© 0 N oo 0o b~ W N B

e
N = O

e e
o b~ W

W N NN NN DN DD DN DN DNDMDN P PP
o © 00 N O o A W N P O © 0N O

DR. WILLIAM DOUGLAS BOVILL (Orcid ID : 0000-:0001-9023-9311)
DR. JILL LANCASTER (Orcid ID : 0000-0003-4249-7951)

Article type  :Standard Paper

Variations in fecundity over catchment scales: implications for caddfly populations

spanning athermal gradient

William D. Bovill™ B, Barbara J. Downésand Jill Lancastér

ASchool of Geography, 221 Bouverie S., The University of Melbourne, Victoria 3010, Australia
BCorresponding author: wbovill@unimelb.edu.au

Running title: Fecundity affectsacruitment by caddisflies

Keywords: Fertility, climate change, Trichoptera, recruitment, Tempershize Rule

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article

asdoi: 10.1111/FWB.13257

This article is protected by copyright. All rights reserved

'l) Check for updates


https://doi.org/10.1111/FWB.13257�
https://doi.org/10.1111/FWB.13257�
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffwb.13257&domain=pdf&date_stamp=2019-01-28

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

Summary

1. Population sizes of stream insects depend on the number of eggs that enter the

benthos. Densities of ovipositedgshave been linked tdensitiesof oviposition
habitat, but variability in fecundity has not been explored. Fecundity may differ
between.Sites where females experience different thermal environments during
development, because insects generally grogefaaind produce more eggs in cold
places (e.ghigh elevation and latitude). We predicted that because the fecundity of
emerging females should increase with elevation then the numbers of eggs in
oviposited egg masses (clutch sizes) shaldd increase \th elevation.

Alternatively, individualamayroutinely disperse along channels or between rivers,
mixing individuals that have grown and developed in different thermal environments,
in which caselutch sizes may not vary with elevatibat could vary gretdy within

sites.

. We'tested these hypotheses across an elevation gradient of 250 — 1080 mASL, in

seven. streams in southeast Australia. We surveyed the fecundity of three apecies
caddisflies (Trichoptera: Hydrobiosidae), in 2009 (7 sites) and 2010 (17 sites)eFema
hydrabioesids attach their entire clutch of eggs to an emergent stream boulder, in a
single’egg mass. At each site we censused the number of egg masses in two random
50 m'stretches, and photographed a sample of egg masses. Clutch sizes were
guantified by counting eggs from the photographs. From numbers of egg masses and
mean clutch size per site, we estimated the number of individual eggs per site
determine whether spatial differences in clutch size affect patterns of egg supply.

Potential tradeffs betweeregg number and size were also examined.

This article is protected by copyright. All rights reserved



65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
01
92
93
94
95
96
97
08

3. Strong thermal gradients were observed in both years. Sites at lowesbekewere
4.8 °C (2009) and 3.6 °C (2010) warmer than sites at highest elevations, and
accumulated 392 (2009) and 361 (2010) more degree days (> 0°C) over a period of 88
days. Clutch sizes of each species varied markedly within and between spedids but
not differalongthe thermal gradient. Within species, 83.7 - 93.7 % of variation in
clutch size was expressed within sit@slatively Ittle variation occurred between
sites or rivers. Within species, counts of egg masses adequately described relative egg
supply to each site, because clutch sizes were similar between sites and rivers.
Comparing egg supply between species, however, required including clutch sizes to
estimatesupply. Egg size differed within but not between species. Significant but
smallvariations in egg size wetavial compared tanuch larger variations in clutch
size.

4. Our results suggest that any spatial differences in fecundity caused by temperature
may be erased by dispersal, such that females from multiple locations mix between
sites prior to oviposition. A warming global climate may reduce the fecundity of
ectotherms like aquatic insedtst consequences for populatiare difficult to
predict Moreover climaterelated effects on fecundity may not be appandren
dispersal'by individualbetween elevati@mixesanyeffects of climate change on

fecundity.

Introduction

“Supply-side” ecology identifies that, for sges with spatially patchy populations connected
by dispersal, recruitment numbers via birth and immigration can have lastioty effiethe

size and spatial distributions of populations (Caley, Carr, Hegah, 1996, Connell, 1985,
Hughes, Baird, Dinsdet al., 2000). The relevance of supide ecologyo freshwater
speciesvastidentified two decades ago (e.g. Downes and Keough, 1998, Palmer, Allan and
Butman, 1996)-and subsequent studies have demonstrated that variation in egg supply
(ovipositionssecess) can determine the population sizes and spatial distributions of stream
insects in the benthos. For some mayflies and caddisflies, the nantbgpatial distribution

of oviposited egg masses is influenced strongly by the amount and spatial dostrdduti
oviposition habitat (Alp, Indermaur and Robinson, 2013, Encalada and Peckarsky, 2012,
Lancaster and Downes, 2014, Lancaster, Downes and Arnold, 2010, Lancaster, Dalvnes a
Arnold, 2011, Macqueen and Downes, 2015, Peckarsky, Taylor and Caudill, 2000). Numbers
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or densities of even micnd lateinstar larvae can be explained by the distribution of
oviposition habitat for some species (Encalada and Peckarsky, 2012, Lancastewaed,D
2014, Lancastest al., 2011), suggesting that factorseaffing oviposition may have a greater
effect on spatial distribution patterns than post-recruitment factors suomastion,

predationsand-disturbance (Encalada and Peckarsky, 2011).

Spatial variation'in‘population sizes could also arise from differences in the rsuohleggs
produced by females (fertility) or ultimately laid by females (‘clutch siz&'measure of
fecundity). This hypothesis has not yet been tested for aquatic insects, but [delausi
because variations in fecundity within speaan be large. For example, females of the
mayfly Sphlonurus aestivalis (Siphlonuridaejmay producdrom 933to 2678 eggs

(Degrange, 1960)'he baetidBaetis rhodani has an even larger range in fecundity, producing
from 200to 4500 eggs per female (Bened972). Fecundity ranges dess extreméor
caddisflies, but can still be larg@ecetis lacustris (Leptoceriedae) produces some 35 to 60
eggs per female, a twofold difference, &lidobia ciliaris (Sericostomatidae) produces 92
to 323 eggs.Hanna (12§ If fecundity differences of this magnitude are expressed between
sites, rivers,or.catchments, they have the potential to cause large spaiahddt in the
recruitment of benthic eggs and larvae, with knock-on effects for population sizes. The

purpose of thisstudy is to test whether such spatial differences in fecundity occ

What might drive spatial variations in clutch size within species? Fecundity varies strongly
with body size in insects (Honek, 1993, Roff, 2001). In turn, insect ba@yand therefore
fecundity)/is influenced strongly by both nutritional uptake and the thermal environment
during development. Relationships between nutrition and clutch size can nevertheless be
complex. The quantity and quality of nutrition, and the timing of nutritional upaikell

affect growth.and egg production (Hinton, 1981, Wheeler, 1996). Further, when nutrition is
in short supply:there may be trade-offs in allocation between abdominal (reproductive)
tissues andssoma (thoracic tissues and wings, affecting longevity and disppesaty).

