%); in others (e.g., Kings Canyon and Red-
ding, CA populations of P. perfectus) survival was rela-
tively high (50-100%) across all photoperiods.

(b) Critical photoperiod for diapause induction

For all species and populations, the three photoperiods
shorter than LD 16:8 delayed development and induced
diapause in all third instars (Table 3). Thus, the critical
photoperiod fell between LD 14:10 and LD 16:8 (23.9°C).

(c¢) Photoperiod — diapause duration

Among the tested populations of P. macleodi and P. per-
fectus (except the Redding, CA population), daylengths be-
low the critical photoperiod had significant effects on the
duration of diapause. Moreover, the pattern of effects was
not consistent either among the Pseudomallada species, or
among the geographic populations of P. perfectus (Table
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TaBLE 6. Photoperiodic influence on preimaginal development in F1 Pseudomallada perfectus, P. sierra, and their interspecific
hybrids. [Temperature: 23.9 + 1.0°C; L1-L3 = instar number]. Within each row, values followed by same letter are not significantly
different; values in rows without letters do not vary significantly (ANOVA, with Bonferroni test, p < 0.05). Parental populations from

Redding, California.

P. perfectus (PP) P, sierra (SS) P. perfectus-sierra (PS) P. sierra-perfectus (SP)
Larval developmental time, Mean + SD, days (n)
L1 LD 16:8 7.8+0.5(16) 8.7+ 0.8 (29) 8.5+ 0.5(6) 82+ 1.0(19)
LD 14:10 9.6+0.9 (15)b 7.9+04 (22)a 9.0£0(5)b 9.1+£0.7 (22)b
LD 12:12 9.1+0.8 (17)c 7.1+0.5(22)a — 8.0+ 0.5(25)b
LD 10:14 8.1+0.3(12) 7.5+£0.5(17) 82+0.7(13) 7.7+0.5(24)
L2 LD 16:8 7.3+0.5(15)a 7.9+0.7 (29)b 6.7+0.5(6)a 6.7+0.7 (19)a
LD 14:10 245+9.0 (15)a 135+ 1.7(27)b 18.0 + 8.5 (4)ab 15.4+2.5(22)b
LD 12:12 33.8+40.4 (9)a 8.0+ 0.9 (22)b — 9.2+0.8(25)b
LD 10:14 22.0+18.0 (10)a 7.7+0.6 (29)b 9.5+0.8(13)b 8.6+ 1.2 (24)b
Free-living L3 LD 16:8 8.9+ 1.3 (14) 7.3 +0.8 (43)ab 8.2+ 1.0 (6)bc 6.7+£0.9 (19)a
LD 14:10 126.5 +£24.7 (6)a 162.0 £ 44.1 (7)a 272.3+37.8(3)b 241.3+65.2 (8)b
LD 12:12 128.7 £ 57.3 (15) 126.7 +48.5 (19) — 169.5 + 16.1 (10)
LD 10:14 131.0+42.8 (8)a 104.5+23.7 (11)a 1783+ 7.5 (6)b 111.3+£17.1 (12)a
Larval survival rate (n)
LD 16:8 62.5% (24) 100% (29) 100% (6) 100% (19)
LD 14:10 65.0% (20) 13.0% (23) 60% (5) 36.4% (22)
LD 12:12 56.0% (18) 82.6% (23) — 83.3% (12)
LD 10:14 53.3% (15) 21.7% (23) 38% (13) 100% (12)

3). In one (e.g., P. perfectus, Huachuca Mts, AZ), LD 10:14
induced a more persistent (thus deeper) diapause than did
the other (longer) diapause-inducing short daylengths test-
ed. And, in the Kings Canyon, CA population, LD 12:12
induced the longest diapause. However, in the Redding,
CA population, diapause duration did not vary significantly
among the short-day, diapause-inducing photoperiods. No-
tably, for the single P. sierra population (Redding, CA),
LD 10:14 resulted in a shorter diapause than any of the
other photoperiods tested.

(d) Photoperiod — prediapause and postdiapause stages

First instars of all three species showed very small, but
significant differences in developmental times under the
photoperiods tested. The pattern of variation was not con-
sistent across species or populations.

In comparison, second instars of all the species had sig-
nificant and relatively large developmental delays under at
least one of the short-day photoperiods. For example, in
P. macleodi and P. sierra, development of second instars
was prolonged only at LD 14:10, not at LD 12:12 or LD
10:14 (Table 3). In P, perfectus, the populations varied as to
which short day(s) caused the delay in second instar devel-
opment. In the Shasta Lake, CA population LD 14:10 was
most effective, but LD 12:12 and LD 10:14 also caused
significant developmental delays. In contrast, a delay oc-
curred only under LD 12:12 in the Redding, CA popula-
tion, and only under LD 10:14 in the Kings Canyon, CA
population.

