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Abstract
1. In organisms with complex life cycles, the various stages occupy different habi-

tats creating demographically open populations. The dynamics of these popula-
tions will depend on the occurrence and timing of stochastic influences relative 
to demographic density dependence, but understanding of these fundamentals, 
especially in the face of climate warming, has been hampered by the difficulty of 
empirical studies.

2. Using a logically feasible organism, we conducted a replicated density- 
perturbation experiment to manipulate late- instar larvae of nine populations of 
a stream caddisfly, Zelandopsyche ingens, and measured the resulting abundance 
over 2 years covering the complete life cycle of one cohort to evaluate influ-
ences on dynamics.

3. Negative density feedback occurred in the larval stage, and was sufficiently 
strong to counteract variation in abundance due to manipulation of larval den-
sity, adult caddis dispersal in the terrestrial environment as well as downstream 
drift of newly hatched and older larvae in the current. This supports theory indi-
cating regulation of open populations must involve density dependence in local 
populations sufficient to offset variability associated with dispersal, especially 
during recruitment, and pinpoints the occurrence to late in the larval life cycle 
and driven by food resource abundance.

4. There were large variations in adult, egg mass and early instar abundance that 
were not related to abundance in the previous stage, or the manipulation, point-
ing to large stochastic influences. Thus, the results also highlight the comple-
mentary nature of stochastic and deterministic influences on open populations. 
Such density dependence will enhance population persistence in situations 
where variable dispersal and transitioning between life stages frequently cre-
ates mismatches between abundance and the local availability of resources, 
such as might become more common with climate warming.
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1  |  INTRODUC TION

Complex life cycles, where adult and juvenile forms occupy differ-
ent habitats, profoundly influence dispersal and recruitment pro-
cesses (Gaines & Roughgarden, 1987; Roughgarden et al., 1988; 
Wilbur, 1980), and are common in organisms forming demographi-
cally open populations. Open populations are characterised by fluxes 
of individuals between habitat patches and are typically reliant on ex-
ternally supplied recruits, often associated with different life stages 
(Hixon et al., 2002). Species with complex life cycles forming open 
populations are particularly important in aquatic systems (Caley 
et al., 1996; Huryn & Wallace, 2000; Lancaster & Downes, 2018), and 
their population dynamics have bearing on issues ranging from pro-
tected area design to water allocation (Anderson et al., 2006; Gaines 
et al., 2003; Kellner et al., 2008; McCoy et al., 2009). However, empir-
ical knowledge of key controls on the dynamics of open populations, 
especially at scales relevant to both stochastic and deterministic pro-
cesses (Hixon et al., 2002) and to pinpoint when in the life cycle those 
influences occur (Jaatinen et al., 2021), is still lacking.

Although population regulation has been debated (Chesson, 1998; 
Turchin, 1999), that population persistence is linked to demographic 
density dependence (e.g. negative density feedback) at some stage 
and scale is now well- established (Chesson, 1996; Turchin, 1995). 
However, exactly how dispersal and recruitment combine with 
density- dependent demographic rates in open populations is still 
unclear (Lancaster & Downes, 2018), and linked to poor understand-
ing of how open populations are affected by recruitment compared 
to post- recruitment processes (Hixon et al., 2002; Menge, 2000). 
For example, recruitment operating at larger spatial scales than in-
teractions resulting in negative density feedback may mean local 
production of individuals has little influence on abundance, poten-
tially leading to recruitment limitation (Doherty & Fowler, 1994). 
Nevertheless, models of open populations indicate that although 
abundance can be proportional to recruitment and density de-
pendence does not always ensure persistence, recruitment vari-
ation alone cannot regulate a population (Armsworth, 2002; 
Chesson, 1998). When in the life cycle those density- dependent 
regulatory processes occur, and the mechanisms involved, will also 
influence population responses to extreme events driven by cli-
mate change (Jaatinen et al., 2021; Ohlberger et al., 2014; Okamoto 
et al., 2016). Moreover, failure to simultaneously consider density- 
independent stochastic variation and density- dependent feedback 
will limit understanding of the effects of environmental change on 
populations (Gamelon et al., 2017). This means determining when in 
complex life cycles density dependence occurs relative to stochastic 
influences, and the scales and mechanisms involved, is critical to un-
derstanding the stability and persistence of a large number of very 
important organisms.

Gaining better knowledge of both the mechanisms and organ-
ismal stage(s) involved in the regulation of the open populations of 
complex life cycle organisms has been hampered by the difficulty 
of empirical study (Saenz- Agudelo & Harrison, 2021). Cohorts of 
organisms with such life cycles are notoriously difficult to follow 

because their transitions between habitats and small body sizes typ-
ically make quantitative evaluations of feedback processes involved 
in dynamics difficult to impossible (Lancaster & Downes, 2018). 
There are sophisticated studies of the dynamics of large- bodied or-
ganisms with more closed populations. For instance, all examples of 
‘demographic buffering’, where reduced variance in vital rates is po-
tentially under selection, come from either plants, birds or mammals 
(Hilde et al., 2020). Insightful long- term data have been collected on 
populations of aquatic organisms (e.g. Elliott, 2013), but they inevi-
tably only cover some of the life stages of organisms with complex 
life cycles (Okamoto et al., 2016). Moreover, even high- quality time 
series do not necessarily provide precise estimates of demographic 
parameters or cover the range of conditions that will reveal driv-
ers (Okamoto et al., 2016). Manipulative experiments provide op-
portunities for robust tests for density dependence (Cappuccino & 
Harrison, 1996; Hixon & Jones, 2005), and offer a way to resolve this 
impasse if tractable methods of studying the links between the life 
stages of these organisms over a range of conditions can be found.