Such tradeoffs are likely to maintain fecundity in species with a short lddti@hase (e.g.
Odontocerumralbicorne, and most other aquatic insects), but could favour longevity at the
expense of fecundity for species with long lived adults (&yphotaelius pellucidus)

(Stevens, Hansell, Freetlal., 1999, Stevens, Hansell and Monaghan, 2000).
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On the other hand, relationships between temperature and clutenessteaightforward.

Body size in ectotherms generally increases at cooler temperatures (the Tem{3rature
Rule (TSR)) because slowed rates of development allow individuals more tigezltarfd

grow befae reaching maturity (Arendt, 2011, Atkinson, 1994). Therefore, thermal gradients
may causedifferences in fecundity across spatial scales (elevation, latitude) and temporal
cycles (seasons) (Sweeney and Vannote, 18&3emperature falls below a thermal
optimum the very coldest parts of a speciesigemay produce smaller individuals with

lower fecundity (Hinton, 1981, Sweeney & Vannote, 1978), but such cold environments
typically occur near theower limit of the species thermal rangad negative relations

between temperature and fecundity and body size/fecundity are seldom obseeed. and
review by Atkinson (1995) upheld the TSR for 22 of 26 species of freshwater insects. The
remaining four'species showed the reverse pattern so that in evetijectsmperature
environment during development had strong effects on physiology of aquatic insexts. Thi
may offer a_parsimonious explanation for the large variability in the fecuoidaguatic

insects.

Upland streams provide an ideal system to test temperature/fecundity relationships because
they flow across thermal gradients from high (cold) to low (warm) elevations, allowing sites
with a wide range of temperatures to be sampled within an area th#tagstly small to

fall within'the geographical range of target species. Nonetheless, if thermal gradientsegenerat
predictable differences in fecundity, the spatial scale at which these differences can be
detectedafter oviopositior(i.e. clutch size) épends on whether individuals disperse
frequently/between sites at high and low elevations. If there is very little dispersal, then
average clutch sizes should vary systematically with elevation, but if disgefiequent and
widespread, then any effeaf temperature will be wethixed along elevational gradients.
Although.geneti¢ similarities between stream channels suggest some overland dispersal by
aguatic insectsi(Hughes, 2007), little is known about dispersal frequencies aadhgenc

spatial scas=over which populations of aquatic insects extend, e.g. whether populations
encompassWwhole catchments or are restricted to individual channels, etc. $2one

Reich, 2008).

In this study we tested whether the clutch sizes of egg masses laid byisseats differ
across temperature (elevation) gradients. We compared clutch sizes within and between three

species of caddisflies (Family: Hydrobiosidae) across elevation/temperature gradients in
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166 seven streams. Between species, differences in mean sizgshcould not be predicted

167 priori because females of the study species grow to a similar average sizes ammown
168 whether other factors (e.g. tradeoffs between egg number vs egg size or jexsisdina)

169 affect the clutch sizes of these spscM/ithin species, &/predicted strong differences in

170 clutch sizes'between sites at different elevations, with larger clutches in cold compared with
171 warm locations (i Table 1). If correct, this findinfurtherimplies that individuals do not

172 disperse fafrom natal sites i.e. individuals hatch, develop and emerge as adults having
173 experienced a relatively consistent thermal regime. Alternatively, if clutch sizebatareen
174  rivers, but not within rivers, this suggests that individuals disperse fregadorly channels
175 (hence temperatunelated effects of elevation on individuals are mixed) and that rivers vary
176 in factors affecting fecundity (Hrable 1). Finally, if caddisflies disperse widely, then any
177 effects of nutrition and temperature will be welixed at all spatial scales. Most variation
178 will be between egg masses at individual siteg (fble 1).

179

180 The numbers of eggs laid at sites (and therefore prospective larval reotyisraefunction

181 of the number.of oviposited egg masses coupledalitich sizesWWe compared patterns in
182 the supply ef'egg masses vs individual eggs, to determine wiehitadr size differences

183 affect patterns of recruitment between species, or between sites (within specadlk),. we

184 compare eggsizes between females and species to determine whethaffsradeur

185 between egg size vs egg number that might further affect the spatial suppiyessl df

186 recruits.

187

188

189 Methods

190 Our primary hypothesis was that spatial differences in fecundity, acresgarature

191 gradient, cause. spatial differences in the supply of eggs. To test this hypothesisdequi

192 series of analyses conducted in the following logical sequence: (1) establish the presence and
193 magnitude-ofithe elevation/temperature gradient; (2) identify any sytstegifferences in

194 clutch sizesyacross the temperature gradient and at scales within andhlstesgeivers,

195 years and speeies; (3) determine whether spatial patterns in clutch sizes affect $fmatial pa
196 in the supply of individual eggs (a test bétprimary hypothesis); (4) determine whether

197 potential tradeoffs between egg size vs clutch size influence the spatibltien of eggs.

198 Data were collected and analysed in this order, and our Methods and Resultsearteghias
199 this order.
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Sudy taxa

We surveyed the clutch sizes of three species of caddidtiias ochorema rubiconum,
Apsilochorema gisbum andApsilochorema obliquum (family: Hydrobiosidae). Egg masses of
these speciesare described by Reich (2004) and Lancaster and Glaiste (2018

species oviposit exclusively on ‘emergent rocks’ (rocks that protrude fromatiee)wnaking

it easy to locate egg masses (Reich, 2002). Each female lays her entire clutch of eggs in a
single eggeimass and, in the absence of hydraulic disturlihraeggs of these species hatch
with near 100% success in the field (Bovill, Downes and Lancaster, 2013, Bovill, Downes
and Lancaster, 2015, Reich, 2004), meaning that estimates of egg numbers liksintepr
recruitment’numbers of neonate larvae th&trethe benthos. Based on measures of forewing
length (a surrogate for body sizayerageody size of females is similar for all specigs (
obliguum 8 — 9.5:mmA. gisbum 8.5 =10 mm;U. rubiconum 8 — 10 mm, Neboiss, 1986).

