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Abstract
The breakdown of allochthonous organic matter, is a central step in nutrient cycling 
in stream ecosystems. There is concern that increased temperatures from climate 
change will alter the breakdown rate of organic matter, with important consequences 
for the ecosystem functioning of alpine streams. This study investigated the rate of 
leaf litter breakdown and how temperature and other factors such as microbial and 
invertebrate activities influenced this over elevational and temporal gradients. Dried 
leaves of Snow Gum (Eucalyptus pauciflora) and cotton strips were deployed in coarse 
(6 mm), and fine (50 μm) mesh size bags along an 820 m elevation gradient. Loss of 
mass in leaf litter and cotton tensile strength per day (k per day), fungal biomass meas-
ured as ergosterol concentration, invertebrate colonization of leaf litter, and benthic 
organic matter (mass and composition) were determined. Both microbial and macroin-
vertebrate activities were equally important in leaf litter breakdown with the abun-
dance of shredder invertebrate taxa. The overall leaf litter breakdown rate and loss of 
tensile strength in cotton strips (both k per day) were greater during warmer deploy-
ment periods and at lower elevations, with significant positive relationships between 
mean water temperature and leaf breakdown and loss of tensile strength rate, but no 
differences between sites, after accounting for the effects of temperature. Despite 
considerably lower amounts of benthic organic matter in streams above the tree 
line relative to those below, shredders were present in coarse mesh bags at all sites. 
Ergosterol concentration was greater on leaves in coarse mesh bags than in fine mesh 
bags, implying differences in the microbial communities. The importance of water 
temperatures on the rate of leaf litter breakdown suggests the potential effects of cli-
mate change-induced temperature increases on ecological processes in such streams.
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1  |  INTRODUC TION

Allochthonous organic matter is an important source of energy for 
lotic environments (e.g., Bo et al., 2014; Tank et al., 2010; Woodward 
et al., 2012), and is a central component of ecological theories such 
as the River Continuum Concept (Vannote et al., 1980) and the River 
Wave Concept (Humphries et al., 2014). Leaf litter in stream ecosys-
tems represents a significant proportion (>60%) of the total alloch-
thonous organic input as compared with other parts of terrestrial 
plants (e.g., bark, branches, and flowers; Gessner & Chauvet, 2002; 
Young et al., 2008), which all complement the involvement of ben-
thic algae and diatoms in the autochthonous production. There, leaf 
litter undergoes a sequence of processes from leaching, microbial 
colonization, and finally, its breakdown due to both physical abrasion 
and biological activity (Bo et al., 2014; Tank et al., 2010).

Benthic microbes and macroinvertebrates are considered cen-
tral in the breakdown of organic matter (Hieber & Gessner, 2002). 
Macroinvertebrate shredders, a common functional feeding group in 
streams with high allochthonous input (Merritt et al., 2002; Vannote 
et al., 1980), feed on the organic matter after microbial conditioning, 
with the latter being characterized by an enrichment of lipids, pro-
teins, and nutrients as well as softening of leaf structures. Breakdown 
efficiency of leaf litter is influenced by multiple factors; the leaf spe-
cies and their intrinsic properties (Benfield et al., 2017; Gessner & 
Chauvet, 1994; Lecerf & Chauvet, 2008); water chemistry (including 
nutrients and salinity; Zhai et al., 2021); water temperature (Taylor 
& Andrushchenko,  2014); elevation (Salinas et al.,  2011); stream 
substrate (Hoover et al., 2006; Suberkropp & Chauvet, 1995); and 
local macroinvertebrate community composition (Bo et al., 2014). 
Nutrients, up to a threshold concentration, stimulate microbial ac-
tivity, making leaf litter more palatable for macroinvertebrates, ul-
timately stimulating its breakdown (Woodward et al.,  2012). This 
nutrient-stimulated breakdown becomes more profound in streams 
below the tree line compared with that above the tree line, where in-
creased allochthonous and autochthonous sources are complemen-
tary (Dobson & Hildrew, 1992; Manning et al., 2021; Tilman, 1982). 
This difference in energy inputs (autochthonous vs. allochthonous) 
can drive the composition and distribution of macroinvertebrates 
at the catchment scale (Ligeiro et al., 2010; Vannote et al.,  1980; 
Ward, 1992). Thus, assessing relationships between macroinverte-
brate community composition and availability of food resources are 
important in understanding carbon and nutrient processing within a 
stream food web (Bo et al., 2014).