In this test, the postdiapause/nondiapause prepupal and
pupal periods within the cocoon typically ranged between
17 and 23 days for all the species. Although this period
varied significantly among photoperiodic treatments, we
did not discern a specific relationship with the daylengths
tested (Table 3).
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2. Diapause termination — photoperiod, temperature
First experiment

The first experiment dealing with diapause termina-
tion used two populations of P. perfectus (Redding, CA
and Huachuca Mts, AZ), and it addressed three aspects
of diapause: (a) whether an increase in daylength would
hasten the termination of diapause, (b) whether a decrease
in daylength would intensify diapause, and thus prolong
its duration, and (c) whether photoperiod affected the rate
of postdiapause development within the cocoon. Although
the results were consistent in this experiment, the numbers
were relatively small, and we consider that the findings are
preliminary.

(a) Increase in daylength and diapause termination

Larvae from two P. perfectus populations (Redding, CA
and Huachuca Mts, AZ) were tested. In both populations,
the transfer of diapausing third instars from a diapause-
inducing daylength (LD 10:14, 12:12, 13:11, or 14:10) to
the long daylength of LD 16:8 resulted in a significant and
substantial (>60 day) reduction in the total time for third
instars to develop (Table 4A, B). However, the response
time (= the time to initiate spinning after the transfer to
LD 16:8) was long; for example, in the Redding, CA pop-
ulation, cocoon spinning occurred ~18-21 days after the
transfer of diapausing third instars to LD 16:8 (Table 4A).
This value is roughly twice the ~9-day average that non-
diapause third instars require before they spin (at constant
LD 16:8 and the same temperature, 23.9°C).

The experimental procedure with the Huachuca Mts, AZ
larvae differed from the one above in that cohorts of dia-
pausing larvae were subjected to increases in daylengths
(of two or four hours) that remained below the critical
photoperiod for diapause induction, as well as one (of six
hours) that crossed the critical photoperiod. That is, larvae



TaBLE 7. Survival and thermal requirements for Pseudomallada perfectus development and reproduction (Kings Canyon, California
population, lab-reared F2, LD 16:8). All temperatures were +1°C; t,
that are required for completion of development.

of heat-degree days above t

d min

min’

lower thermal threshold for development; K (HDD), number

Development, Mean + SD days

Thermal requirements

15.6°C 18.3°C 21°C 23.9°C 26.7°C t,.. °C) K (HDD)'
Egg 18.7+1.2 13.8+0.4 102+0.4 8.0+0 59+0.3 11.1 96.1
First instar 17.4 £ 0.1 14.6 +0.7 12.1£1.6 92+1.1 7.1+1.2 — —
Second instar 14.0£0.8 11.5+0.8 12.1+£24 7.8+0.7 6.2+0.7 — —
Free-living third instar 18.8+2.4 14714 13.7+£2.3 11.8+3.1 104+£3.5 — —
Prepupa + Pupa 42.6+2.8 34.1+£1.2 27.0+0.9 21.5+0.7 16.7+0.6 9.1 305.9
Total 111.0+49  885+3.0 722+32 59.0+3.8 46.2 +4.6 8.3 875.4
Number tested (min.) 24 22 30 30 34
% survival to adult 60.9 81.5 68.2 69.6 76.1
Sex ratio (F : M) 1.6:1 091:1 1.5:1 09:1 0.6:1
Fertile oviposition, % (n pairs) 0(13) 60 (10) 75 (12) 92 (13) 100 (11)
Previposition period — 19.2+2.0 16.2+£3.7 12.8+5.0 11.7+£3.2 6.0 218.9
Mean + SD (n)? (6) ©9) (12) (11)

!'Calculated only for stages in which developmental rates were linearly related to temperature.
2Within each temperature, there was considerable variation in the developmental rates leading to oviposition; thus, the R value of the
linear regression line was low (R = 0.58096). However, a linear relationship appeared to be an appropriate fit for the data.

were transferred from LD 10:14 (below the critical pho-
toperiod) to either LD 12:12 or LD 14:10 (also below the
critical photoperiod), or LD 16:8 (above the critical pho-
toperiod) (see Table 4). In this experiment, developmental
times showed a quantitative and inverse relationship with
the final daylength. Development was slowest under con-
stant LD 10:14, intermediate after the transfer to LD 12:12,
and fastest after transfer to LD 14:10 or LD 16:8 (Table 4B,
upper four treatments).