Sudy sites and the elevation/temper ature gradient

Clutch sizes.and egg mass abundance were surveyed in seven streams of the Goulburn River
catchment (southeast Victoria, Australia), at eight sites in 2009 and 17 sites ind2ail D8

sites, Figure1)."Each site comprised a randomly located 250 m stretch of rivbiglotwo
random 50 m.stretches were surveyed for egg mass abundance and clutch sizesAll rive
occur within'a narrow latitudinal range, are fed by rainwater runoff, and wereeshthping
summer bas#iow periods. Tlerefore, we did not expect any systematic differences in the
temperature profiles of rivers. Sites were restricted to upland reaches surrounded by native
forest (predominantly wet sclerophyll forest), and ranged in elevattom 250 - 1080

mMASL. Althoughthese elevations are low on a global scale, they are typical in Australia,
which lacks many very tall mountains. Sites were not available at higheatietes within the

study region.

Temperaturesloeggers (HOBO Pendant® Temperature/Light Data Logged0R&4, Onset
Computer.€arporation, Massachusetts, USA) were deployed at seven sites (250 — 1080
mMASL) in 2009,and nine sites (250 — 775 mASL) in 2010 to measure water temperatures
acrosghe elevation gradient (Figure 1). Some loggers were relocated between years, so that
temperature data was collected from 12 of the 18 sites. Water temperature (°C) was logged at
30-minute intervals, from September 2008 to April 2009 and from January to June in 2010.

These periods capture the peak summer oviposition period for our study species tdanuary
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March) but may not describe the temperatures experienced by females during larval growth.
Nevertheless, the temperature data demonstrate consistedtffardnces in water

temperature between sites along the elevation gradient in both yearg¢s#s)R

Measuring temperature in Degree Days, implications for growth and clutch size

Insects are ectothermic and individuals must accumulate a certaimtaohbeat (constant

within species) to complete the life cycle or part thereof. The spgpeesfic amount of
accumulated heat required to complete the life cycle is termed the ‘thermal constant’, and can
be expressed in accumulated degitags (Lancasteand Downes, 2013). Degree days (DD)

are calculated by summing mean daily temperatures over a period of time, peddteof

time may vary depending on ambient temperatures (for example, a thermal coh$@nt

DD may beaccumulated in 20 days at 5°C, or 10 days at 10°C). within species, individuals in
warm places accumulate heat quickly and reach the thermal constant quickly, so have less

time to grow and mature at smaller sizes timalividuals in cold places.

To compare.the'rates at which sites at high vs low elevations accumulated heat, we calculated
degreedays,by. summing mean daily temperatures (> 0° C) across an 88-day period of
overlapping temperature records (January 22 — April 19 of 2009 and 2010). We also
calculated thesnumber of days re@ed for sites to accumulate 1000 DD. Values of the

thermal constant are unknown for our species, but 1000 DD is likely to represent aasignifi

portion of the heat required to complete development (see Discussion).

Survey protocol

At each site (25@n long), egg masses were surveyed by inspecting all manipulable emergent
rocks within the two random 50 m reaches. Only emergent rocks larger than &xisn(itre
shortest axis.of the maximum projection plane, Gordon, McMahon, Finlayabn2004)
weresurveyed;because hydrobiosids rarely oviposit on smaller rocks in our stuahy syste
(Reich and:Dewnes, 2003). In 2010 the total numbers of egg masses were censused at each
site and these data combined with clutch sizes to estimate numbers of individuaéesgie

(method below).

It is not feasible to count clutch sizessitu, so egg masses were photographed for later
clutch size analysis using the ‘supeacro’ setting of a &negapixel waterproof digital

camera (Olympus u720SW). Sample sizes varied with local species abundances, but typically
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a minimum of 10 egg masses of each target species (mean 27 egg masses per species) were
photographed per site. Some species were rare (< 10 egg masses) at particular sites, but
excluding these data from analysés bt affect the outcomes of statistical tests, so we used
data from all sites.

Incomplete’egg masses

Variatiors in clutch sizeghat are related to fecundity can arise if femd@gaot successfully

lay all of their egg$n one massyr if some eggsare eaten prior to being surveyed. The

hydroptilid Orthotrichia armata is an egg predator in this system, but seldom eats the eggs of
our study species (Bovitt al., 2015). We did observe some incomplete egg masses
suggesting'that females were sometimésrrapted during oviposition, perhaps being preyed
upon or dislodged by flow, but such egg masses are uncommon and visually distinct and were

not included in Qur clutch size analysis.

Estimating clutch size

Photographs.of.egg masses were analysed for clutch size using one of two méj}Hemts: (

high qualitysimages (good colour contrast between eggs and background), clutchssize w
estimated usingthe ‘Analyze Particles’ function in ImageJ image processing and analysis
software (National Institutes of Health Research Services Branch, U.S. Departmentiof Healt
and Human Services). Particle analysis identifies and counts foreground objdtis ¢ase,
€ggs), against a contrasting background. (2) For poorer quality imageo(aw contrast)

clutch size was counted manually. To verify the accuracy of automated estimates, the clutch
sizes of 24 egg masses @isbum andA. obliquum) were estimated using both methods, and
the estimates compared by linear regression. Automated clutch size estimates agrglgd str
with manual counts, with a slope approximating 1 (y = 0.986 x x + 3F04&=1072,P =

< 0.001,R¥=.0.979).

Estimatingnumber s of eggs per site

Numbers_ ofiindividual eggs were estimated for each species in 201 ®eoauselensities

of egg masses,were nestimaed in 2009. For each species in 2010, numbers of individual

eggs were estimated by multiplying the number of egg masses at a site by the mean clutch
size at that site. Clutch size data were not available for five species x site combinations so we

substituted the mean clutch size of egg masses from a nearby site in the same river. Because
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clutch sizes of conspecifics did not vary within rivers (see Results), sulbsfitliich size

values from adjacent sites is umil to affect our estimates of egg numbers.

Egg size

Reproductiverfitness may be expressed in the size instead of (or as wellraspber of

eggs. To determine whether differences in clutch sizes may be offset by differences in egg
size, we comparedh¢ sizes of individual eggs within and between species. Egg size was
measuredyfor 70 eggs of each species (10 eggs per mass, 7 egg masses peEgpgecies)
masses were collected during clutch size surveys in 2010, and supplemented by sample
collected fronmthe Little R. and Taggerty R. in March 2016. Egg shape &«tal ellipsoid.

We measured the three perpendicular axes of symmetry (a, b and ¢ axes) to the nearest 0.01
mm with an‘eyepiece graticule at 100x magnification (Olympus BX40 compound
microscope) and calculated egg size as the volume of an ellipsoid. Only ‘eyewerggs
measured to ensure that eggs were measured in a comparable state of development. Eyed
eggs contain embryos with eyespots on the head capsule, indicating an advana&d stage
dewelopment;.and were larger and shaped differently (laterally comprekipsdid)

compared'to newly laid eggs (ellipsoid).