No information exists on the role of macroinvertebrates in 
ecosystems functions such as leaf litter breakdown in Australian 
sub-alpine and alpine streams despite this area being one of the 
six eco-regions highly vulnerable to climate change (Hennessy 
et al., 2007; Pickering, 2007) and providing critical ecosystem ser-
vices for humans such as drinking and irrigation water for inland 
(arid and semi-arid) Australia and hydroelectricity generation. One 
hundred and fourteen taxa comprising mostly mayflies, stoneflies, 
and caddis flies have been recorded in streams of the upper alpine 
reaches of the Snowy Mountains (Suter et al.,  2002). Australian 

mountains have no extant glaciers or year-round snow packs. 
Consequently, alpine organisms generally have nowhere to migrate 
up to as climate change alters their habitat. Thus, climate change 
may represent a major threat to the biodiversity and ecological func-
tion of sub-alpine and alpine Australian macroinvertebrate commu-
nities and the ecosystem functions and services they provide, which 
includes the breakdown of organic matter.

This study investigated the rate of leaf litter breakdown and how 
temperature and other factors such as microbial and invertebrate 
activities influenced this over elevational and seasonal gradients. 
We hypothesized that litter breakdown increases with increasing 
temperature associated with both seasonal and elevational changes. 
Having the tree line as a divide in terms of the supply of allochthonous 
organic matter into streams, we also hypothesized that streams and 
sites below the tree line have more leaf litter than those above it, and 
that, consequently, the biota present at sites below the tree line is 
more amenable to using terrestrial leaves as a food source, so that leaf 
litter breakdown is greater below the tree line than above it. We fur-
ther determined what macroinvertebrates were associated with leaf 
litter and thus influencing their breakdown. Importantly, our sampling 
design included sampling across seasons and along an elevational gra-
dient that was not confounded with stream or catchment size. This 
study ultimately provides information on the risks of climate–change–
induced temperature increases on leaf litter breakdown.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and sites

Five (5) headwater streams in the upper Snowy River catchment 
were selected along an elevation gradient (Figure  1). Sites were 
selected in a series of tributaries, so that elevation was not con-
founded with stream size or catchment size (as per Gill et al., 2016; 
Shah et al., 2015, 2017). All stream sites were thus of a similar size 
(~4.5 m stream width), had riffle/run habitats, and were along an 
elevational gradient at ~200 m intervals. The substrate profile was 
similar. All sites are located either within or near the border of the 
Kosciusko National Park area with low human activity (Table 1).

The local topography varied with bog and fen at the top of the 
catchment and gum forests along steep topography lower in the 
catchment. The vegetation was dominated by gum (Eucalyptus) up 
to the alpine zone marked by Snow Gum (E. pauciflora), which de-
fines the tree line (Costin, 1989). At lower elevations, the riparian 
vegetation is normally shaded by Alpine Ash (E. delegatensis), E. 
cypellocarpa, and E. dives, with undergrowth of shrubs, mainly the 
mountain tea tree (Leptospermum grandifolium) along Diggers Creek 
and Mowamba River and Alpine Baeckea (Baeckea gunniana Shauer) 
along the Thredbo River. Above the tree line, B. gunnianna appears 
sparingly along Club Lake Creek among a mosaic of heath, grass, and 
alpine herbs (Costin et al., 2000).

In the stream channel, exposure and protrusion of bedrock are 
prominent (10%–20%). Sites above the tree line (Snowy River and 
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Club Lake Creek) are interspersed with 15%–20% of large boul-
ders, and more than 50% of substrate across streams is comprised 
of cobbles. Riparian trees are common at sites below the tree line 
with shading by the vegetation of >4 m height at Mowamba River, 
Diggers Creek, and Thredbo River sites (Table  1). Aquatic macro-
phytes were not observed at any of the sites.