The dynamics of these open populations are particularly import-
ant in advection- affected ecosystems like streams because different 
influences are expected compared to those where dispersal is mostly 
associated with diffusion (Anderson et al., 2005). Streams are dom-
inated by insect taxa where the aquatic larvae and terrestrial adult 
phases occupy completely different habitats, and their dispersal, or 
lack of it, likely influences population persistence (Palmer et al., 1996). 
Both theoretical (Anholt, 1995; Humphries & Ruxton, 2002), and em-
pirical work points to important roles for dispersal, recruitment and 
density dependence (Downes & Lancaster, 2010; Hildrew et al., 2004; 
Lancaster & Ledger, 2015; Reich & Downes, 2004). However, like 
other systems dominated by organisms with complex life cycles, 
quantitative tests of the role of these processes in stream popula-
tions have proved challenging (Downes & Lancaster, 2010; Lancaster 
& Downes, 2018). Knowledge of processes involved in the dynamics 
of stream invertebrate populations is poor, even when compared to 
that of other open populations like marine invertebrates, and espe-
cially scant when compared to terrestrial invertebrates (Lancaster 
& Downes, 2018). Recent work suggests important roles for both 
recruitment limitation and post- recruitment density dependence 
(Encalada & Peckarsky, 2011; Encalada & Peckarsky, 2012; Lancaster 
et al., 2010). However, the drivers of inter- generation differences 
in dynamics, especially the mechanisms and stage involved in any 
density- dependent feedbacks are still largely unknown (but see 
Hildrew et al., 2004 for one experiment).

We conducted a replicated density- perturbation experiment to 
examine the influence of adult and larval dispersal on the recruit-
ment, and subsequent population dynamics of a stream caddisfly 
Zelandopsyche ingens. The dynamics of nine stream populations 
were followed through all life stages after the previous generation 
was manipulated. We evaluated the role of recruitment versus post- 
recruitment processes (Question 1, Q1) by testing whether the lo-
cally manipulated supply of recruits limited local larval abundance. 
The occurrence of stochastic and deterministic processes (Q2) was 
assessed by both comparing abundance and testing for density 
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dependence between stages. Finally, we examined when stochas-
tic and deterministic processes occurred (Q3) and the mechanisms 
involved (Q4) by examining all life cycle stages and considering 
possible resource- related drivers when density dependence was 
detected.

Late- instar Z. ingens larvae were removed from 200- m reaches 
of three small streams in the austral spring of 2002, halving the po-
tential local emergence of adults. The larvae removed were added to 
three other streams, doubling potential local emergence of adults. 
The abundance of adults, egg masses and larvae of the next gen-
eration and the abundance of their leaf litter food resources, were 
subsequently measured at these and three un- manipulated control 
streams over the next 2 years encompassing the semivoltine Z. in-
gens life cycle (Winterbourn & Davis, 1976; Figure 1). If local supply 
of recruits (i.e. recruitment limitation) was important at the scale of 
the manipulation, we expected that abundance of subsequent stages 
(i.e. adults and eggs) would reflect the numbers of manipulated late- 
instar larvae. This provided an evaluation of the role of recruitment 
versus post- recruitment processes. Similarly, if the abundance of an 
earlier larval stage limited abundance of a subsequent larval stage, 

then we should see positive correlations between numbers at dif-
ferent stages. Alternatively, if larger scale adult dispersal occurred 
or was influenced by stochastic effects, then adult and egg numbers 
would be unrelated to manipulated densities. And, again, if stochas-
tic influences affected abundance of subsequent larval stages at the 
scale of our sampling, then we should see no correlation in abun-
dance between stages. Finally, the occurrence of negative density 
feedback during any stage would be indicated by negative relation-
ships between the per capita abundance of a stage relative to that 
of the previous stage, and may be driven by the availability of a key 
resource for that stage.

2  |  MATERIAL S AND METHODS

2.1  |  Study animal and sites

Zelandopsyche ingens caddisflies are endemic to small streams in 
southern beech forest on South Island, New Zealand (Winterbourn 
et al., 2006; Figure 1c– i). The large detritivorous larvae are closely 

F I G U R E  1  Timing of the experimental manipulation of fifth instar Zelandopsyche ingens caddisflies (a, arrow) and subsequent population 
sampling (a, circles), the effect of the manipulation on their populations (b), and the caddis life history stages studied (c– h) in southern beech 
forest streams (i). Late instar larvae (h) were shifted from 200 m of three ‘removal’ streams (192, 382 and 830 individuals respectively) 
to paired neighbouring ‘addition’ streams, prior to pupation. Larvae were disturbed, but not moved in three ‘control’ streams, and larval 
abundance was sampled in all streams 1 week (white) and 1 month (hatched) after manipulation (b; mean population change ± SE). Larvae 
pupated (c), and a malaise trap at each stream gave an index adult abundance (d, female). Over the following 2 years (a), egg masses (e) 
were surveyed on emergent rocks in each stream, early (f) to late instar (g; 4– 5th instar) larvae were sampled, with the final sample prior to 
pupation in November 2004

(a)

(c) (d) (e)

(f) (g) (h)

(i)