In the second group from the Huachuca Mts, AZ, lar-
vae were transferred from LD 13:11 to either of two longer
daylengths (one below the critical photoperiod for diapause
induction — LD 14:10, and one above it — LD 16:8). After
the transfer, larvae in LD 14:10 and LD 16:8 developed
at similar rates and significantly faster than those that re-
mained under LD 13:11 (Table 4B, lower four treatments).

(b) Decrease in daylength and diapause prolongation

In conjunction with the test above, one treatment (with
the P. perfectus, Huachuca Mts, AZ population) examined
the effect of a decrease in daylength (below the critical
photoperiod) on the duration of diapause. In this case, lar-
vae that had been reared and in which diapause had been
induced under LD 13:11, were transferred to LD 10:14.
The resulting developmental time was significantly longer
than that at constant LD 13:11 (Table 4B, lower four treat-
ments).

(¢) Photoperiod — postdiapause development within the
cocoon

The time for postdiapause larval and pupal development
within the cocoon showed significant variation among
treatments in the single population tested (P. perfectus,
Redding, CA) (Table 4A). However, the variation had no
consistent relationship with the photoperiods tested.

Second experiment

This experiment, with P. perfectus and P. sierra from
Redding, CA, tested the effect of photoperiod and a pe-
riod of low temperature (4.4°C, “chilling”) on the time
for diapausing larvae to complete development (= begin
cocoon formation). In all treatments (whether the larvae
experienced chilling or not), survival rates were relatively
high, and an increase in daylength resulted in substantial,
and significant, reductions in the time required for larval
development (Compare Treatments 1 vs 3 and 5 vs 7; Ta-
bles 5, 7).

Larvae that had experienced a period of chilling during
diapause (Treatments 1 and 3) did not complete their de-
velopment faster than those that had remained under con-
stant warm conditions (Compare Treatments 1 vs 5 and 3
vs 7). Indeed, in some cases the total period of develop-
ment prior to cocoon spinning was longer if the larvae had
experienced a period of chilling during diapause than if
they had not (significant differences: P. perfectus, Treat-
ments 3 vs 7; P. sierra, Treatments 1 vs 5; P. sierra X P.
perfectus hybrids, Treatments 1 vs 5 and 3 vs 7).

3. Photoperiodic responses of F1 interspecific hybrids

Our experiments above (Section 1 — Diapause induction)
demonstrated how the two parental species (P. perfectus
and P. sierra) respond to a range of constant daylengths
(see Table 3). Here, to gain some insight into the genetic
basis for their similarities and differences, we compare the
photoperiodic responses of the parental and hybrid geno-
types (see Table 6).

(a) First instars of the parental genotypes (PP, SS) ex-
pressed very small, but consistent and significant differ-
ences in their developmental responses to photoperiod. The
hybrid genotypes (PS, SP) showed no consistent pattern of
variation in their responses; under LD 14:10 they resem-
bled P. perfectus (PP); under the two shorter daylengths,
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Fig. 1. The relationship between temperature and the developmental rates for each life stage of Pseudomallada perfectus (Kings

Canyon, California population). Each temperature had a minimum of 22—-34 data points; each marker represents one or more observa-
tions. To illustrate the patterns in the relationships, each set of data (Table 7) was fitted to a straight-line linear plot (regression equations
given) and with a smoothed curve (KaleidaGraph, Version 4.5, Synergy Software).

the responses were either intermediate to the parental gen-
otypes or they were without significant variation (Table 6).

(b) Second instars of each parental type showed distinc-
tive developmental responses to photoperiod. In P. sierra
(SS), LD 14:10 significantly delayed second instar devel-
opment relative to either LD 16:8 or the two shorter day-
lengths, LD 12:12 or LD 10:14 (Table 3). In P. perfectus
(PP), second instar development at LD 14:10 was not sig-
nificantly longer than it was at the other short-day photo-
periods (Table 3). The responses of PS and SP second in-
stars resembled those of SS more closely than those of PP.

(¢) Third instar hybrid larvae (PS, SP) expressed an unu-
sually long (and significant) delay in development at LD
14:10 relative to the parental types. Development was ~3
months longer in each hybrid cohort than in the parental
cohorts (Table 6). This pattern also occurred at LD 10:14
in the SP hybrid, but not the PS hybrid.

(d) Survival of the hybrids during rearing was variable,
as it was for the parental cohorts (Table 6).