2.2  |  Water quality measurements and sampling

Electrical conductivity, pH, and dissolved oxygen were measured 
in situ at each site during all sampling episodes using a calibrated 
WTW multiprobe meter for pH (SenTix 41, pH 330, TetraCon 325, 

Cond330i, OxiCal-SL probe, Oximeter 330; Weilheim). Hourly water 
temperature was measured using Hobo Pendant (Onset).

Instantaneous mean flow rate (m/s) was estimated using a cal-
ibrated hydroprop from seven replicated measurements (as per 
Marchant et al., 2011; Wahizatul et al., 2011). Stream discharge (m3/s) 
was calculated using the approximate average cross-sectional area of 
the stream reach and its average velocity over the reach. Additionally, 
50 ml samples of filtered water (Minisart sterile filters, 0.45 μm pore 
size) were collected for nutrient analysis. Sample bottles were pre-
rinsed with the filtered water before samples were taken. Samples 
were kept frozen until analysis for total oxidized nitrogen and phos-
phorus using a segmented flow analyzer (Model FS3100, ALPKEM) 
with detection limits at 0.002 mg/L for measured nutrients.

F I G U R E  1 Study sites on the selected 
alpine streams (Site 1—Snowy River, 
Site 2—Club Lake Creek Site 3—Diggers 
Creek, Site 4—Thredbo River, and Site 
5—Mowamba River).

TA B L E  1 Description of stream sites

Name of stream
Elevation 
(m [asl]) Latitude and longitude

Average stream size 
width ± SE (depth ± SE) m Vegetation cover and site description

Site 1: Snowy River 1935 36°27′48.34″S; 
148°17′28.02″E

6.0 ± 0.25 (0.1 ± 0.012) Above tree line (alpine). Exposed to high winds, 
snow cover in winter-early spring months

No vegetation cover. Site has a decline of 
approximately <5° with a 15% riffle/run. 
Lowest depth and flow

Site 2: Club Lake Creek 1744 36°27′485.35″S; 
148°17′47.47″E

5.6 ± 0.15 (0.15 ± 0.027) Above tree line (alpine). Exposed to high winds, 
snow cover in winter-early spring

No vegetation cover, a decline of <10°, and 
50% riffle/run

Site 3: Diggers Creek 1415 36°20′08.11″S; 
148°29′21.26″E

2.5 ± 0.17 (0.16 ± 0.08) Below tree line (sub-alpine). Dense shrubs 
(80%–90%) and gum cover (50%), <15° 
decline and 70% riffle/run

Site 4: Thredbo River 1556 36°26′33.72″; 
148°18′02.16″E

3.7 ± 0.23 (0.28 ± 0.013) Below tree line (sub-alpine). Sparsely covered 
with low shrubs (10%–15% cover), a <10° 
decline, and 40% riffle/run

Site 5: Mowambah 
River

1110 36°30′04.53″S; 
148°28′53.36″E

3.6 ± 0.33 (0.26 ± 0.019) Below tree line (sub-alpine). Vegetation and 
tree canopy (50%–60% cover) and denser 
cover further upstream. Approximately 
<10° decline and 20% riffle/run
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2.3  |  Preparation of leaf bags

Locally common snow-gum (Eucalyptus pauciflora) leaves were col-
lected prior to abscission from Thredbo River at Dead Horse Gap 
(36°31′22″S, 148°15′51″E) 4 weeks before each deployment. In the 
laboratory, leaves were oven-dried (48 h at 60°C) and stored frozen 
(−18°C) until leaf bag preparation. Approximately 4.5 g (0.001 g pre-
cision) of dried leaves were placed into coarse polyethylene mesh 
bags (mesh size: 6 mm; cylindrical length: 15 cm × 25 cm) or fine nylon 
bags (mesh size: 50 μm; cylindrical length: 10 cm × 20 cm); with the 
fine mesh bag placed inside each coarse mesh bag. Leaves in the fine 
mesh bags were only accessible to microbes, while the coarse mesh 
bags were accessible to both microorganisms and invertebrates; the 
fine mesh bags served as means of measuring leaching and microbial 
activity (Boulton & Boon, 1991).