Satistical analyses
1. Temperature gradient and relation to clutch sitemperature vs elevation relationships

were examined with linear regression. Because temperature was strongly described by
elevation (se®esults) we used elevation as a temperature proxy in regressions of elevation
(temperature) vs clutch size for each species. Although we predicted negltivvaships

between temperature and clutch sizes, linear, positive and parabolic relationships are possible
if the range of sites surveyed includes very cold places (Hinton, 1981). Therefarseav

linear and/quadratic regressions to test for a range of relationships.

2. Spatial differences in clutch sizeBo test for differences in clutch sizes between rivers

and sites,.for,each species in each year, we utatt@ nested ANOVA with sites nested
within rivers*Rivers with data from fewer than two sites were exdudtbm this analysis.
Pairwise comparisons (post-hoc Tukey teBts,0.05) identified rivers where mean clutch
sizes differed statistically. For each species we also report the percentage of variation in
clutch sizeghataccounted for differences between rivers, sites, and wsites- These

values are effect sizes and help with interpretation of significant results.
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3. Differences in clutch sizes between spedi¢s:tested for differences between species

using a twoway ANOVA, with ‘species’ and ‘siteas fixed factors. This analysis was
conducted using data from two sites at similar elevation (Little River, 325 mASL; Snobs
Creek, 2560'mASL), to eliminate any potential confounding effects caused by faterties

in temperature.

4. Spatial patterns in eqqg supply and egg dinadetermine whether site differences in clutch

size affect spatial patterns of egg supplg compared numbers of egg masses vs individual
eggs per sitesing linear regression. Egg size (fimvas compared between species and

between egg masses (nested within species) witfeatdr nested ANOVA.

Results

Temperature gradients

Mean temperatures per site related negatively with elevation in both yearsk20Q069:

42.67,P = <,0.001 R = 0.895; 2010F; g = 45.00,P = <0.001,R? = 0.865) and average
temperatures differed between high and low elevations by 4.8 °C in 2009 and 3.6 °C in 2010.
Mean daily water temperatures showed similar temporal fluctuations at high and low
elevation sites, but sites at high elevations were consistently cooler than sites at low
elevations (Figure 2). Linear regression confirmed strong negativienskaips between
elevation and measures of water temperature relevant to larval development (DD > 0°C)
(Figure 3a). Sites at lowest elevatiogsw@mulated up to 392 (2009) and 361 (2010) DD

more than sites at highest elevations in just 88 days, and accumulated 1000 DD much faste
than sites at highest elevations (39 days faster in 2009; 25 days faster in 201@)3B)jgur

Spatial variations'in clutch size

Collectivelyythe'results reported below are consistent with patternstecktic H; (Table

1). For each'Speciethere were either no or weak differenageslutch sizebetween sites and
rivers, and large differences between egg masseatldieg same site. Thus, despite strong
effects of elevation on temperature, linear and quadratic regression dewealignificant
relationship between elevation and clutthe for any species in either year (Figure 4).
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368 Most of the variation in clutch sizes (83.7 — 98.5 %) occurred within sites for all specie

369 (residual error terms, Table 2). We cannot separate clutch size differences from actual errors
370 (e.g. mistakes in counting clutch sizes) captured by the error term, but caegdm e

371 straightfoward and miscounts are likely to account for only a small minority of variation.
372 Further, foreach species the variation (CV) in clutch sizes within sites was similar to

373 variation across all sites pooled (site values withheld for brevity, see Tai@&dled

374 values).

375

376 Clutch sizesverenot statistically differenbetween sites within riveexcept in one instance

377 and partitioning/of variance components likewise suggested weak effectsrastanth the

378 strong differencesxpected unddd; (Table 2). Although there was a marginally significant
379 effect of Site onthe clutch size Af gisbum in 2009, this accounted for only 7.3 % of

380 variation in clutch size, and a Tukey test failed to locate any significant pairwise differences
381 between sites.

382

383 Between iversg€lutch sizes differed significantly for both specie8ys|ochorema, but not

384 for U. rubicenum(Table 2). Mean clutch sizes differed between rivers by up to 57 eggs per
385 mass forA. gisbumin 2010, and by up to 59 and 70 eggs per masA. falsliquum in 2009

386 and 2010, respectivelZlutch sizes were largest on Taggerty River and smallest on

387 Jerusalem Creek for both specie®\p$ilochorema in 2010 (Table 2) and these differences
388 correspond with temperature differences between streams. Average temperatures were
389 warmer at a temperatutegging site in Jerusalem Creek (350 mASL, mean temperature 13.7
390 °C, 1840 accumulated DD in 88 days) than at a temperature logging site at $andtioe

391 on the Taggerty River (375 mASL, mean temperature 12.7 °C, 1734 Accumulated DD in 88
392 days).

393

394

395 Differencesinselutch size between species

396 Clutch sizes'did not differ betwespecies at similar elevatiof@009:F; 104=2.17,P =

397 0.143; 2010Fge54= 1.15,P = 0.284) and there were no significant species x site

398 interactions (20095, 124= 0.43,P = 0.651; 2010F; 254= 2.53,P = 0.082), meaning that

399 clutch size data could be pooled across sVisn specieso compare clutch sizes between
400 species. Cluft sizes differed between species in both years (200%i4= 104,P = < 0.001;

401 2010:F; 254=218,P =< 0.001). The largest clutches were observed.fobliquum, which
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consistently had clutch sizes about twice as large as the clutchegigdum andU.

rubiconum (Table 3).

Supply of egg masses and individual eggsto sites

Becauserclutehrsize did not differ between sites (Tableu)pers of egg masses strongly
describedthe number of individual eggs per $iteall specieslinear regressioriJ.
rubiconum? F{"1g =2452.9P = < 0.001R* = 0.994;A. gisbum: F1 16 = 240.9P = < 0.001,
R? = 0.9413A. obliquum: F1 1= 1027.9P = < 0.001 R = 0.986). [ensities of egg masses
are, thereforeg,good proxy for estimating the numbers of individegds and relative rates

of recruitment per siteor each species

Despite having'a relatively small clutch size, recruitmerd.afubiconum eggswas higher
thanfor both Apsilochorema congeners becaugk rubiconum laid such high densities of egg
masses (Table 4). However, recruitment comparisons be#ysgnchorema congeners
must incorporate both egg mass density and clutch size. Both species laiddensiéies of
egg masses;:but recruitment of eg@s twiceas high forA. obliqguum (Table 4) due to the

larger clutch sizes of this species (Table 3).

Egg size

Mean sizes of eggs (nindid not differ between specieBy(1g = 2.941,P = 0.078) but

differed between egg masses produced by females of the same dpgcies<0.001,P =<

0.001). Differences in egg size were small compared with the large intraspecific differences
in clutch sizes (Table 3) and are not consistent with tradeoff strategies between egg size and

number.