(b)
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associated with leaf pack habitats where they consume decompos-
ing beech leaves, and construct large tubular cases (up to 28 mm 
long) from beech leaves and twigs (Greig & McIntosh, 2006; 
Winterbourn, 1982; Winterbourn & Davis, 1976). The larvae can be 
sampled and captured easily by collecting leaf packs which accumu-
late in depositional habitats (Winterbourn & Davis, 1976). The supply 
of detritus from the evergreen beech trees is continuous with a late 
summer peak (Winterbourn, 1976). Z. ingens has five larval instars 
and its life cycle is semivoltine (i.e. takes 2 years) in fishless streams, 
with larvae overlapping with larvae from the previous genera-
tion for approximately the first 9 months (Greig & McIntosh, 2008; 
Winterbourn & Davis, 1976). Eggs are deposited in March– April, first 
instar larvae are able to be sampled in leaf packs in November, and 
grow rapidly over the austral summer to reach the fifth and final 
instar by March of the following year when they are 1 year old. After 
over- wintering they pupate under large boulders in late December 
through January and start flying in late February when they are close 
to 2 years old. As is typical for many stream insects, much less is 
known about the terrestrial stages, but adult Z. ingens appear to be 
poor fliers and can be captured easily by hand at night where males 
position themselves to find females (Winterbourn et al., 2020). Their 
distinctive large gelatinous egg masses are attached to the under-
side of rocks and logs that protrude above the water surface.

2.2  |  Experimental design and manipulation

We selected first- order streams in the Cass area of the Canterbury 
High Country (McIntosh et al., 2005), under a mountain beech can-
opy Fuscospora cliffortioides, that consistently contained accumula-
tions of leaf detritus and large populations of Z. ingens, but did not 
have tributaries along the 200 m experiment study reach (Table 1). 
Predation by brown trout had the potential to complicate the ef-
fects of larval recruitment on abundance (McIntosh et al., 2005), 
so only streams lacking trout were used. Furthermore, the lack of 
redundancy among shredding invertebrates in these streams (Greig 

& McIntosh, 2006) meant responses were also unlikely to be com-
plicated by other shredding invertebrates. The locations of the nine 
streams (Figure 2) meant they naturally formed one group of three 
neighbouring streams and three pairs of neighbouring streams. For 
the group of three streams, one stream was randomly assigned to 
each of the three treatments (removal, addition or control). For the 
remaining six streams (three pairs), one pair was randomly selected 
to be control streams, and reduction/addition treatments were 
randomly assigned to each of the remaining two pairs of streams. 
Therefore, caddis were only moved short distances between 
neighbouring and connected headwater tributaries. This did not 
require animal ethics approval, but was conducted under a permit 
(WMKAO- 3568) from the Department of Conservation.

Study reaches were chosen to be sufficiently large to capture the 
dynamics of a substantial portion of a Z. ingens subpopulation, but 
small enough that manipulation and sampling were feasible. Larvae 
occupy leaf pack habitat and were manipulated by hand sorting all 
the leaf material in each 200- m reach. Despite being a major un-
dertaking, this was feasible on this scale because leaf packs were 
readily recognised and sampled, and late- instar larvae were straight 
forward to find among the detritus.

Manipulation of Z. ingens was undertaken 2– 5 September 2002 
when leaf abundance in the streams was lowest (Winterbourn, 1976) 
and larvae were concentrated in relatively small leaf packs. 
Fieldworkers progressed upstream removing the fifth- instar larvae 
(i.e. those about to pupate), which were easily distinguishable by case 
size and shape from other generations and taxa, from all leaf packs 
in each study reach. The same operation was undertaken in ‘con-
trol’ and ‘addition’ streams, except sampled larvae were returned to 
the streams in ‘control’ streams and larvae previously removed from 
the neighbouring removal treatment stream were distributed along 
‘addition’ reaches. The manipulation was carried out with the ex-
pectation that a substantial proportion of larvae could be removed, 
although the populations were open and larvae could move into 
the manipulated reaches. Nevertheless, by conducting the manip-
ulation just prior to pupation when larvae were fully developed it 

TA B L E  1  Characteristics of streams used in the study. There were three pairs of streams (a– c) and one group of three streams (d) with 
treatments randomised among and within pairs and within the group. See Figure 2 for locations

Stream (pairing)
Label in Figures 2 
and 3 Treatment Altitude (m)a Width (m) Depth (cm)

Median 
substratum size 
(cm)

Poverty (a) c Removal 650 2.4 6 5

Affluent (a) f Addition 660 3.1 12 11

Bill (b) g Control 820 1.2 10 9

Bob (b) i Control 850 1.2 10 11

Moss (c) a Removal 540 1.2 8 9

Last (c) d Addition 545 1.5 6 8

Middle Bush (d) h Control 615 1.1 6 10

Reservoir Bush (d) b Removal 600 1.0 5 10

Sugarloaf Bush (d) e Addition 700 1.0 5 9

aDownstream end of the 200 m reach.
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was expected that opportunities for movement would be limited 
and that once pupation was underway late- instar larvae would cease 
movement. Importantly there were also no major high flow events 
in the study streams between September 2002 and January 2003 to 
disrupt the manipulation.

2.3  |  Larvae, adults, eggs and 
environment sampling

Larval abundance of Z. ingens and resource abundance were 
measured during the manipulation, then 5 days (6– 10 September), 
and 6 weeks (22– 24 October) after manipulation to assess the 

effectiveness of the treatments. The abundances of the subsequent 
cohort and resources were measured in: November 2003, 1 year 
after the manipulation when the manipulated cohort were first and 
second instars; in January 2004 and March 2004, during the phase 
of rapid larval growth; and after overwintering prior to pupation in 
November 2004.

