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ABSTRACT Adult survival is thought to be an important factor regulating the size of aquatic insect
populations, yet very little is known about the factors that cause mortality during the adult stage.
Percentage mortalities over varying time intervals and 96-h lethal temperature values (96-hg,,,.. LT5,)
were calculated for the adults of the common New Zealand caddisfly Hydrobiosis parumbripennis
McFarlane (Hydrobiosidae) and stonefly Zelandoperla decorata Tillyard (Gripopterygidae), and
48-h4,,..« LTx, values were calculated for the leptophlebiid mayfly Acanthophlebia cruentata (Hudson)
using an amplitude of diurnally varying temperature regimens within and outside the insect’s normal
environmental range. Maxima ranged from 18 to 40°C and amplitude varied from 6 to 18°C. Mortality
of adult mayflies and caddisflies were consistently higher than that of stoneflies for all comparable
diurnal temperature trials. Daily temperature maxima were more important than the diurnal range in
regulating mortality, with a rapidly increasing mortality as temperature maxima exceeded 24 (Acan-
thophlebia) or 30°C (H. parumbripennis and Z. decorata). Interpolated LTy, values for diurnally varying
air temperature regimens were ~31-33°C for adult H. parumbripennis and Z. decorata and ~28-29°C
for Acanthophlebia adults. The LT, value for Z. decorata based on diurnally varying air temperature
regimens was ~10°C higher than that for constant temperature regimens. These findings have potential
implications for managing riparian zones alongside streams and also for predicting the impacts of global

warming on aquatic insect distributions.
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SURVIVAL. DURING THE ADULT phase (both subimago
and imago) of aquatic insects is influenced by biotic
factors such as predation (e.g., by birds, spiders, and
insects orders such as Odonata) and abiotic factors
such as climate and terrestrial habitat quality
(Werneke and Zwick 1992) . Most adult aquatic insects
remain close to the stream after emergence, but a few
individuals can range more widely, and they poten-
tially play an important role in the exchange of genetic
material with neighboring populations and in recolo-
nization after disturbance (Collier and Smith 1998;
Griffith et al. 1998; Briers et al. 2002). Mayflies are
often reputed as having a short life span of only 1-2d
and have been characterized as the quintessence of
a short-lived organism (Carey 2001), whereas many
stonefly and caddisfly adults are relatively long-lived
(up to 2-3 mo in laboratory conditions; Collier and
Scarsbrook 2000; unpublished data). The extended
flight periods of several groups (e.g., caddisflies,
Crichton 1959, Smith et al. 2002) and the longevity of
many species suggest that conditions experienced in
the terrestrial environment are potentially important
in regulating survival during the adult stage. Zwick
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(1989) emphasized the possible importance of adult
aquatic insect longevity in population dynamics, sug-
gesting that even small changes in the percentage
mortality of adults could have a significant effect on
the abundance of the next generation. However, Brit-
tain (1990) suggested that short longevity coupled
with high abundances could serve as an adaptation to
minimizing exposure to predation. Adult survival may
be critical at the population level as the number of
females successfully ovipositing can regulate the size
of subsequent aquatic larval populations (Enders and
Wagner 1996), although recent genetic studies have
suggested that larval populations can be derived from
only a few matings (Hughes et al. 2003).
Microclimate has been implicated as an important
factor influencing the longevity and development of
insects that spend their entire lives in the terrestrial
environment (Fleishman et al. 1990, Chandler and
Wright 1991, Erelli et al. 1998), but few studies have
examined its significance for the survival of adult
aquatic insects (however, see Collier and Smith 2000).
However, several workers have documented effects of
weather conditions on activity and flight periodicity
(Brindle 1957, Anderson 1978, Waringer 1991, Briers
et al. 2003). Microclimate conditions, particularly air
temperature and humidity, tend to be more severe
during summer in open environments, such as those
found in agricultural settings or after forest harvesting
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Table 1. Microclimate data for three air temperature treatments applied to A. cruentata, H. parumbripennis, and Z. decorata
Treatments
1 2 3
Temperature range (°C) 16 12-18 18-24“ 24-30 30-36 12-18 12-25 12-30 12-35 12-40
Mean daily temperature (°C) 16 13.6 20.2 26.4 32.7 13.6 179 18.5 19.1 22.4

“No data for Z. decorata.