Discussion

Warmer loeationshould produce insects with lower fecundity and, if insects do not disperse
far from natal sites, then there should be strong differences in the average clutch sizes of egg
masses between sites at different elevations. We tested this hypothesis for three species of
caddisfly by surveying fecundity across a thermal/elevation gradiemeanss. Sites at high
elevations were colder and accumulated Degree Days (DD) more slowly than sites at low
elevations, however, we detected no difference in mean cluieh feir any species across the

temperature gradient. Instead, most of the variation in clutch size occutinedsites, with
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436 less variation between rivers and years. This pattern is consistent with ousalispe

437 hypothesis (K, Table 1), in which femak grow to different sizes at different (e.g. warm vs
438 cold) sites, but movements by larvae or adults prior to oviposition erase ani/suédians

439 in fecundity caused by environmental conditions during development. Such a pattern has
440 precedent; cluteh ses for the mayflyaetis bicaudatus did not correspond to the body sizes

441 of preemergentlarvae (a surrogate for adult size) at seven of nine sites, suggesting that
442 oviposition at these sites was dominated by migrant females (Peckbasky2000).For A.

443 gisbumandA. obliguum our data suggest thdispersaimay be strongest alomgther than

444  between river corridors, becausgrsficant clutch sizaifferences were detected between

445  rivers for these.species. Clutch size differences between rivers wesisteat with

446 temperaturé differences between rivers, suggesting that temperature effects on clutch sizes
447 may be detectable at scales whidispersakonnections break down. Our replication is too

448 low, however, toidraw such conclusions definitively.

449

450 An alternative explanation for the pattern we observed is that temperature has no effect on
451 growth or fecundity of hydrobiosid caddisflies, but this contradicts a wealth of &dgevlof

452 insect development. The DD differences among our sites should beatelamjareate large

453 differences inbody sizes and fecundity. Few studies describe thermahtensta

454  caddisflies, but'the scrap@fossosoma nigrior (Glossosomatidae) requires approximately

455 1500 DD to complete development (Georgian and Wallace, 1983, Jin and Ward, 2007), and
456 the predatoHimalopsyche japonica (Rhyacophilidae) may require some 1900 DD

457  (Tsuruishi, 2006). If thermal constants for Hydrobiosidae are within a siraiger the large

458 differences in physiological temperature (DD) across our thermal gradient are likely to cause
459 large differences in development rates and body size between sites at high vs low elevations.
460 Indeed, sites at high elevations required about one month longer to accumulate 1000 DD than
461 sites at low.elevations, suggesting that larvae at cold, high elevation sites may take up to
462 several monthsilonger to reach maturity, providing more time to feed and grow.

463

464  Clutch sizeand the fitness of individuals

465 Because egg size varied little within species, variations in feraiteductive fithess were

466 expressed primarily by the number and not the size of eggs produced. This may lb@oa com
467 pattern for many aquatic insects, given that clutch sizes were more variable than egg sizes for
468 29 out of 33 (88 %) species of caddisflies and mayflies in studies from Europe, North

469 America, Australia and the British Isles (Benech, 1972, Degrange, 1960, Hanna, 1961,
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Peckarskyet al., 1993, Reich, 2004). Intriguingly, because egg sizes did not vary between our
species, the larger clutchesAbfobliquum must contain approximately twice the volume of

eggs ad\. gisbum andU. rubiconum. However, available measures of body size (see
Methods)suggest no commensurate increase in the siaeatliquum females to

accommodate such a difference in eggnbers. It is possible that a larger range of body

sizes (or forewing lengths) is required to detect betveperies patterns in clutch size and

body size (Lancaster and Glaister, 2018).

Large differences in clutch sizes have obvious implications for the reprodfictess of
individual adults. Large clutches confer high reproductive output, but may also benefit egg
survival and hatching rates. For example, Baifll. (2015) observed that egg predators
(Orthotrichia'armata, Hydroptilidae) were satear unable to consume all eggs from large
masses prior to hatching, whereas small egg masses were sometimes consumed entirely.
Clutch sizes might also affect the survival of neonates, and these effects may be positive or
negative. Benefits may include reduced predation (dilution effects) when nebatzies
synchronously.from large egg masses (Reich and Downes, 2004), or even cooperation with
kin. For example, hatchlings of the caddigfgctrocnemia conspersa (Polycentropodidae)
cooperate to provide shelter and obtain a first meal (Hildrew and Wagner, 1992). On the
other hand, neonates hatching from large egg masses may face density-dependent
competition or even cannibalism (Willis and Hendricks, 1992), and may suffer inkrease
mortality or be forced to dierse from natal sites. These types of interactions are known for
many terrestrial insects, but a dearth of research on the early life stages of aquatic insects
means that we can only speculate about the likelihood that such interactions occue, and th
potential knock-on effects for recruitment densities and distributions of benthie.larva

Quantifying recruitment of eggs and larvae

A commonrway to estimate recruitment of aquatic insects is to count the number of egg
masses laid-atssites. This approach mayalid when comparing species that lay very
different numbers of egg masses (&lgrubiconum vs Apsilochorema species), or when
comparing conspecifics with clutch sizes that do not vary much betweenrsitessé two
situations, any variation in dich sizes are unlikely to offset the large differences in
prospective recruitment created by differences in egg mass numbers. Howevespeties

lay similar numbers of egg masses per site, clutch size variation beitopwetant. Thus,
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503 the larger clutclsizes ofA. obliquum compared t@\. gisbum meant that, on averagg,

504 obliquum laid about twice as mamgggs per sitasits congener

505

506 Whetherdifferences in densities of eggs have implications for population densities depends
507 on larvamortality ratesDensities of eggs (R) were high compared with densities &f 1

508 instarlarvae recorded in the same system at a similar time of year (Reich and Downes, 2004)
509 which suggests larval mortality could be substantialthegeeffectsdepend on whether the
510 mortality isidensity dependent or nBensityindependent mortality will on average maintain
511 density differences between speaes by ovipositionwhereas densiglependent mortality
512 can erase'suchdifferences. For exammipkach and Downes (200dbserved mean densities
513 of larvae(all'instars)across sites in the Acheron River that were higheAfobliquum

514 (mean * 1 SE:'50 + 11 fix thanU. rubiconum (18.25 + 4.75 i), but we observed densities
515 of eggsthat wereéan order of magnitude highertbrrubiconum (361 +131 eggs i) thanA.
516 obliquum (20.6 +4.1 rif). Of coursethere are-10yearsbetweerthesedifferent studies, but
517 itis feasible that species with high densities of eggs suffer dispropoelphéaiher larval

518 mortality. Additionally, dispersal from natal sites meseatea discrepancy between densities
519 of eggs and larvaeithin riffles. Reich and Downes (200dcorded similar densities of

520 larvaeinreaches with and without oviposition habitatAoobliquum andU. rubiconum,

521 suggesting that'some movement or dispersal probably occurs. Disentangfatg thie