4. Development — temperature

Survival rates of P. perfectus (Kings Canyon, CA) at the
five temperatures tested (15.6-26.7°C) showed little varia-
tion — they ranged between 61 and 82%, and there was no
noticeable trend relative to temperature (Table 7).

56

The average time for total development (oviposition to
adult emergence) ranged from ~110 days at the lowest
temperature (15.6°C) to ~46 days at the highest (26.7°C).
For the egg, prepupa-pupal period, and total life cycle, the
developmental rates were positively and linearly related to
temperature; the relationship was especially strong for the
egg and prepupal/pupal periods, where the regression coef-
ficients (R) were > 0.979 (Fig. 1). The lower thresholds for
development (t, ) of these stages ranged between 8 and
11°C; the thermal requirement (K) for total development
was approximately 875 heat-degree days (HDD) above the
threshold of 8.3°C (Table 7). The sex ratios of adults were
variable; values ranged from 0.6:1 to 1.6:1 (9:&) (Table
7).

In contrast to the above, the three larval stages showed
considerable scatter in their developmental times, especial-
ly the third instar. Also, their temperature-developmental
rate curves deviated from linear, especially so in the sec-
ond instar (Fig. 1). Therefore, we did not calculate t, . or
K values for the free-living larval stages.

Temperature strongly influenced the length of the preo-
viposition period and fertility. Although oviposition oc-
curred at the lowest temperature (15.6°C), none of the eggs
were fertile. Above this temperature, the number of pairs
that laid fertile eggs increased with temperature; fertility

d min



was 100% at 26.7°C. The average preoviposition period
(for fertile eggs) ranged from ~19 days at 18.3°C, to ~12
days at 26.7°C (Table 7).

DISCUSSION

Pseudomallada’s known pattern of geographic distribu-
tion (>155 species on three continents of the Old World
and a meager five species in the New World — all restricted
to western and midwestern North America) presented an
enticing setting for our work. In this discussion we in-
terpret our findings from three Nearctic Pseudomallada
species within a comparative context — vis-a-vis western
Palearctic species previously studied by others. Our goal
is threefold: (i) to elucidate phenological features and re-
sponses that the Palearctic and Nearctic species share, (ii)
to explore interspecific variation within the genus, and (iii)
to highlight areas of research that we believe would reap
tangible benefits.

We emphasize that during our discussion of shared phe-
nological features, we avoid making broad generaliza-
tions concerning generic characteristics. Pseudomallada
is a very large genus, with many described (e.g., Oswald
2013), as well as undescribed species (R.A. Pantaleoni,
pers. commun.). Only a small percentage of these species,
all from temperate regions, have been investigated. Many
additional species occur in subtropical and tropical regions
(Holzel & Duelli, 1990; Holzel et al., 1994, 1997; Tsuka-
guchi, 1995; Brooks, 1997; Aspdck et al., 2001; Dong et
al., 2004; Oswald, 2013), and their phenological features
may differ considerably from those of the species studied
previously or here.

In beginning our comparative evaluation, we provide a
brief summary of the seasonal cycles and phenological re-
sponses of the Palearctic species that have been studied.
Within this setting, we then evaluate our specific findings
from the Nearctic species and make specific comparisons
with Palearctic species. We conclude with some general
recommendations.

Phenological underpinnings

As noted earlier, seven species of Western Palearctic
Pseudomallada species are known to overwinter as free-
living larvae. Most are reported to do so only in the third
instar [P. clathratus (Schneider), P. ibericus (Navas), P.
prasinus (Burmeister) A-phenotype, P. zelleri (Schnei-
der)], and some in the second and third instars [P, flavifrons
(Brauer), P. picteti (McLachlan), P. ventralis (Curtis)]. One
species apparently hibernates only in the second instar [P
prasinus (Burmeister), B-phenotype] (Withycombe, 1922;
Principi & Castellari, 1970; Séméria, 1977; Canard et al.,
1992; Principi & Sgobba, 1993; Volkovich, 1998).

The first of these Palearctic species to be examined ex-
perimentally was P. flavifrons. In a series of experiments
over a ~15 year period, Principi and co-authors elucidated
a complex suite of photoperiodic and thermal responses
that induce and maintain larval diapause in this species
(Principi et al., 1975, 1977, 1990; Principi & Sgobba,
1985, 1987). Although diapause may occur occasionally in
second instars, the experimental work focused mainly on

diapause in the third-instars. Using two experimental pho-
toperiods (a long day, LD 16:8, and a short day, LD 10:14),
they showed: (i) diapause occurred in the third instar only
if the second instar was exposed to short daylengths, and
(i1) the length (depth) of the third instar diapause was di-
rectly related to the number of short days experienced dur-
ing the second instar.