A set of six coarse mesh bags with fine mesh bags therein was 
deployed at each site from March to April and April to May of 2013. 
Half of the coarse mesh bags were retrieved after 28 and the re-
maining at 56 days. In late May 2013, another six bags per type 
were deployed and retrieved after 150 days (October). Ten bags 
of each were again deployed for 56 days between December 2013 
and January 2014; and a further five bags of each type for 56 days 
(late February until early April 2014). All bags were placed in riffle-
run locations and anchored to the bottom of the stream bed either 
onto submerged woody roots of riparian vegetation or to metal rods 
driven into the substrate. Four additional coarse and fine mesh bags 
were immersed in river water and retrieved immediately, and taken 
to the laboratory to account for mass losses due to handling, serving 
as field blanks. No measurement was taken for losses due to phys-
ical abrasion, which is considered a minor influence on leaf weight 
loss (Imberger et al.,  2008). After retrieval, all leaves were stored 
at −18°C prior to freeze-drying. The freeze-dried weights were ob-
tained for calculating leaf mass loss.

Leaf mass losses were obtained after measuring their dry 
weights (precision 0.01 g) before and after stream exposure. These 
losses were corrected by the field blanks; which were briefly dipped 
in the streams, and their dry weights measured. Differences in leaf 
mass loss between coarse and fine mesh bags were calculated and 
reflect the activity of macroinvertebrates.

For the microbial degradation of cotton strips, unbleached stan-
dard cotton (EMPA) was cut into 3 × 10 cm strips and autoclaved for 
1 h at 120°C (Schäfer et al., 2012). A cotton strip was then placed in 
each of the coarse and fine mesh bags (with the leaves). Immediately 
upon retrieval, cotton strips were cleaned and soaked in 70% etha-
nol for 10 min, air-dried, and stored at −18°C. This inhibited further 
microbial degradation during storage. In order to account for any im-
pact of handling, four cotton strips served as field blanks.

From the centre of the cotton strips, 2 cm × 5 cm pieces were cut 
and used to measure their tensile strengths (e.g., Wang et al., 2008). 
Using a tensiometer (an Instron® 4500 Universal Testing Systems 
with a testing frame 5500R electronics), strips were clamped at both 
ends and stretched to breaking-point at 3 mm/s. Readings of load 

and stretch lengths were obtained via Bluehill 2 software program 
(www.instr​on.com.au).

2.4  |  Ergosterol analysis

Ergosterol concentration was determined as a proxy for fungal bi-
omass on leaves as fungi are regarded as critical to the microbial 
breakdown of leaf litter in streams and conditioning of leaves for 
breakdown by invertebrate shredders. Freeze-dried and ground leaf 
litter sub-samples (100 mg each) collected from the bags were as-
sayed for ergosterol as described by Gessner and Schmitt  (1996). 
Briefly, ergosterol was extracted from leaf samples for half an hour 
in 10 ml of alkaline methanol at 80°C. After cooling down to room 
temperature, the ergosterol was purified by solid phase extraction 
(Sep-Pak Vac RC tC18 500 mg sorbent, Waters). Separation of ergos-
terol was done on a high-performance liquid chromatograph (Agilent 
Technologies, 1200 Series) and measured with an ultraviolet detec-
tor (wavelength of 282 nm). Using a standard calibration curve pre-
pared with the chemical standard (Fluka, purity at 97%), ergosterol 
concentrations were determined and normalized to the dry mass of 
the leaves (Gessner & Schmitt, 1996).