(Brosofske et al. 1997, Davies-Colley et al. 2000). Re-
tention or restoration of forested strips alongside
streams has been suggested as a means of mitigating
land-clearance impacts, as well as having beneficial
effects for stream temperature, shade, and terrestrial
biota (Quinn et al. 1993, Naiman and Dechamps 1997).
Even narrow riparian buffers may be sufficient to
achieve desired air temperature conditions in shel-
tered environments (Meleason and Quinn 2004), al-
though this is not always the case, especially where
sites are exposed (Dong et al. 1998, Davies-Colley et
al. 2000). However, little information exists on the
desirable microclimate targets required to sustain
temperature-sensitive adult aquatic insects in riparian
areas.

The effects of temperature and humidity on stonefly
longevity have been documented by Collier and Smith
(2000); however, those experiments were run using
constant temperatures that do not accurately mimic
natural diurnal fluctuations that are typically higher in
mid-afternoon and lower early in the morning. These
thermoperiods can have profound effects on the life
history traits of insects that are not reflected by con-
stant temperature conditions (Brakefield and Kesbeke
1997). To address this issue, we examined the effects
of microclimate conditions using 24-h, diurnally vary-
ing temperature cycles on the survival of adults of the
gripopterygid stonefly, Zelandoperla decorata Tillyard,
and the monotypic leptophlebiid mayfly, Acanthophle-
bia cruentata (Hudson), both which are characteristic
of native forested catchments, and the hydrobiosid
caddisfly, Hydrobiosis parumbripennis McFarlane,
which has a cosmopolitan distribution.

Materials and Methods

Final-instar nymphs (indicated by fully developed
wingpads) of Z. decorata were collected from Wairere
Stream (37°44'45" S, 175°52'10" E) in the greater
Waikato region of New Zealand’s North Island from
September 2000 to December 2000 (see Collier and
Smith 2000 for further site details). H. parumbripennis
pupae were collected from September 2001 to April
2002 at the confluence of two Waikato hill-country
streams (37°48'00” S, 175°04'30" E; PW2 and PW3 in
Quinn et al. 1997 and Collier et al. 1997), and A.
cruentata from the Whakakai Stm (37°46'45" S,
175°04'13" E), ~30 km west of Hamilton from Febru-
ary 2004 to April 2004.

A total of 113 Z. decorata, 100 H. parumbripennis,
and 89 A. cruentata were used in the temperature
treatments, and of these, 66, 59, and 41%, respectively,
were females. Nymphs and pupae were reared to

emergence at a constant 16°C in an aerated bucket
with a mesh lid. Nymphs were fed microbially condi-
tioned leaves and epilithon on stones from their donor
streams. Emergent nymphs, subimagos, and caddisflies
were provided with protruding sticks or stones on
which to emerge. Once emerged, a single adult was
placed into a 500-ml clear plastic container with a
modified mesh lid with freely available water. Water
was made available to imagos of A. cruentata even
though their mouthparts are vestigial, because Harker
(1999) noted that a mayfly with vestigial mouthparts
and incapable of feeding could take very small
amounts of fluid into the gut. Adult H. parumbripennis
and Z. decorata were fed a 5% sucrose solution, and
sooty mold fungi was also fed to Z. decorata, based on
analysis of gut contents by Smith and Collier (2000).

Diurnal temperatures were controlled and regu-
lated by two purpose-built microclimate chambers,
each controlled by a Genesis II Digital Control System
(Innotech, Australia), and run from independent PCs.
Each microclimate chamber consisted of a 1.2-m? alu-
minum reinforced plastic outer and inner shell with a
50-mm-thick polystyrene core. Day lighting was pro-
vided by twin 18-W/840 Triphosphor fluorescent
lights (Philips, Thailand) on a 12:12-h light-dark cycle.
Three temperature regimens within and outside the
insect’s normal environmental range were run (Table
1). Treatment 1 used a constant temperature of 16°C.
Treatment 2 maintained a regular diurnal temperature
range of 6°C with maxima of 18, 24, 30, and 36°C for H.
parumbripennis and A. cruentata, and 18, 30, and 36°C
for Z. decorata (Fig. 1). Treatment 3 involved a min-
imum baseline temperature of 12°C to represent
cooler morning and evening temperatures commonly
experienced during Waikato summers, followed by a
steady increase over a 5- to 6-h period to reach maxima
of 18, 25, 30, 35, or 40°C, before declining to the 12°C
minima 18-19 h later (Fig. 1). This treatment gave
diurnal ranges of 6, 13, 18, 23, and 28°C, respectively.
Temperature maxima were used to calculate the 96-h
lethal temperature values (96-hy,,,.. LTx,) for H. pa-
rumbripennis and Z. decorata. Because of the reduced
longevity of A. cruentata, 48-h LT,, were calcu-
lated.