When P. flavifrons second instars were reared at short
daylengths, they experienced a deceleration in the rate of
development, but the delay in this instar was usually much
smaller than that in the third instar. This relatively small
increase in the number of short daylengths experienced by
the photosensitive second instar had an important effect in
that it caused a substantial increase in the depth of the third
instar diapause. Temperature, too, affected the incidence
and depth of diapause in this species, apparently through
an interaction with the above photoperiodic response. In
this case, lower temperatures lengthened the duration of
the photosensitive second instar, and this increase in the
amount of time under short daylengths, in turn, caused an
increase in the depth of the third instar diapause.

Moreover, the studies by Principi and co-authors dem-
onstrated: (iii) that under constant short-day conditions,
diapause could terminate and postdiapause larval devel-
opment could proceed towards cocoon spinning “spon-
taneously” (i.e., without the intervention of an apparent
stimulus). However, (iv) long daylength would hasten the
process.

Experiments with P. clathratus, P. ventralis, and P, prasi-
nus A-phenotype elucidated life cycles that are similar to
that of P. flavifrons (Principi & Sgobba, 1993; Volkovich,
1998). Specifically, in all four species, the third instar is the
predominant or only overwintering stage, and diapause is
induced by short daylengths. In P. clathratus, the second
instar also was identified as the primary sensitive stage for
the photoperiodic induction of diapause that is expressed
in the third instar. However, these three species differ from
P, flavifrons, in that the development of second instars was
not shown to be delayed by short daylengths.

In experiments by Canard and co-workers, the Palearctic
species P, picteti was shown to have a somewhat different,
more malleable life cycle than those of the species above
(Canard et al., 1990, 1992; Canard & Grimal, 1993). In
three successive cohorts of outdoor rearings, this species
showed a progression of developmental patterns. In the
early-season cohort, only third instars entered an overwin-
tering diapause; in a later cohort, second and third instars
underwent overwintering, and in the last cohort, only sec-
ond instars overwintered. Diapause depth appeared to vary
among cohorts and among instars within cohorts, as did the
responses to photoperiodic increases and decreases.

Finally, P. prasinus B-phenotype was found to enter win-
ter as diapausing second instars (Volkovich, 1998). A vari-
ety of photoperiodic and temperature conditions [e.g., very
long daylengths, warm and cool conditions, thermoperi-
ods, and increases (but no decreases) in daylength] were
used in attempting to avert the second-instar diapause. All
were unsuccessful. Thus, it was concluded that P. prasinus
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B-phenotype is univoltine and that its diapause in the sec-
ond instar occurs independently of seasonal stimuli.

Comparison between Nearctic and Palearctic
species.
(1) Diapausing stage

In our experiments with the three Nearctic species, the
third instar was the life-stage that was most affected by
short daylengths. Although daylength also significantly in-
fluenced developmental rates of the two other instars, es-
pecially the second instar, the effects were relatively small
and usually restricted to LD 14:10. Therefore, it appears
that the third instar may be the predominant, if not the only
overwintering stage for the three Nearctic species. Never-
theless, we note that the laboratory results from P. picteti
did not fully predict the overwintering stages that occurred
in outdoor rearings (Canard et al., 1992). Thus, our above
proposal regarding the overwintering stages of the Nearc-
tic species awaits confirmation with field observations or
rearings.

(2) Photoperiodically sensitive stage(s)

We reared the three Nearctic species under a range of
constant daylengths from LD 16:8 to LD 10:14 for their
entire life cycle. This procedure did not allow us to de-
termine photoperiodically sensitive stages. Among the
Palearctic species, the sensitive stages of only P. flavifions,
P. picteti, and P. clathratus have been studied (Principi et
al., 1977; Canard et al., 1990; Principi & Sgobba, 1993);
in these three species, the second instar was the primary
sensitive stage, but the first and early third instars were also
involved. [Furthermore: it appears from results by Principi
et al. (1977) that the photoperiodic experience of the par-
ents and/or developing embryos (within eggs) also may
influence diapause induction.]

(3) Feeding during diapause

Sometimes, larvae of the three North American species
appeared to take food during the prediapause developmen-
tal delay, as well as during diapause. These observations
concur with reports that P. flavifrons and P. picteti larvae
may ingest prey and undergo significant weight gain dur-
ing diapause (Principi et al., 1975; Canard et al., 1990).
Usually, diapause in insects is associated with the cessa-
tion of feeding and growth (e.g., Tauber et al., 1986); thus
the Pseudomallada species fall among the exceptions, and
they provide opportunities to explore an intriguing facet of
diapause.