2.5  |  Particulate organic matter 
content of the benthos

Particulate organic materials were sampled using seven replicate 
Surber samples per sampling episode to provide estimates of the 
quality and types of organic matter available in the benthos. Organic 
materials were collected and separated from macroinvertebrates in 
the Surber samples. The composition of organic matter was broadly 
categorized as: Aquatic plants (for algae and moss) and terrestrial 
grass (for grasses but also all other monocots), small leaves (from 
shrubs), large leaves (mainly from Eucalyptus), and twigs/bark/wood 
(woody plants). The dried samples were weighed in crucibles and in-
cinerated in a muffle oven for 5 h at 550°C to determine ash weights. 
The ash content of these samples was determined according to the 
proportion of the types of organic matter and normalized to g/m2 of 
the sampled area.

2.6  |  Macroinvertebrate colonization of leaf bags

Following the collection of leaf bags, macroinvertebrates in the bags 
were carefully removed and stored in 70% ethanol. Seven samples 
in the vicinity of the leaf bags were collected with a Surber sam-
pler, and the contents were preserved in 70% ethanol for sorting 
in the laboratory. The sorted macroinvertebrates from the coarse 
mesh bags and Surber sampler were identified to the family level and 
enumerated. Macroinvertebrates from leaf bags were expressed in 
percentage composition to compare with that of the Surber samples.
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2.7  |  Data handling and analysis

For leaf mass loss and cotton tensile strength loss, means (+SE) were 
calculated for all sites and deployments. The breakdown rate k for 
leaf litter mass loss and cotton tensile strength loss for each site i per 
day was determined with modification to the equation of Schäfer 
et al. (2012). The mass loss rate k(i) was obtained by taking a nega-
tive natural logarithm (−ln) of a quotient of mass lost (Si[t]) over the 
original mass (Si[0]) in a period of exposure t.

Leaf mass loss was expressed as percentage loss per day (k per day). 
Similarly, the percentage tensile loss per degree day was calculated for 
cotton strips. Analysis of variance (ANOVA) was carried out on leaf mass 
loss and the rate of cotton tensile strength loss against sites and sam-
pling episodes. Analysis of covariance (ANCOVA) was also conducted 
with the site as a fixed factor and mean temperature over the deploy-
ment period of the leaves or cotton strips as a continuous variable.

Macroinvertebrate data of both leaf bags and respective benthic 
samples were analyzed using Primer V6 (Primer – E Ltd, Plymouth), a 
multivariate statistical software using Bray–Curtis index to calculate 
a similarity between all samples (Clark & Warwick, 2001).

Differences between spatial and temporal patterns in macroin-
vertebrate assemblages and distribution were tested using permu-
tational multivariate analysis of variance (Andersons,  2001). This 
was performed to determine if the macroinvertebrate assemblages 
differed between the coarse mesh bag and benthic communities, 
deployment episodes, and sites. The data were square-root trans-
formed, and Bray–Curtis distance was used to form a similarity matrix. 
Multi-dimensional scaling (nMDS) plots were produced to illustrate 
potential differences among sites and deployments. The stress level 
(0.24) of the nMDS plot indicated an acceptable “goodness of fit” of 
the data as plotted in two dimensions (Clark & Warwick, 2001). The 
similarity, of Percentages (SIMPER) analysis was then performed on 
the clustering of data observed on the nMDS plots. The SIMPER anal-
ysis was performed to identify the main macroinvertebrate families 
driving the clustering among sites and sampling episodes.

Ash free dry mass of organic matter collected from the benthos 
was grouped into the type of organic matter (g/m2). The data were 
then tested for differences between sites and sampling episodes 
using ANOVA.

3  |  RESULTS

3.1  |  Physical and chemical characteristics of 
the sites

Total nitrogen was highest for the Snowy River site and roughly 
half this concentration at other sites. Phosphorus concentrations 
of the two sites above the tree line were <2.0  μg/L but between 

3.8 and 14 μg/L at other sites. Electrical conductivity measured for 
sites below the tree line (i.e., Diggers Creek, Thredbo River, and 
Mowamba River sites) were 2–3 times higher than those above the 
tree line (Snowy River and Club Lake Creek sites). In all cases, elec-
trical conductivity was below 32 μS/cm at 25°C. Mean and minimum 
temperatures decreased, but the maximum temperature increased, 
with increasing elevation (Table 2).