522 larvae, particularly early instais required before we camderstanavhether differat

523 densities of oviposited eggs have persistent effects on population ddhsitieaster and

524 Downes, 2014).

525

526

527 Finally, dl temperatureelated aspects of development and growth are likely to be affected
528 by globalclimate change but the consideratiah®ve illustrate the difficulties of predicting
529 effectson populations. Thus,hile somestudies ofaquatic insect®cus on losses of species
530 (e.g.GiersehyHotaling, Kovack al., 2017 or range shiftsg.g.Domisch, Araujo, Bonadet
531 al., 2013,Nukazawa, Arai, Kazamet al., 2019, changes to fecundities may have more

532 complex effects. on populations. Everimplistic predictionthatpopulation sizes will be

533 reduced by warmeaveragdgemperatures thaeduce body sizeasnd hence fecundés

534 dependgritically on the fate of lan& For examplefiarval mortality is densitydependent
535 then larval survivorshipould increasd egg densities drop, which may mean that population

536 densities are largely unchangédother difficult problem is that temure extremes may
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537 have more critical effects on fecundity than average tempergBuekley and Kingsolver,
538 2012). Moreover, if individuals disperse between high and low elevation locedities
539 than being restricted to particulatevatiors, which isconsistent with the results of this study,
540 thenchanges to fecunditiesill be spread over potentially large geographical areas and
541 difficult tordeteet. Australia is particularlyflat continent compared to others, and hence
542 temperature effecsn fecunday that will be mixed across different temperature regimag
543 be more rélevantin Australia than elsewh@léhough see Jourdan, O'Hara, Bottatial.,
544  2018). Neverthelestheseresultsand others that focus on populati¢esy.Bowler, Haase,
545 Hof et al., 201 7)emphasize thatlimate change may act more subtly than range shifts of
546 cold-adapted species.

547

548

549 Acknowledgements

550 This study was funded by an Australian Postgraduate Award (scholarship) atsdfigna
551 the Holsworth Wildlife Research Endowment awarded to W. Bovill. We thank Beatrice
552  Bovill, Alena.Glaister, Ashley Maqueen, Petter Nyman, Lindsay Bovilhdé&u Wahjudi,
553 Joe Greet,Julia’White and Anna Foley for assistance in the field.

554

555

556 Conflict of Interest

557 The authors declare no conflictsinferest

558

559

560 References

561 Alp, M., Indermaur, L. & Robinson, C.T. (2013) Environmental constraints on oviposition of

562 aguatic.invertebrates with contrasting life cycles in two humadified streams.
563 Freshwater Biology, 58,1932-1945.

564 Arendt, J.D=(2011) Size-fecundity relationships, growth trajectories, and the &unpsize
565 rulesfor ectothermsEvolution, 65, 43-51.

566 Atkinson, D:{(1994) Temperature and organism size: a biological law for ectotherms.
567 Advances in Ecological Research, 25, 1-58.

568 Atkinson, D. (1995) Effects of temperature on the size of aquatic ectothermgtienseo

569 the general rulelournal of Thermal Biology, 20, 61-74.

570 Benech, V. (1972) La Fecondite Baetis rhodani Pictet.Freshwater Biology, 2, 337-354.

This article is protected by copyright. All rights reserved



571 Bovill, W.D., Downes, B.J. & Lancaster, J. (2013) A test of the preferpadermance

572 hypothesis with stream insects: selective oviposition affects the hatching success of
573 caddisfly eggsFreshwater Biology, 58,2287-2298.

574 Bovill, W.D., Downes, B.J. & Lancaster, J. (2015) Caddisfly egg mass morphology mediates
575 egg predation: potential costs to individuals and populatiengshwater Biology, 60,
576 360-372.

577 Bowler, D'E., Haase, P., Hof, C., Kroncke, I., Baert, L., Dekoninck, W., Domisch, S.,
578 Hendrickx, F., Hickler, T., Neumann, H., O'hara, R.B., Sell, A.F., Sonnewald, M.,
579 Stoll,.S.,. Turkay, M., Van Klink, R., Schweiger, O., Vermeulen, R. & Bohning-
580 Gaese, K. (2017) Cross-taxa generalities in the relationship between population
581 abundance and ambient temperatuPesceedings of the Royal Society B-Biological
582 Sciences; 284

583 Buckley, L.B. & Kingsolver, J.G. (2012) Functional and Phylogenetic Approaches to
584 Forecasting Species' Responses to Climate Changeal Review of Ecology,

585 Evolution, and Systematics, Vol 43, 43, 205.

586 Caley, M.J4.Carr, M.H., Hixon, M.A., Hughes, T.P., Jones, G.P. & Menge, B.A. (1996)
587 Recruitment and the local dynamics of open marine popula#onsal Review of

588 Ecology and Systematics, 27,477-500.

589 Connell, J.H..(1985) The consequences oili@n in initial settlement vs postsettlement
590 mortality in rocky intertidal communitiesournal of Experimental Marine Biology

591 and Ecology, 93,11-45.

592 Dean, J.C. & Cartwright, D.I. (1987) Trichoptera of a Victorian forest strepaties

593 composition and life historiedwustralian Journal of Marine and Freshwater

594 Research, 38, 845-860.

595 Degrange, C. (196Mecherches sur la Reproduction des Ephemeropteres, PhD, L'uersite
596 De Grenable, Imprimerie Allier, Grenoble.

597 Domisch, SiAraujo, M.B., Bonada, N., Pauls, S.U., Jahnig, S.C. & Haase, P. (2013)
598 Modelling distribution in European stream macroinvertebrates under futureegimat
599 Global Change Biology, 19, 752-762.

600 Downes, B.J. & Keough, M.J. (1998) Scaling of colonization processes in streamsiglaralle
601 and lessons from marine hard substratetralian Journal of Ecology, 23, 8-26.

602 Downes, B.J. & Reich, P. (2008) What is the spatial structure of stream insect pop®lations
603 Dispersal behaviour at different lifastory stages. InPAquatic Insects. Challengesto

604 Populations. (Eds J. Lancaster & R.A. Briers). CAB International, Wallingford, UK.

This article is protected by copyright. All rights reserved



605 Encalada, A.C. & Peckarsky, B.L. (2011) The influence of recruitment on vgtneration

606 population dynamics of a mayflizcosphere, 2.

607 Encalada, A.C. & Peckarsky, B.L. (2012) Lageale manipulation of mayfly recruitment
608 affects population siz€ecologia, 168,967-976.

609 Georgian; F=&Wallace, J.B. (1983) Seasonal production dynamics in a guild ofype@niph
610 grazing insects in a southern Appalachian strézoiogy, 64,1236-1248.