Larvae of Z. ingens occur exclusively in accumulations of leaf de-
tritus (McIntosh et al., 2005), so densities were calculated by count-
ing larvae in leaf packs. During each census we measured the length 
and perpendicular width of all leaf packs (defined as accumulations 
of beech detritus with perpendicular dimensions >10 × 10 cm) in the 
200- m reach, counted Z. ingens in selected leaf packs, and measured 
stream width. Z. ingens were sampled in leaf packs by scooping the 

F I G U R E  2  Location of the nine 200- m experimental reaches (red lines) in the river network (blue lines) in the upper Waimakariri River 
catchment of South Island, New Zealand, with beech forest shown (green) and reaches labelled according to treatment (removal, a– c; 
addition, d– f; and control, g– i) as described in Table 1. Map data sourced from the LINZ data service (www.linz.govt.z) and licensed for reuse 
under the CC BY 4.0 licence

http://www.linz.govt.z
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detritus into a D- net (1- mm mesh) held immediately downstream. 
Z. ingens were either counted on site (possible for fourth and fifth 
instars) or leaf packs were frozen for processing in the laboratory.

Twenty leaf packs were sampled from each stream during each 
of the pre-  and post- manipulation samples of the manipulated co-
hort in 2002 and the fifth instar Z. ingens larvae were counted in a 
white tray in the field and returned to the stream. Twenty leaf packs 
were sampled in each stream in November 2003 and 2004, whereas 
10 leaf packs were sampled in January and February 2004. All of 
these were frozen for later processing. On each occasion, leaf packs 
were sampled at regular intervals along the 200- m reach with each 
leaf pack being at least 5 m upstream of any previous sampling lo-
cation. Between 83 and 447 g DW of leaf detritus was collected in 
each sample. In practice this constituted entire smaller leaf packs 
and a subsample of a number of leaf packs greater than about 0.1 m2. 
After frozen storage and thawing, larvae were sorted from leaf de-
tritus in large white trays. All small size fractions of leaf detritus 
were searched for smaller instars in a Bogorov tray at 10× magnifi-
cation. Head capsule widths of larvae were measured to the nearest 
0.03 mm with a linear eyepiece micrometre inserted in a binocular 
microscope and individuals were assigned to one of five instars 
(Winterbourn & Davis, 1976).

An index of adult abundance was obtained by deploying a sin-
gle malaise trap over the stream at the centre of each experimental 
reach from December 2002 to April 2003. This sampling was de-
signed to estimate adult Z. ingens numbers, but not affect their pop-
ulation size. Accordingly, small numbers of adults were captured in 
each trap and cumulative catches were used in data analyses.

Once oviposition commenced in March 2003 following the ma-
nipulation, egg mass abundance was measured in all streams by 
surveying oviposition substrates (naturally occurring rocks and logs) 
for egg masses in 22 m reaches in each stream biweekly. Individual 
female Z. ingens produce one egg mass, so the average of individ-
ual fecundity of Z. ingens females from fishless streams (mean ± SE: 
254 ± 22 eggs per individual, Greig & McIntosh, 2008) was multi-
plied by the cumulative number of egg masses counted per stream 
to calculate the number of potential recruits to each 200 m stream 
reach.

Stream and air temperatures were monitored with data loggers. 
Key physicochemical parameters (e.g. discharge, substratum size, 
depth and water conductivity) and the availability of oviposition sites 
were measured, but did not differ between treatments (Table 1).

Population abundance per 200 m reach was calculated from the 
mean density of caddis per unit area of leaf pack measured from the 
leaf pack samples (number larvae·m−2, n = 10 or 20 depending on 
sample) multiplied by the total amount of leaf pack (m−2·200 m) in 

a study reach. Leaf resource abundance was measured in terms of 
spatial extent over the entire reach (m2·200 m) and caddis likely use 
the oxygen- rich upper layers of leaf, so caddis densities per m2 of 
leaf were used in analyses. Moreover, caddis density per dry weight 
of leaf was measured in the 2003– 2004 sampling and caddis density 
per dry weight of leaf was highly correlated with caddis density per 
m2 of leaf pack.

2.4  |  Statistical analysis

The net change in population sizes of the pre- pupation larvae result-
ing from the manipulation was determined as loge(subsequent no. 
larvae·200 m−1) − loge[original no. larvae·200 m−1). This was used as 
the response variable in a repeated measures ANOVA to assess the 
effect on population sizes with experimental treatment (removal, ad-
dition and control) as a predictor, sampling time (1 week and 1 month 
after manipulation) as the repeated measure and with streams as 
replicates (n = 3). Ordinary least squares linear regression was used 
to assess post- manipulation population changes between life stages, 
over time and in relation to available leaf resources. Analysis of ra-
tios that contained a shared variable can generate spurious correla-
tion (Jackson & Somers, 1991), so we took a conservative approach 
by estimating expected regression slopes using randomisation fol-
lowing Hall et al. (2007, their Supplement A) and coded in R (version 
3.6.3). Briefly, for Y/X versus X regressions, an expected slope was 
estimated from the mean of 9,999 randomisations of the non- shared 
variable while holding the shared variable constant. A probability 
was subsequently derived from the ratio of the number of randomi-
sations differing from the expected correlation with a magnitude 
larger than the difference between the observed and expected slopes 
(numerator) compared to the number of slopes with a magnitude 
smaller than the difference between observed and expected slopes 
(denominator). We also produced 95% confidence intervals for resa-
mpled slopes to allow visual comparison with observed regression 
slopes on plots produced in gglpot2 (Wickham, 2016). Original data 
are available on the University of Canterbury, Freshwater Ecology 
Research Group, Figshare (McIntosh & Greig, 2022).