3.2  |  Leaf litter breakdown

Rates of leaf litter breakdown (k per day) were significantly different 
between sites (F = 4.81, p = .007) and between fine and coarse mesh 
bags (bag type; F = 9.19, p = .007) and showed a significant site by 
bag-type interaction (F = 3.02, p = .042). The k values were signifi-
cantly higher for leaves from coarse mesh bags than that from the 
fine mesh bags, showing that both macroinvertebrate and microbial 
activity were contributing to leaf breakdown (Figures 2 and S2). The 
site by mesh size interaction suggested that the difference between 
the two bag types was not consistent among the sites. The interac-
tion was a result of a relatively small difference in the breakdown 
rates between the bag types at sites above the tree line (i.e., 1 and 
2), relative to those sites below the tree line (i.e., 3, 4, and 5; Table 3). 
The k values for both fine and coarse mesh bags were lower during 
the cooler deployments (e.g., April–May 2013) than in the warmer 
deployments (November–December 2013; Table 3).

In both bag-types, higher percentages (ca. 50%–60%) of mass 
loss were observed for sites below the tree line relative to those 
above the tree line (ca. 10%–20%) and across all sites during warmer 
deployments. An increased contribution of macroinvertebrates to 
leaf litter mass loss was observed from April to May than at any 
other deployment periods (Table  3). No significant difference was 
observed when leaf litter mass loss was due primarily to macroin-
vertebrate activity alone (R2 = 0.0582; p = .245), although it slightly 
decreased with increasing temperature (Figure S2).

There were no detectable differences in k-values and tempera-
ture between the sites. However, ANCOVA showed a significant lin-
ear relationship between temperature and leaf litter breakdown rate 
(k per day), especially for fine mesh bags (F = 10, p =  .006). While 
the relationship was not quite as strong in coarse mesh bags, it was 
significant (F = 5.8, p = .028; Figure 2). For both bag types, there was 
no evidence of any differences between the sites (Coarse F = 0.4, 
p = .8, Fine F = 0.2, p = .9).

3.2.1  |  Fungal ergosterol as a proxy for microbial 
conditioning

The largest difference in ergosterol concentrations was between bag 
types (F = 33.6, p < .001), with coarse mesh bags having up to three-
fold higher concentrations (indicating greater fungal biomass) than 
their fine-meshed counterparts. Significant differences in ergosterol 
concentrations were noted between sites (F  =  2.6, p  =  .041) and 

k (i) =

− ln

(

Si(t)

Si(0)

)

t
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F I G U R E  2 Relationships between 
daily mean temperature and mean rate of 
litter breakdown (k per day) at each site 
and deployment period between March 
2013 and April 2014. R2 and p-values 
are from simple linear regression for the 
value of k per day being predicted from 
water temperature. Leaf litter in fine 
mesh (− −) and coarse mesh (¬-) bags are 
represented.

TA B L E  3 Breakdown rates k per day (± standard error of the mean) for E. pauciflora leaf litter placed in fine (a) and coarse mesh bags (b) in 
streams in the Snowy Mountains (Snowy River, Club Lake Creek, Thredbo River, Diggers Creek, and Mowamba River) between March 2013 
and April 2014.

Sampling episode

Processing coefficients

Snowy river Club Lake Creek Thredbo River Diggers Creek Mowamba River

k per day k per day k per day k per day k per day

(a) Fine

April–May 2013 0.0069 (0.0002) 0.0074 (0.0001) 0.0079 (0.0002) 0.0076 (0.0002) 0.0066 (0.0001)

June–Oct 2013 0.0022 (0.0001) a 0.0023 (0.0001) a 0.0026 (0.0001)

Nov–Dec 2013 0.0056 (0.0002) 0.0056 (0.0001) 0.0060 (0.0002) 0.0064 (0.0002) 0.0068 (0.0002)

Feb–Apr 2014 0.0034 (0.0001) 0.0032 (0.0002) 0.0032 (0.0001) 0.0029 (0.0001) 0.0035 (0.0001)