611 Giersch, J.J.; Hotaling, S., Kovach, R.P., Jones, L.A. & Muhlfeld, C.C. (2017) Climate-
612 induced glacier and snow loss imperils alpine stream ing&ctisal Change Biology,
613 23,2577-2589.

614 Gordon, N.D., Mcmahon, T.A., Finlayson, B.L., Gippel, C.J. & Nathan, R.J. (Zd&&n
615 Hydrology: An Introduction for Ecologists, John Wiley & Sons, Ltd, Chichester,
616 England.

617 Hanna, H.M. (1961) Observations on the émgng of some British caddisflies and on case-
618 building by newly hatched larvaBroceedings of the Royal Entomological Society of
619 London (A), 36,57-62.

620 Hildrew, A.G..&Wagner, R. (1992) The briefly colonial life of hatchlings of thespatning
621 caddistlyPlectrocnemia conspersa. Journal of the North American Benthological

622 Society, 11, 60-68.

623 Hildrew, A.GgaWoodward, G., Winterbottom, J.H. & Orton, S. (2004) Strong density
624 dependence in a predatory insect: lasgale experiments in a streaiurnal of

625 Animal Ecology, 73,448-458.

626 Hinton, H.E. (1981pBiology of Insect Eggs, Pergamon Press, Oxford, England.
627 Honek, A.(1993) Intraspecific variation in body size and fecundity in insects: eagene
628 relationship Oikos, 66,483-492.

629 Hughes, J.M. (2007) Constraints on recovery: using molecular methods to study cagnectivi

630 of aguatic biota in rivers and streariseshwater Biology, 52,616-631.

631 Hughes, TiPyBaird, A.H., Dinsdale, E.A., Moltschaniwskyj, N.A., Pratchett, M.S., Tanner
632 J.E=&Willis, B.L. (2000) Supply-side ecology works both ways: The link between
633 benthic adults, fecundity, and larval recruisology, 81,2241-2249.

634 Isaak, D.J. & Rieman, B.E. (2013) Stream isotherm shifts from climate chadge a

635 implications for distributions of ectothermic orgamis.Global Change Biology, 19,

636 742-751.

This article is protected by copyright. All rights reserved



637 Jin, H.S. & Ward, G.M. (2007) Life history and secondary productida agsosoma nigrior

638 Banks (Trichoptera : Glossosomatidae) in two Alabama streams with different

639 geology.Hydrobiologia, 575,245-258.

640 Jourdan, J., O'hara, R.B., Bottarin, R., Huttunen, K.L., Kuemmerlen, M., Monteith, D.,
641 Muotka;T., Ozolins, D., Paavola, R., Pilotto, F., Springe, G., Skuja, A., Sundermann,
642 A., Tonkin, J.D. & Haase, P. (2018) Effects of changing climate on European stream
643 inveértebrae communities: A longerm data analysi&cience of the Total

644 Environment, 621,588-599.

645 Lancaster, J. & Downes, B.J. (20&)uatic Entomology, Oxford University Press, Oxford,
646 United Kingdom

647 Lancastergd.&ownes, B.J. (2014) Maternal behaviours may explain siflele variations
648 in some’stream insect populatioRseshwater Biology, 59, 502-513.

649 Lancaster, J., Downes, B.J. & Arnold, A. (2010) Environmental constraints on oviposition
650 limit egg supply of a stream insect at multiple scabesologia, 163,373-384.

651 Lancaster,J., Downes, B.J. & Arnold, A. (2011) Lasting effects of maternal behawitue
652 distribution of a dispersive stream inselcrnal of Animal Ecology, 80,1061-1069.
653 Lancaster,d.'& Glister, A. (2018) Egg masses of some strearaling caddisflies

654 (Trichoptera: Hydrobiosidae) from Victoria, Australiustral Entomology.

655 Macqueen, A«& Downes, B.J. (2015) Large-scale manipulation of oviposition substrata
656 affects egg supply to populatie of some streardwelling caddisfliesFreshwater

657 Biology, 60, 802-812.

658 Nukazawa, K., Arai, R., Kazama, S. & Takemon, Y. (2018) Projection of invertebrate
659 populations in the headwater streams of a temperate catchment under a changing
660 climate.Science of the Total Environment, 642,610-618.

661

662 Palmer, MiA., Allan, J.D. & Butman, C.A. (1996) Dispersal as a regional processraffe
663 thetlocalidynamics of marine and stream benthic invertebfatagls in Ecology &

664 Evolution; 11, 322-326.

665 PeckarskyyB.L., Cowan, C.A., Penton, M.A. & Anderson, C. (1993) Sublethal consequences
666 of strearmdwelling predatory stoneflies on mayfly growth and fecunditpl ogy, 74,
667 1836-1846.

668 Peckarsky, B.L., Taylor, B.W. & Caudill, C.C. (2000) Hydrologic and behavioral comtstr
669 onoviposition of stream insects: implications for adult dispe@edologia, 125,

670 186-200.

This article is protected by copyright. All rights reserved



671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704

Reich, P. (2002The Egg Masses of Lotic Macroinvertebrates: Proximate Cues for
Oviposition Ste Selection and Implications for Larval Abundance and Distribution.

PhD thesis, the University of Melbourne, Victoria, Australia.

Reich, P. (2004) Patterns of composition and abundance in macroinvertebrate egg masses
fromtemperate Australian streamarine and Freshwater Research, 55, 39-56.

Reich, P. & Downes, B.J. (2003) Experimental evidence for physical cues involved in
oviposition site selection of lotic hydrobiosid caddis fl@scologia, 136,465-475.

Reich, P. & Downes, B.J. (2004) Relating larval distributions to patterns of oviposition:
evidence from lotic hyabiosid caddisflies-reshwater Biology, 49, 1423-1436.

Roff, D.A.(2001)Life History Evolution, Sinauer Associates Inc., Sunderland, MA.

Stevens, D:J4 Hansell, M.H., Freel, J.A. & Monaghan, P. (1999) Developmentabfisde-
caddis flies: increased investment in larval defence alters adult resource allocation.
Proceedings of the Royal Society B-Biological Sciences, 266,1049-1054.

Stevens, D.J., Hansell, M.H. & Monaghan, P. (2000) Developmentaldftedend life
histaries: strategic allocation adsources in caddis flieBroceedings of the Royal
Society-B-Biological Sciences, 267,1511-1515.

Sweeney, B.W..& Vannote, R.L. (1978) Size variation and distribution of hemimetabolous
aguatic insects 2 thermal equilibrium hypotheseStience, 200,444-446.

Tsuruishi, T..(2006) Life cycle dflimalopsyche japonica (Morton) (Trichoptera :
Rhyacophilidae) in two high mountain streams in Nagano, Central Japan.
Hydrobiologia, 563,493-499.