3  |  RESULTS

Late- instar Z. ingens densities were altered as intended by our ma-
nipulations. There were significant differences in population change 
(Figure 1b) between treatments (repeated measures ANOVA, treat-
ment: F2,6 = 13.87, p < 0.01), but no alteration from 1 week to 1 month 

F I G U R E  3  Abundance of the manipulated Zelandopsyche ingens cohort from pre- pupation larvae to, adults (a & e) and eggs (b & f), and 
then the development of the subsequent cohort from eggs to early instar larvae (c & g), and from early instars to last instars (d & h) in terms 
of both abundance (a– d) and per capital survivorship (e– h) between stages. Slopes of relationships in e– h were examined with randomisation 
tests, and significant regressions are indicated where observed slope (solid lines) lies outside of the 95% confidence interval (shaded) for the 
resampled slope (dotted) derived from the randomisation of non- shared terms in the regressions. The equation for the significant regression 
in H is: log10(early instars per m2 leaf) = −1.579·log10(egg masses m−2) + 3.842
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after manipulation (time: F1,6 = 1.127, p = 0.33; and time × treat: 
F2,6 = 0.189, p = 0.83). The manipulation reduced late- instar Z. ingens 
abundance in removal reaches on average by close to 50%, and num-
bers were approximately doubled in corresponding addition reaches 
(Figure 1b). Over the same period, abundances in control streams did 
not change (Figure 1b). Thus, we successfully manipulated the late- 
instar larval populations and those manipulations stayed intact till 
pupation, likely altering local (i.e. 200- m scale) emergence of adults.

Despite differences in Z. ingens abundance resulting from the 
manipulation, no significant relationship was observed between the 
post- manipulation population density and either adult abundance 
from malaise trap catches or the density of egg masses subsequently 
deposited (both p > 0.05; Figure 3a,b). Egg mass densities per unit 
area of stream bed varied greatly between streams. Thus, the exper-
imental manipulation had no detectable influence on the abundance 
of any stage of the subsequent generation of Z. ingens, and processes 
occurring during pupation and the terrestrial adult dispersal phase of 
the life cycle must have substantially modified local abundance. This 
could indicate an important role for stochastic dispersal processes 
during the adult phase, but that assessment also depends on an ab-
sence of density dependence.

Examination of both captures of adult caddis per pre- pupation 
larva and the number of egg masses deposited per pre- pupation larva 
in tests for density dependence failed to provide strong evidence of 
relationships with the density of the previous (manipulated) gener-
ation (Figure 3e,f; randomisation- derived p = 0.34 and 0.49 respec-
tively). Thus, there was no strong evidence of density- dependent 
feedback associated with any aspect of the adult reproductive 
stages examined and any apparent per capita relationships between 
stages during this part of the life cycle were spurious. Therefore, the 
highly variable abundance of eggs in the study reaches does suggest 
a role for stochastic effects on adult dispersal.

Examining the density of subsequent Z. ingens stages, including 
the transition between eggs and early- instar larvae, and between 
early- instar larvae and late- instar larvae also revealed no positive 
relationships; density was not significantly related to density at the 
previous stage at any point in the life cycle examined (Figure 3c,d). 
Moreover, streams varied tremendously in their patterns of popu-
lation change over the larval generation following the manipulation 
(Figure 4). The variability could again point to a strong role for sto-
chasticity, but again this also depends on the occurrence of density 
dependence.

In the egg to early instar transition there was also no evi-
dence that the number of early- instar larvae surviving per egg 
mass was negatively related to the density of egg masses per unit 
area of stream bed (Figure 3g; randomisation- derived p = 0.63). 
However, numbers of early- instar larvae present in study reaches 
all dropped from the number estimated to have been added in egg 
masses (Figure 4). Given that Z. ingens females contain (mean ± SE) 
254 ± 22 eggs·individual−1 and produce one egg mass, this amounts 
to density- independent losses from each 200 m reach of between 
703 and 17,570 hatching larvae either through mortality or emigra-
tion (Figure 4). Thus, there were certainly large density- independent 
changes immediately after hatching that were also likely due to sto-
chastic processes.

Finally, and in contrast to all other stage transitions, the per cap-
ita survivorship of larvae from first and second instar stages through 
to the final instar was strongly negatively related to early- instar 
density per unit area of leaf pack (the larval food source) based on 
randomisation tests (p = 0.018, Figure 3g). Here, the slope of the 
observed relationship occurred outside of that predicted in resam-
pling, so the relationship was not spurious, providing good evidence 
for the occurrence of density dependence. In practice that meant 
abundance increased during the long larval stage in reaches which 

F I G U R E  4  Mean (±2 SE) Zelandopsyche 
ingens abundance in study reaches of the 
nine experimental streams (a– i) over the 
course of the post- manipulation cohort 
from eggs (April 2003) to late- instar 
larvae (November 2004). Dashed lines 
indicate the change in population size 
from numbers calculated to be present 
from egg mass counts (white circles) to 
early instar larvae (mainly first instars, at 
231 days) when they were first sampled 
in November 2003. Solid lines were fitted 
by linear regression. Characteristics of 
streams a– i are described in Table 1
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started with low densities of early- instar larvae in the leaf resource 
(e.g. Figure 4c,f,h), whereas numbers declined in those streams 
that started with high early- instar densities in the leaf resource 
(e.g. Figure 4a,d). A corollary is that there must have been sub-
stantial net post- recruitment movement of individuals into stream 
reaches, presumably from upstream, in situations where larval num-
bers increased. Thus, overall strong evidence of negative density- 
dependent feedback was only found in later larval stages and that 
was coupled with substantial movements of larvae, presumably in 
relation to the abundance of resources.