dmax

Results

Female and male caddisflies or mayflies lived similar
lengths of time at a constant temperature of 16°C (15.7
and 17.1 d and 2.8 and 2.3 d, respectively), whereas
female stoneflies lived much longer than males in this
study (12.6 versus 6.7 d). For both sexes combined,
adult Z. decorata and H. parumbripennis survived, on
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Fig. 1. Diurnally varying temperature cycles over 24, 48,
and 96 h for treatment 2 (dotted lines; constant 6°C diurnal
range with variable maxima) and treatment 3 (solid lines;
constant 12°C minima with variable maxima) used to study
thermal tolerances of H. parumbripennis, Z. decorata, and
A. cruentata.

average, 11.6 and 16.5 d, respectively, compared with
4.8 d for A. cruentata at 16°C (Table 2). There was
considerable variation in mortality for the three spe-
cies in treatment 1 (16°C), with minimum longevity
(subimago + imago) of 1.5 d and a maximum of 9 d for
A. cruentata, whereas H. parumbripennis and Z. deco-
rata had a minimum longevity of 5-6 d and maximum
longevity of 42-53 d. Under both diurnally varying
treatments, Z. decorata longevity was greater at equiv-
alent temperatures than H. parumbripennis, and the
tendency for greater female longevity in Z. decorata
generally persisted until maximum temperatures ex-
ceeded 30°C. There was also substantial individual
variation in both diurnally varying treatments for the
three species, but this variation declined as tempera-
ture maxima increased (Table 2).

Mean days alive declined for all species (both sexes
combined) with increasing air temperature in treat-

ments 2 and 3 (Table 2; Fig. 2). For the longer-lived
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H. parumbripennis and Z. decorata, longevity at com-
parable maximum temperatures was similar in both
treatments (Table 2). There was a sharp decline in
longevity for H. parumbripennis and Z. decorata when
temperature maxima increased above 30°C (mean lon-
gevity < 1.3 d), and a rapid decrease in the longevity
of A. cruentata when the daily maxima exceeded 24°C
(mean longevity < 3.9 d; Table 2) for treatments 2 and
3, indicating that temperature maximum rather than
the diurnal range was the key thermal cue inducing
mortality (Fig. 2). There was a gradual increase in
percentage dead after 96 h for H. parumbripennis and
Z. decorata as the daily maxima approached 30°C, and
beyond this temperature, mortality jumped to 100%,
with treatments 2 and 3 showing the same pattern of
mortality (Fig. 2A and B). The interpolated 96-h,,,,...
LT, value for Z. decorata was ~33°C (Fig. 2B) com-
pared with 31-32°C for H. parumbripennis (Fig. 2A).
Figure 2C shows a gradual increase in percentage dead
of A. cruentata after 48 h when the daily maxima
exceeded 24°C. The interpolated 48-h,,,,.. LTx, value
for A. cruentata was somewhat lower at 26-27°C
than the 96-h,,,... LT, value for the other two species
(Fig. 2C).

When mortalities were compared for diurnally
varying temperature treatments with similar maxima
(within 2°C), but different diurnal ranges over 24, 48,
and 96 h, it was evident that, in the absence of thermal
refugia, significant mortality could occur within 1 d if
temperature maxima exceeded 24°C for A. cruentata
and 30°C for H. parumbripennis and Z. decorata
(Fig. 3). Although, mayfly mortality was highly vari-
able (20-100% at a daily maximum >24°C, regardless
of the length of exposure; Fig. 3C), our data suggest
that A. cruentata mortality could be around 10% if daily
temperature maxima remained <25°C for <3 consec-
utive days. However, mayfly mortality rapidly in-
creased to 50% when the diurnal temperature maxima
reached 25°C within a 24-h period, with mortality
rising to 70% at this temperature over 2 consecutive