(4) Photoperiodic response — first instar

The Nearctic and Western Palearctic species varied in
whether or not photoperiod affected the developmental
rates of the first instars. In P. macleodi and P. perfectus (Ta-
ble 3), as well as in the Palearctic species P. picteti (Canard
et al., 1990), short daylengths delayed first instar develop-
ment slightly, but significantly. Interestingly, in P. sierra
the situation was reversed; development was slightly, but
significantly faster under short daylengths than under long
daylength (LD 16:8). However, the biological relevance of
this observation remains unexplained.
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(5) Prediapause developmental delay — second instar

In both P. macleodi and P. sierra, LD 14:10 was the only
photoperiod tested that reduced the rate of second instar
development significantly (Table 3). This daylength is very
near the critical photoperiod for diapause induction in the
third instar (see #6, below). In contrast, the results for P,
perfectus were variable; in this species one or more short
daylengths significantly slowed second instar develop-
ment, but the geographic populations differed as to which
photoperiods were effective. Regrettably, comparative data
from daylengths very near the critical photoperiod are not
available for most Palearctic species, and our results raise
a number of questions. For example, the short daylength of
LD 12:12 did not reduce the developmental rate of second
instar P. clathratus from that observed at LD 16:8 (Prin-
cipi & Sgobba, 1987). However, we wonder whether this
species’ developmental rate would be reduced by an in-
termediate daylength which was slightly below the critical
photoperiod (e.g., LD 14:10). In P. picteti, both the “inter-
mediate” daylength of LD 12:12 and the “short” daylength
of LD 8:16 delayed second instar development, with LD
12:12 being slightly more effective (Canard et al., 1990).
Again, the developmental response to a slightly longer “in-
termediate” daylength (e.g., LD 14:10) is unknown.

P prasinus B-phenotype presents the one notable ex-
ception to the pattern observed in most other Pseudomal-
lada. This species was reported to overwinter in the second
instar; moreover, in the laboratory, development stopped
in second instars under all photoperiods tested, and an in-
crease in daylength did not stimulate the resumption of
development (Volkovich, 1998). It would be interesting to
test whether a decrease in daylength (as would occur in
nature) would stimulate molting and the subsequent induc-
tion of diapause in the third instar.

(6) Critical photoperiod for diapause induction — third
instar

For all three Nearctic species, the critical photoperiod for
diapause induction (at 23.9°C) fell between LD 16:8 (0%
diapause) and LD 14:10 (100% diapause). Comparable
data over a range of photoperiods are unavailable except
for one congeneric Palearctic species. In P. prasinus A-
phenotype from the forest-steppe zone of Russia (Belgorod
region, 50°N, 36°E), the critical photoperiod fell between
LD 16:8 and LD 18:6 (24°C) (Volkovich, 1998). Such a
long critical photoperiod is not unexpected in a population
from high latitudes.

(7) Photoperiod and diapause depth

In our study, the duration (depth) of diapause in all three
species varied significantly when larvae were reared under
a range of constant short-day photoperiods that fell below
the critical photoperiod for diapause induction (Table 3).
Previously, a similar type of variation was observed when
the Palearctic species P. picteti (critical photoperiod be-
tween LD 12:12 and LD 16:8) was reared at constant LD
8:16 or LD 12:12 (Canard et al., 1990; Canard & Grimal,
1993). The results from these species indicate that Pseu-
domallada larvae perceive and respond to the actual length
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of the short days below the critical photoperiod. However,
there was not a consistent or readily apparent pattern of
variation, such as an inverse relationship between diapause
depth and diapause-inducing daylengths, as in Chrysoper-
la carnea (Stephens) sensu lato (Tauber & Tauber, 1973).

Additional results from two species (P. picteti and P.
perfectus) indicate that at some periods in the life cycle, a
decrease in daylength below the critical photoperiod may
increase the depth of diapause. In P. picteti (with a critical
photoperiod above LD 12:12), transfer of newly molted,
prediapause second or third instars from LD 12:12 to LD
8:16 resulted in a more intense diapause than when lar-
vae remained at either photoperiod without a change (i.e.,
constant LD 12:12 or LD 8:16) (Canard & Grimal, 1993).
When first instars experienced the same photoperiodic
change, only a small proportion (~12%) delayed develop-
ment.