We examined relationships with resources by evaluating larval 
abundance in relation to the large range of detrital resources across 
the streams. Overall, the larval dynamics meant that in each year 
where densities were measured, there was a strong positive rela-
tionship between the abundance of leaf resource in a stream and 
the number of Z. ingens larvae present at the end of their larval life 
cycle (Figure 5). This conclusion was supported by a strong relation-
ship between larval abundance and total leaf resource using streams 
as replicates (F1,7 = 14.46, p = 0.007) and no difference between 
years (F18,7 = 0.543, p = 0.86) in an ANOVA with year nested within 
stream.

4  |  DISCUSSION

Our multi- stream experimental assessment of consecutive caddisfly 
generations provides a strong basis for evaluation of the dynamics 
of these stream insect populations, and can inform our general un-
derstanding of the dynamics of the open populations formed by or-
ganisms with complex life cycles. The patterns reveal likely roles for 
both stochastic and deterministic processes, including negative den-
sity feedback. The results are concordant with expectations from 
models and multiple theoretical evaluations of open populations 

indicating negative feedback (i.e. density dependence) in local pop-
ulations is necessary for population regulation (Armsworth, 2002; 
Hixon et al., 2002). However, they also reveal the timing and driv-
ers of that feedback, as well as substantial influences of stochastic 
process occurring at scales larger than our study which led to large 
variations in abundance between stages. Thus, we were able to char-
acterise the relative influences of stochastic and deterministic influ-
ences on these populations and pinpoint the timing at which their 
relative importance was strongest in the organism life cycle.

4.1  |  Stochastic reproductive dispersal

Starting with the initial generation, pupation followed by adult dis-
persal in the terrestrial environment had considerable influence on 
the number of Z. ingens egg masses eventually deposited. This ‘re-
productive dispersal’ where movement occurs in a different habi-
tat to that of the rest of the life cycle is a defining feature of open 
populations, providing potential for decoupling of the abundance of 
propagules arriving at a site from the local abundance of the pre-
vious generation. This dispersal overwhelmed any influence of our 
manipulation on Z. ingens abundance. Although adult female Z. in-
gens probably fly upstream (Winterbourn & Crowe, 2001), genetic 
studies imply large- scale movement of adult Trichoptera is not un-
common (Hughes et al., 2009), so dispersal very likely occurred at 
much larger scales than our manipulation. Thus, it was not surprising 
that we found the abundance of egg masses eventually deposited by 
adult stages into our study reaches was unrelated to the abundance 
of the previous stage.

These findings point to a significant role for stochastic processes 
occurring during the reproductive dispersal phase. Although still 
very difficult to study, large variability in both the spatial and tem-
poral components of the reproductive dispersal phase of open pop-
ulations is emerging as a common feature in reef fish (e.g. Catalano 
et al., 2021; Okamoto et al., 2016), and similar variability may occur 
in aquatic insects. Studies of genetic structuring of stream insects 
and their metacommunity dynamics indicate considerable potential 
for the characteristics of local environments coupled with effects 
of local weather to influence adult aquatic insect movement (Finn 
et al., 2006; Hughes et al., 2009; Schultheis et al., 2008; Tonkin 
et al., 2018). Moreover, sizable density- independent mortality can 
be associated with the adult stage (e.g. during oviposition; Encalada 
& Peckarsky, 2007). Nevertheless, density- dependent mortality 
linked to competition for pupation sites has been observed be-
tween the fifth instar and pupation of Agapetus pontona caddisflies 
(Marchant & Hehir, 1999) and substantial density- dependent mortal-
ity occurred during the reproductive dispersal phase of the Tasimia 
palpate caddisfly life cycle (Marchant, 2021). However, processes 
occurring in the transition between larval and adult stages in stream 
insects that could generate density dependence need more study. 
Thus, although we should not discount a role for density- dependent 
processes (Lowe & McPeek, 2014), our findings reflect the high like-
lihood that stochastic density- independent processes can strongly 

F I G U R E  5  Abundance of late instar larvae Zelandopsyche ingens 
(final and penultimate instars) in the nine 200 m stream reaches 
in relation to total leaf resource in the reach during November 
2002 (circles), 2003 (triangles) and 2004 (squares). The line was 
fit by linear regression; log10 no. larvae·200 m−1 = 0.988·log10 leaf 
m2·200 m−1 + 2.223, r2 = 0.429
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affect the reproductive dispersal of organisms with open popula-
tions (Saenz- Agudelo & Harrison, 2021).