Table 2. Longevity data for three air temperature treatments applied to A. cruentata, H. parumbripennis, and Z. decorata
Treatments
1 3
Maximum air temperature (°C) 16 18 24 30 36 18 25 30 35 40
H. parumbripennis
Mean days alive 16.5 11.5 9.8 5.0 0.5 11.5 7.2 6.0 0.5 0.5
Median days alive 13.0 9.0 8.0 4.0 0.5 9.0 7.0 6.0 0.5 0.5
Range (days alive) 6-42 3-35 2-29 2-11 0.5 3-35 4-10 1-12 0.5 0
n 20 17 10 11 5 17 11 11 10 5
Z. decorata
Mean days alive 11.6 15.5 ND 5.6 1.0 15.5 10.2 74 12 0.5
Median days alive 9 135 ND 5.0 1.0 135 9.5 7.5 1.0 1.0
Range (days alive) 5-53 4-41 ND 2-11 1 4-41 4-23 3-11 0.5-2 0.5
n 18 24 ND 11 5 24 16 8 20 11
A. cruentata
Mean days alive 458 5.7 5.0 12 0.6 5.7 2.1 3.8 14 0.5
Median days alive 4.0 45 5.0 1.0 0.5 45 15 3.0 1.0 0.5
Range (days alive) 1.5-9 1-17 1-8 0.5-3 0.5-1.0 1-17 1-5 1-7 0.5-2.5 0
n 11 10 10 10 10 10 10 10 10 8

See Materials and Methods for details.
ND, no data.
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Fig. 2. Adult mortality at 96 h using maxima of two
diurnally varying temperature treatments for (A) H. parum-
bripennis and (B) Z. decorata and (C) at 48 h for A. cruentata.
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Fig. 3. Comparison of mortality of adult H. parumbri-
pennis, Z. decorata, and A. cruentata over 24, 48, and 96 h
subjected to similar diurnal temperature maxima (24-25, 30,
and 35-36°C) but different diurnal ranges. (A) H. parum-
bripennis. (B) Z. decorata. (C) A. cruentata. ND, no data.

days (Fig. 3C). If temperature maxima were above
23°C over 4 consecutive days irrespective of the di-
urnal range, >20% of H. parumbripennis adults could
die (Fig. 3A). Unlike H. parumbripennis, however,
maxima of 30°C over 4 consecutive days were required
to induce 20% mortality in Z. decorata, and >70%
mortality was recorded within 24 h when temperature
maxima exceeded 35°C, regardless of the diurnal range
(Fig. 3B).

Discussion

The adults of the longer-lived H. parumbripennis
and Z. decorata showed a similar pattern of thermal
tolerance, with mortality rapidly increasing as tem-
peratures exceeded 30°C, whereas mortality for the
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shorter-lived A. cruentata gradually increased as the
daily temperature maxima exceeded 24°C. We ex-
pected A. cruentata to be sensitive to increasing tem-
perature because it is largely confined to native for-
ested catchments (Quinn et al. 1997, Collier et al.
2004). Acanthophlebia adults are not restricted to cre-
puscular activity, with adults observed swarming up to
3m above streams, at least on overcast and drizzly days
(McLean 1967; B.].S, unpublished data). Diurnal ac-
tivity may be advantageous for short-lived species
because it may maximize reproductive opportunities,
potentially at the cost of temperature-induced mor-
tality at open sites. A. cruentata also has extended
emergence and recruitment periods (October-May),
with adult numbers peaking around February-April
(Collier et al. 2004). Extended emergence may pro-
vide a temporal refugium that helps populations per-
sist through catastrophic pulse disturbances (e.g., Col-
lier and Quinn 2003) and hot summers by ensuring
that adults can oviposit most times of the of year.

In contrast to our findings, we expected adult stone-
flies to be more sensitive to increasing air temperature
than caddisflies because larval studies have indicated
thermal sensitivity for stonefly nymphs (Quinn and
Hickey 1990, Quinn et al. 1994). However, results
indicated H. parumbripennis had greater mortality at
lower maximum temperatures even though adults
are common in pasture catchments and numbers peak
during summer (Smith et al. 2002). However,
H. parumbripennis limit flight to cooler evening peri-
ods and may use thermal refugia among riparian veg-
etation during the day.