In our test with young (10-day old), diapausing P. perfec-
tus (Huachuca Mts, AZ), the transfer from a diapause-in-

20

Temperature °C

25 30 35 10 15 20 25

Temperature °C

30 s

Fig. 2. The relationship between temperature and the develop-
mental rates for each life stage of Pseudomallada prasinus. The
values for the plots were calculated from data on Table 1 in Pap-
pas et al. (2008); each temperature had two data points — the aver-
age male and female developmental rates (see markers). To illus-
trate the patterns in the relationships, each set of data was fitted to
a straight-line linear plot (regression equations given) and with a
smoothed curve (KaleidaGraph, Version 4.5, Synergy Software).

ducing short daylength (LD 13:11) to an even shorter day-
length (LD 10:14) induced a “deeper” (= longer) diapause
than occurred at either of the constant short daylengths
(Table 4B). Reciprocally, an increase in photoperiod (in-
volving daylengths that remained below the critical pho-
toperiod) reduced the depth of diapause and hastened its
termination (Table 4B). In this test, the speed of response
(time to cocoon formation) was quantitatively related to (i)
the length of the final photoperiod — LD 10:14 (short-day
control), LD 12:12 or LD 14:10) and (ii) the length of the
time difference between the daylengths — 0, 2 or 4 h.
Given the above results, we hypothesize that diapause
depth in these Pseudomallada species is determined by a
complex series of responses to photoperiodic stimuli, in-
volving either or both (i) the measurement of actual day-
lengths and/or (ii) the perception of changes in daylength.
These cues are detected during specific stages of develop-
ment. Such complex response patterns are known to occur
among other chrysopids that retain photoperiodic sensitiv-
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ity during the diapausing stage (e.g., in Chrysoperla spp.;
see Tauber & Tauber, 1970, 1973). However, the responses
of Pseudomallada species appear to differ markedly from
those of Chrysoperla, and they merit examination.

(8) Spontaneous and photoperiodic termination of
diapause

In all Nearctic and Palearctic species tested (except for
P prasinus B-phenotype; see Volkovich, 1998), diapause
often terminated “spontaneously” under constant condi-
tions without the intervention of an apparent stimulus.
The proportion of larvae that did so, varied considerably
among species, populations, and treatments (see: Canard
et al., 1992; also, Tables 3 & 6 here). In P. flavifrons and P.
picteti, the photoperiodic and thermal conditions that the
larvae experienced before and during diapause (especially
during the second and early third instars) played an impor-
tant role.

In all the species tested (P. flavifrons, P. picteti, P. per-
fectus, P. sierra), transfer of diapausing larvae to a day-
length longer than the critical photoperiod accelerated dia-
pause development and hastened the initiation of spinning
(Principi et al., 1977; Principi & Sgobba, 1987; Canard
et al., 1992, also, Tables 4 & 5 here). This response oc-
curred whether the transfer took place early or late dur-
ing diapause. Thus, diapausing larvae remain sensitive to
daylength, and it would be useful to test whether an intense
winter diapause (= “unachieving diapause” or “ately” of
Canard & Grimal, 1993) in the field would result in the
heavy mortality that occurred under constant conditions in
the laboratory. The naturally increasing and/or relatively
long daylengths during late winter and spring would prob-
ably foreshorten a persistent diapause (Principi & Sgobba,
1993).

(9) Thermal effect on diapause termination

A period of low temperature did not hasten (as it does in
some diapausing insects) the rate of diapause development
in the Nearctic P. perfectus, P. sierra, or the SP hybrids.
On the contrary, a period of “chilling” during third instar
diapause generally lengthened the total time for the larval
period before cocoon formation. We suspect that in our ex-
periments, chilling [which began relatively early (days 26
or 30) after the second to third instar molt] lengthened a
photoperiodically sensitive period in the third instar, and
thus induced a deeper diapause than that which occurred in
the “unchilled” third instars. For comparison with P. flavi-
frons, see Principi et al. (1990).

(10) Photoperiodic responses of F1 P. perfectus x P. sierra
hybrids

Although there are no data from Paleactic species for
comparison, we discuss our results from interspecific
hybrids here, in part to stimulate analogous studies with
phenotypes of P. prasinus. In our test (Table 6), the basic
complement of diapause-inducing photoperiodic responses
found in the parental genotypes is also expressed in the F1
interspecific hybrids (Table 6). Thus, P. perfectus and P.
sierra seem to share a common genetic basis in their re-
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sponses to photoperiod. Also, it appears that P. sierra may
be dominant to P, perfectus in the expression of the second
instar’s photoperiodically mediated, prediapause develop-
mental delay. However, more tests are necessary to confirm
this possibility. Furthermore, the significant difference be-
tween the hybrid genotypes and the parental genotypes in
the duration of diapause in the third instar merits additional
study.