4.2  |  An absence of recruitment limitation

Restrictions on the availability of propagules have occasionally been 
linked with controls on abundance (i.e. recruitment limitation) in or-
ganisms with complex life cycles (e.g. Watson et al., 2021). In stream 
insects these have been associated with environmental conditions 
during reproductive dispersal that influence oviposition (Lancaster 
et al., 2003; Peckarsky et al., 2000; Reich & Downes, 2003). For exam-
ple, several examples of potential recruitment limitation due to ovi-
position site shortages (e.g. emergent boulders) have been identified 
in mayfly and caddisfly larval stages (Encalada & Peckarsky, 2012; 
Lancaster et al., 2010; Macqueen & Downes, 2015). Although some 
streams received small numbers of egg masses, there was little po-
tential for Z. ingens population size to be recruitment limited because 
enough eggs were added to most stream reaches to repopulate 
them (usually many times over) and movement occurred between 
reaches. One stream (Figure 3f), however, initially received at least 
700 eggs (>2 individual egg masses) less than its eventual late- instar 
larval population size. Nevertheless, recruitment limitation did not 
affect eventual population size because local oviposition was only 
one potential influence on abundance, and processes occurring dur-
ing settlement and post- settlement, particularly downstream larval 
dispersal, also strongly influenced dynamics. Seldom have studies 
considered the whole life cycle to identify when density- dependent 
and - independent processes take place, but a study on Baetis may-
flies in Colorado streams showed that post- recruitment processes 
can swamp those occurring during the recruitment phase (Encalada 
& Peckarsky, 2011). Thus, although recruitment limitation is con-
ceivable, the potential for subsequent dispersal to alleviate short-
ages suggests it could be restricted to severe situations where few 
reproductive dispersal stages are present. Potential scenarios for 
recruitment limitation include, restored streams in otherwise im-
pacted landscapes (Tonkin et al., 2014), when recruitment stages 
are harvested (Watson et al., 2021), or where environmental condi-
tions limit availability of key habitats like oviposition sites (Peckarsky 
et al., 2000).

Recruitment in our system coincided with the settlement of 
first- instar larvae in stream leaf pack habitats. Very large numbers 
of potential recruits disappeared and relatively few larvae settled in 
some study reaches, probably due to the downstream advection of 
larvae after hatching, and prior to settlement. The recently hatched 
larvae of Z. ingens are small and poorly equipped for swimming 
(Figure 2f). Their settlement in depositional habitat likely prevents 
further downstream advection, but similar to marine planktonic 
organisms, many individuals probably never got into suitable hab-
itats. Variable settlement is typical of open populations, is partic-
ularly important when small larvae are exposed to currents (Caley 
et al., 1996; Catalano et al., 2021; Downes & Keough, 1998; Gaines & 
Bertness, 1992), and such advection could strongly affect dynamics 

(Anderson et al., 2005). Only by examining larval abundances soon 
after settlement, and through painstaking searching of detritus sam-
ples for tiny first-  and second- instar larvae, were the subsequent dy-
namics through the larval growth phase able to be quantified. Those 
dynamics revealed that a stable larval population persisted despite 
the high density- independent losses of early- instar larvae.

4.3  |  Larval dispersal and the driver of negative 
density feedback

The processes that stabilised Z. ingens populations occurred during 
the latter parts of the larval phase, and involved emigration, im-
migration and potentially mortality, all driven by resource availabil-
ity. Strong interspecific competition for detrital resources occurs in 
Z. ingens during larval growth (Greig & McIntosh, 2008). Although 
density dependence associated with food resources is not often 
investigated in aquatic populations (Little et al., 2020), studies of 
bottom- up limitation suggest it should be common in aquatic lar-
val populations, even when they are feeding on donor- controlled 
resources like detritus (Wallace et al., 1997). In reaches where lar-
val densities were low in relation to detrital resource abundances, 
movement into the 200- m study reaches must have been substan-
tial because larval densities increased through successive instars. 
This movement of larvae, presumably from upstream, dampened 
the effects of any recruit shortages (as models suggest it should, 
Anderson et al., 2005), and indicates emigration associated with ob-
taining patchy resources was the key driver. Conversely in reaches 
with relatively high densities of larvae compared to resource avail-
ability, losses of larvae were substantial. Immigration was the most 
likely cause, but if resources were in similar short supply at larger 
scales, then mortality linked to food shortage was also possible. 
Elliott (2013) showed equivalent density- dependent regulation dur-
ing the nymph stages of Baetis mayflies, and similar to our study, dy-
namics in all other stages he studied were independent of density. 
The relationship with detrital resources we observed, and previous 
work demonstrating strong intraspecific competition for detrital re-
sources in Z. ingens (Greig & McIntosh, 2008), point to food short-
ages being the cause of the negative density- dependent feedback. 
Thus, our study demonstrates that population regulation occurred 
late in the life cycle, and was driven by intraspecific competition for 
a key resource coupled with movements that allowed individuals 
to track resource availability. Moreover, those feedbacks were suf-
ficient to ensure that abundance of all larval populations eventually 
matched resource availability despite our manipulation and consid-
erable density- independent variation in population size in other life 
stages.

4.4  |  Detecting density dependence

Choosing appropriate parameters to examine the relationship be-
tween the abundance of an open population and its resources was 
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critical to understanding these dynamics. In the post- manipulation 
cohort, fifth instar per capita survivorship was only significantly re-
lated to early- instar density per unit of leaf resource, and there was 
no relationship with larval density per area of stream bottom or per 
length of stream. When considering the movement of organisms 
with complex life cycles between habitat types (e.g. benthic to pe-
lagic, terrestrial to aquatic), the appropriate scale and measure of 
density is not always obvious (Hixon et al., 2002). Our findings in-
dicate choosing appropriate metrics will be important for detecting 
negative feedback in open populations.