Zelandoperla decorata is usually found in large, tur-
bulent, stony streams draining native forested catch-
ments, with most adults emerging in spring and early
summer (McLellan 1975, 1999; unpublished data).
They are typically active during the afternoon when
air temperatures are highest and have been collected
in direct sunlight and from the shaded sides of boul-
ders in the middle and sides of the stream (unpub-
lished data). Thermoregulatory behavior has yet to be
recorded for southern hemisphere stoneflies, although
adults of the northern hemisphere stoneflies Zapada
cinctipes (Banks) (Nemouridae) and Utacapnia trava
Nebeker and Gaufin (Capniidae) are known to ther-
moregulate body temperature by entering water
(Tozer 1979, Dosdall and Lehmkuhl 1988). We did not
observe adult Z. decorata entering the water (for both
laboratory and field observations); however, it is pos-
sible that this species may thermoregulate its body
temperature through abdominal contact with stone
surfaces or through behavior by moving to the shaded
cooler side of rocks and boulders.

The diurnally varying 96-hg,,... LTs, value for Z.
decorata based on maximum temperatures (~33°C)
was ~10°C higher than the constant temperature 96-h
LT, of 22-23°C for individuals collected from the
same study stream (Collier and Smith 2000). This is
considerably greater than the difference (2-3°C) mea-
sured by Cox and Rutherford (2000) for aquatic may-
fly nymph and snail mortality under constant (20-
35°C) and diurnally varying (10-40°C) temperature
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regimens and highlights the need to carry out species-
and life-stage-specific analyses of thermal tolerances.

As well as affecting longevity, air temperature may
influence other aspects of adult aquatic insect biology,
such as flight performance, metabolic rate, and egg
development. These factors can have implications for
population success and recolonization rates, although
individual body weight and fecundity are not always
linked to population success (Wagner 2002). Marden
(1995) reported that adult maturation of flight muscle
in the dragonfly Libellula pulchella is accompanied by
striking changes in thermal physiology, with mature
adults displaying a narrow thermal sensitivity range.
Stewart et al. (1999) reported decreases in the number
of eggs laid by a terrestrial beetle at higher tempera-
tures (range, 15-30°C). We monitored ovarian devel-
opment in female caddisflies and stoneflies in this
study, but did not find any obvious patterns related to
air temperature (unpublished data).

Before the arrival of humans (=~1,000 yr ago),
New Zealand had ~80% forest cover compared with
the present 30% cover (McGlone, 1983, Statistics NZ
2002). Davies-Colley et al. (2000) suggested that much
of the New Zealand stream and riparian biota has
probably evolved in once contiguous native forest
where fluctuations in microclimate factors were less
marked than in open areas. Measurements of temper-
ature fluctuations in native forested riparian zones of
New Zealand’s central North Island have shown that
diurnal temperature maxima are well below the esti-
mated LTy, for the stonefly and caddisfly species we
used (Collier and Smith 2000, Meleason and Quinn
2004; unpublished data). However temperature max-
ima recorded from native forest riparian buffers may
exceed 24°C, apparently a critical threshold temper-
ature for A. cruentata, although maxima of this mag-
nitude are unlikely to occur over 4 consecutive days.
It is known that even narrow riparian buffers can
mitigate temperature increases in sheltered locations
by 3°C (Meleason and Quinn 2004), and our findings
support the practice of planting or protecting stream-
side vegetation to manage riparian microclimate con-
ditions for adult aquatic insects.

Given that some New Zealand aquatic insect spe-
cies have low genetic variability (e.g., Smith and Col-
lier 2001, Hogg et al. 2002) and may be living close to
the upper limit of their thermal tolerance as adults in
some parts of New Zealand (this study), it seems
plausible that, in the absence of spatial or temporal
thermal refugia, marked changes in the distribution of
sensitive species may occur with abrupt changes in air
temperature regimens. Therefore, our study raises
questions about the potential impacts of global warm-
ing on the future distribution of aquatic biota.

Global mean air temperatures have increased by
0.3-0.6°C over the past century in continental areas at
high latitudes and are predicted to increase by 1-3.5°C
by 2100 (Malmqvist and Rundle 2002). In addition, an
increase is expected in thermal extremes that cause
abrupt changes in ecosystem process rates or popu-
lations of key species (Carpenter et al. 1992). Studies
of aquatic invertebrates have indicated that species
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with limited genetic variability and/or low dispersal
ability may be the most susceptible and suggest that
global warming may alter the trajectories of species’
evolution (Hogg et al. 1995, 1998, Hogg and Williams
1996).
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