It is worth noting that the species known as P. prasinus
may contain a number of cryptic species (R.A. Pantaleoni,
pers. commun.). For example, the two “phenotypes” that
Volkovich (1998) studied (and considered as possible cryp-
tic species) are difficult to distinguish morphologically, but
they show a number of substantial biological differences
including their phenologies. If these phenotypes could be
hybridized in the laboratory, it would be of considerable in-
terest to examine the inheritance of the diapause responses.

(11) Temperature — development & reproduction

In our study of the thermal requirements for development
and reproduction of P. perfectus (Kings Canyon popula-
tion), there was substantial variation among developmental
stages in the relationship between the rate of development
and temperature. Graphs for the egg, prepupa-pupal period,
total development, and preoviposition period (Figs 1A, 1E,
1F) showed linear relationships that are typical of many in-
sects (e.g., Hon¢k & Kocourek, 1988). In contrast, growth
rates of the larval stages (Figs 1B—1D) deviated consider-
ably from linear; the deviation appeared most pronounced
in the second instar.

Although such a non-linear relationship is not common-
ly reported, it also occurred in the Palearctic P. prasinus
[see our graph (Fig. 2 here) of data previously published
by Pappas et al., 2008]. In that species, second and third
instars showed no significant variation in developmental
times among several of the intermediate-range tempera-
tures tested (Table 1 in Pappas et al., 2008), and their tem-
perature-developmental rate relationships deviated greatly
from linear for several stages (see our Fig. 2 here; also see
Volkovich & Blumental, 1997). In a later study, similar,
but less pronounced, deviations from linearity occurred in
P, prasinus fed a diet different from that in the earlier study
(Pappas & Koveos, 2011). In the second study, the authors
recognized the deviation from linearity and utilized both
linear and nonlinear tests in their statistical analyses and in
their estimates of thermal requirements for development.

Based on the data from the above studies on P. perfec-
tus and P. prasinus, as well as information concerning the
relatively long critical photoperiods for diapause induc-
tion in both species (Table 3 here; Volkovich, 1998), we
propose that the unusual thermal response curves reflect
a photoperiodically based deceleration in prediapause and
diapause development. For chrysopids, it has been shown
that temperature conditions (constant and fluctuating) can
have a strong positive or negative influence on diapause in-
duction (e.g., Tauber et al., 1986); indeed, both P. flavifrons
and P, prasinus express such an effect (Principi et al., 1990;
Volkovich & Blumental, 1997). Because our experiment,
and the ones on P. prasinus, were conducted at LD 16:8,



a photoperiod near the critical photoperiod, the various
experimental temperatures may have shifted the critical
photoperiod for diapause induction differentially; if so, the
development of photoperiodically sensitive prediapause
and diapausing stages would be expected to deviate from a
linear relationship with temperature.

Pseudomallada — an attractive model system for
photoperiodic studies

To date, experimental studies on the Palearctic and
Nearctic species of Pseudomallada have demonstrated
photoperiodic responses that elicit intriguing questions
concerning the unexplored, underlying mechanisms. We
propose that Pseudomallada could serve as a productive
model system for further studies of insect photoperiodism.
Our reasons are numerous: (i) The three larval instars have
been demonstrated to have an extensive and malleable
period of larval sensitivity and responsiveness to photo-
period. (ii) The larvae express a variety of the photoperi-
odic response pathways, some of which may be intricately
intertwined with thermal responses. (iii) There is some
evidence that time measurement in this group of insects
is highly refined, but open to investigation; that is, larvae
have relatively long developmental times during which
they appear to measure actual daylengths and/or the direc-
tion or amount of daylength change. (iv) The genus con-
tains large numbers of both Temperate Zone and Old World
tropical species. Comparative study of these species could
provide valuable insight into the evolution of diapause,
photoperiodic responses, and related thermal adaptations
in insects — topics that are very relevant to understanding
the biological effects of climate change. (v) Some species
will hybridize and produce viable offspring in the labora-
tory, thus opening possibilities for genetic investigation.

Together, the above suite of traits provides a wealth of
opportunities for exploring the ecophysiology and evo-
lution of photoperiodism, as well as the specific role of
photoperiod, and the complex photoperiodic and thermal
interactions, in timing insect seasonal development. An
underlying (& crucial) advantage for using this group in
experimental research is that Pseudomallada species are
among the predaceous insects that are amenable to rearing
(see Pappas et al., 2008, 2011; Pantaleoni, 2014).
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