Our sampling removed leaf resources and individual caddis at 
ambient densities, but the same number of leaf packs was removed 
from each stream. The relationship between resources and abun-
dance in late instars was nonlinear, so this may have had more in-
fluence in some streams than others. Nevertheless, consistent 
population declines would have occurred if populations were being 
depleted, and decline was only observed in one stream. It is impos-
sible to rule out our sampling contributing to declines in that stream, 
but given the strong density dependence observed across streams, 
it is more likely that leaf resources were just in short supply and that 
our sampling slightly changed that supply.

We also know that reductions in Z. ingens density, such as 
those driven by predatory trout, free Z. ingens from intraspe-
cific competition, and consequently body size is much bigger in 
trout streams compared to fishless streams, for example (Greig & 
McIntosh, 2008). All of our study streams lacked trout, but our 
experimental density reductions are unlikely to have caused similar 
body- size changes in the removal treatment populations for two 
reasons. First, the manipulation was implemented right at the end 
of the larval life cycle, so larvae would have had very little time 
to grow larger in response to any alteration in intraspecific com-
petition prior to pupation. Second, the trout stream larvae occur 
at very low densities and are obviously much bigger to the naked 
eye. We did not reduce densities to those low levels in reduction 
treatments and the late- instar larvae or adults were not noticeably 
different sized. Thus, we are confident that the dynamics observed 
were the result of stochastic density- independent process in the 
adult, egg and early instar phases and then strong density depen-
dence in the late- instar larvae.

4.5  |  Population regulation of organisms with 
complex life cycles and the influence of stochastic and 
deterministic forces

According to theory, for population regulation to occur, nega-
tive density feedback must be temporal (i.e. within each popula-
tion) rather than among populations, and affect local populations 
(Turchin, 1995). Our results indicate negative density feedback was 
sufficiently strong to counteract the density- independent forces 
that occurred during the transition between habitats, recruitment, 
and the subsequent growth phases, and meant that local popula-
tions closely matched the availability of their key resource during 

the longest part of their life cycle. The negative feedback was tem-
poral because it affected the progression between larval instars, and 
local because it concerned the abundance of individuals and their 
competition for resources on the scale of 200 m stream reaches. It 
was impossible to determine the spatial scale of adult dispersal and 
recruitment, but the subsequent processes affecting larvae were 
sufficiently small scale (i.e. local) to be detected with our sampling.

Observing strong density feedback at one life cycle stage does 
not diminish the role of stochastic forces. Stochastic and determin-
istic influences are complementary processes affecting open pop-
ulations (Gamelon et al., 2017). Highly variable patterns of local 
distribution likely occurred at each life cycle stage because of cad-
dis dispersal, differing resource needs as they transitioned between 
stages, and the influence of stochastic factors. In open populations, 
considerable variation in local abundance, and mismatches between 
abundance and the local availability of resources are actually likely 
to be the norm. Moreover, such mismatches are likely to become 
more common with the warming climate. How climate and other en-
vironmental changes affect populations with complex life cycles will 
be determined by when in the life cycle regulatory processes occur 
relative to stochastic influences and will drive population variability 
(Ohlberger et al., 2014). That negative feedback occurred in the lon-
gest life stage and was associated with the key resource for individ-
ual growth in our study, would work to maximise the compensatory 
capacity of the populations. It is likely to be associated with cross- 
scale linking whereby the strength of density dependence and an or-
ganism's lifetime dispersal determine the scale at which a population 
will respond to a perturbation (Anderson et al., 2005). Thus, under-
standing the timing and scale of both stochastic and deterministic 
processes will be needed to underpin management of the responses 
of these populations to environmental variation.

An important part of the regulatory processes in our study 
were the post- recruitment movements allowing resource tracking. 
We do not know the exact movement distances involved, but we 
know they involved relatively small larval movements between re-
source patches which were scattered up to 5 m apart. Because 
they define the scale of population regulation processes, better 
knowledge of such movements should provide insight into key 
management issues associated with open populations subject 
to advection (Anderson et al., 2005; Downes & Lancaster, 2010; 
Gaines et al., 2003). Recruitment processes and movements of in-
dividuals that affect the dynamics of open populations are closely 
linked to their resilience to disturbance (Anderson et al., 2006; 
Carr et al., 2002; Cowen & Sponaugle, 2009) and together with 
understanding of population regulation mechanisms will be funda-
mental to the conservation or rehabilitation of damaged ecosys-
tems with open populations.

Such knowledge of the timing, spatial scale and mechanisms 
driving both stochastic and deterministic influences on popu-
lations will be critical for managing persistence of animals with 
complex life cycles in the face of increasing magnitudes of en-
vironmental fluctuation. For example, work on a small bird, the 
white- throated dipper, indicates that density- dependent feedback 
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during summer can cause populations to be less buffered against 
sporadic poor winter conditions (Gamelon et al., 2017). In a sim-
ilar vein, populations may experience increased variability under 
climate change if density dependence limits the upper bounds on 
population density (Jaatinen et al., 2021). Alternatively, tempo-
ral variation in the vital rates of age- structured populations that 
negatively affects population growth rates can be offset by se-
lection on the most sensitive vital rates, and thus can buffer pop-
ulations against environmental change (Hilde et al., 2020). Such 
possibilities are unexplored in organisms with complex life cycles, 
but highlight the need to understand the full life cycle and asso-
ciated dynamics. We need to know how density- dependent pro-
cesses like the resource competition implicated in our study might 
be affected by increasing environmental variation likely driving 
stochastic influences. Importantly, recent work also highlights 
how the nature of density- dependent relationships which under-
pin population regulation also have far- reaching consequences 
for ecosystem processes, even at landscape scales (Klemmer 
et al., 2012; Little et al., 2020).
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