Vannote, R.L. & Sweeney, B.W. (1980) Geographic analysis of thermiibeiqu a
conceptuamodel for evaluating the effect of natural and modified thermal regimes
on aquatic insect communitiesmerican Naturalist, 115,667-695.

Wheeler, D. (1996) The role of nourishment in oogenésisual Review of Entomology, 41,
407-431.

Willis, L.D#&Hendricks, A.C. (1992) Life-history, growth, survivorship, and production of
Hydropsyche slossonae in Mill -Creek, Virginia.Journal of the North American
Benthological Society, 11, 290-303.

Woodward, G, Perkins, D.M. & Brown, L.E. (2010lmate change and freshwater
ecosystems: impacts across multiple levels of organizatlohosophical
Transactions of the Royal Society B-Biological Sciences, 365,2093-2106.

This article is protected by copyright. All rights reserved



705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

Tables

Table 1.Three alternative hypotheses;.(H that predict different spatial patterns in
fecundity.along.with possible underlying mechanisms, and the scale (withirbgit@sen

sites withinrrivers, between rivers) at which fecundity is likely to be most variable. The
hypothesessassume that species are at the same latitude and rivers have broadly similar
temperature'regimes (e.g. do not contrast spring-fed vs sr@tarivers). H and H;,
respectively;‘predict outcomes for fecundity mediated by nutritional diffeseand thermal
differences whenidpersal is negligible. Kl is the predicted outcome if widespread dispersal
between sites, or sites and rivers, mixes females with different fecundities that have

developed at different sites.
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Largest variation

Hypotheses in clutch sizes

Hi: Clutch size differences increase with spatial separation of individuals  Between rivers
MechanismRiver-level differences in temperature, nutrition or other

factors'that can affect fecundity (e.g. genetics).

Hi: Clutch size varies across temperature/elevation gradients Between sites
MeehanismTemperature differences associated with elevation within rivers
Hii: Dispersal mixes females from different sites and/or rivers. Within sites

Mechanism:Temperature and/or nutrition cause variation in clutch sizes.
Subsequent dispersal mixes females from different sites and/or rivers at

all spatial'scales

Table 2 Results of tweway nested ANOVA testing for differences in clutch size between
rivers and between sites nested within rivers in 2009 and 2010 (significant resualks)i

Only rivers.with.data for 2 sites were included in this analysis. Results of variance
partitioning“describe the percentage of variation in clutch sizes explainmeckts; sites, or
residual error;ithe latter term includes real variation between egg masses within sites plus
errors of measurement and any other unquantified factasshBo Tukey comparisons

identify riverswith statistically different mean clutch sizes (vertical lines denote
homogeneous subsets).

Tukey comparisons

(between rivers)
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Percentage Rivers MeanClutch

df MS F P of variation (rank order) size
A. gisbum
2009 River 2 13713 0.82 0.514 0.0
Site(River) 3 17470 2.74 0.046 7.3
Error 146 6412 92.7
2010 River 3 29883 12.8 <0.001 16.3 Taggerty R. 253
Site (River) 8 2161 0.71 0.681 0.0 Snobs CKk. 196
Error 190 3038 83.7 Acheron R. 194
Jerusalem CKk. 186
A. obliquum
2009 River 2 72688 8.37 0.049 155 Royston R. 480
Site (River) 3 8743 1.11 0.346 04 Taggerty R. 421
Error 130 7853 84.0 Snobs Ck. 408
2010 River 3 34856 5.02 0.015 6.3 Taggerty R. 439
Site (River) 8 6796 0.90 0.514 0.0 Acheron R. 406
Error 227 7522 93.7 Snobs Ck. 369
Jerusalem CKk. 369
U. rubiconum
2009 River 3 7964 199 0.247 3.0
Site (River) 4 4138 1.76 0.138 2.8
Error 202 2349 94.2
2010 River 3 7691 266 0.095 15
Site'(River) 7 2809 0.89 0.518 0.0
Error 422 3173 98.5
756
757
758
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759 Table 3Clutch size and egg size (mMnstatistics for each study species. Data pooled across
760 sites. Sample sizerepresents numbers of egg masses (for estimates of clutch size) and
761 individual eggs (for estimates of egg size).

Year n Mean (+ SE) Range CVv

Clutch size
A. gisbum 2009 180 261 (19) 77-587 32
2010 293 210 (12) 52-384 30
A. obliquum 2009 169 437 (34) 200-680 21
2010 337 394 (21) 153 -636 22
U. rubiconum 2009 210 163 (11) 22-321 31
2010 609 186 (8) 37-406 33
Egg size
A. gisbum 2016 70 0.13(0.005) 0.10-0.16 10.6
A. obliquum 2016 70 0.12(0.003) 0.11-0.14 5.7
U.rubiconum 2016 70 0.12(0.002) 0.11-0.13 4.4

762
763
764
765 Table 4Mean«(% SE) recruitment densities of egg masses and individual eggs, averaged

766 across all sites pooled.

Species Egg masses /m Eggs / nf
A gisoum 0.06 (0.01) 122
A. obliquum 0.05 (0.01) 21 (4)

U. rubiconum 1.89 (0.67) 357 (129)

767
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Figure captions

Fig. 1 The seven streams and 18 sites surveyed in the Acheron and Goulburn River
catchments in southeast Victoria, Australia. Clutch size was surveygghtasiees in 2009

and 17 sites in 2010. Temperature was recorded at seven sites in 2009 and nine sites in 2010.
Fig. 2 Mean-daily temperatures in (a) 2008-2009 and (b) 2010, showing peak annual
temperatures during summer (Decembdfarch). For clarity, data are shown only for one

low, medium and high elevation site per year, but similar temporal fluctuations in
temperature were recorded at all sites and mean site temperatures were ranked by elevation.
Dotted lines.indicate the overlapping calendar period of temperature records between years
(January 22 — April 19, 88 days). We used data fronpii®d to calculate accumulated

degree days (Figure 4).

Fig. 3 Summary of temperature data collected during the period January 21-April 19 in 2009
(closed circles, solid lines) and 2010 (open circles, dashed lines). Across aiomelevat

gradient we detected systematic variations in: (a) the number of accumulated DD per site
(2009:F16'= 32.17* RZ = 0.865; 2010F g = 38.80*** R* = 0.847) and (b) the time (days)
required to.accumulate 1000 DD (20695 = 25.05**, R? = 0.834; 2010F g = 34.93***,

R? = 0.833),

Fig. 4 Clutch'size (mean +1 SE) across the elevation gradienAfgrsbumin (a) 2009 and

(b) 2010;A. abliquumin (c) 2009 and (d) 201QJ. rubiconumin (e) 2009 and (f) 2010. Note
differences in the scale of theaxis for each specieB:-values are provided for linear

regression of clutch size vs elevation; ‘ns’ indic&es0.05 in all cases.
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