(b) Coarse

April–May 2013 0.0081 (0.0003) 0.0074 (0.0002) 0.0139 (0.0003) 0.0087 (0.0003) 0.0072 (0.0003)

June–Oct 2013 0.0038 (0.0002 a 0.0059 (0.0002) a 0.0065 (0.0002)

Nov–Dec 2013 0.0057 (0.0002) 0.0058 (0.0002 0.0088 (0.0002) 0.0076 (0.0002) 0.0070 (0.0003)

Feb–Apr 2014 0.0036 (0.0001) 0.0038 (0.0001) 0.0058 (0.0002) 0.0044 (0.0002) 0.0060 (0.0002)

aFrom lost leaf bags.

F I G U R E  3 Relationship between daily 
mean water temperatures and mean 
ergosterol levels (μg/g) for all sites and 
deployment periods. R2 and p-values are 
from simple linear regression for the value 
of ergosterol levels being predicted from 
water temperatures. Ergosterol data-
points and solid trend line in red represent 
coarse mesh bags, and blue data-points 
and dashed trend line are for fine mesh 
bags.
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between sampling episodes (F = 8.7, p < .001). Snowy River showed 
the lowest ergosterol concentrations in both bag-types across sam-
pling episodes. There were no significant interactions (p = .59–.91) 
between any of these factors (sampling episodes or elevation).

For differences in ergosterol levels in bag types, ANCOVA showed 
that there was a significant linear relationship between temperature 
and ergosterol levels (F = 9, p = .02) for fine mesh bags. However, there 
was no effect of temperature for coarse mesh bags (F = 0.8, p = .55; 
Figures 3 and S3). For both bag types, ANCOVA showed no difference 
between sites (Coarse: F = 1.56, p = .27; Fine: F = 0.8, p = .55).

3.2.2  |  Cotton tensile loss

Testing for tensile loss between bag types, ANCOVA showed a linear 
relationship between tensile loss and temperature (Coarse: F = 5.3, 
p = .047; Fine: F = 10, p = .011). Tensile loss decreased in both bag 
types as temperature decreased, and these decreases were propor-
tionate across sites (Figure  4). However, there were no significant 
differences between sites (Coarse: F = 1.5, p = .274; Fine: F = 2.2, 
p  =  .147). Both bag types showed negative relationships between 
the rate of tensile loss and water temperature (Coarse: R2 = 0.16, 
p = 0.13; Fine: R2 = 0.25, p = .057; Figure 4).

The cotton tensile loss (k per day) was significant (F  =  3.08, 
p =  .006) in a two-way interaction between site and sampling ep-
isodes. The interaction reflected the highly variable k-values ob-
served for different sampling episodes and sites. For example, a high 
k-value (0.064) was shown for coarse mesh bags at Mowamba River 
during a cooler deployment (April–May) and a low k-value (0.0031) 
during a warmer deployment (November–December).

3.2.3  |  Particulate organic content of benthos

Total particulate benthic organic matter content significantly 
differed (p < .001) between sites but did not show significant 

differences between sampling episodes (F = 2.175, p =  .131) and 
no significant interaction between these two factors (F = 0.828, 
p = .585). Sites below the tree line had higher benthic organic mat-
ter (ranging from 2.40 to 28.58 g/m2 at site 3) than those above 
the tree line (ranging from 1.15 to 1.51 g/m2 at site 1; Figure 5). 
Similarly, the types of organic matter were significantly different 
between sites (F = 17.97, p < .001) but not between sampling epi-
sodes (F = 2.18, p = .131), and there were no interactions (F = 0.83, 
p = .585).

F I G U R E  4 Relationship between daily 
mean water temperatures and mean 
cotton-strip tensile loss (k per day) for 
all sites and deployment periods. R2 and 
p-values are from simple linear regression 
for the value of k-values being predicted 
from water temperatures. Data-points and 
solid trend line in red represent coarse 
mesh bags, and blue data-points and 
dashed trend line are for fine mesh bags.

F I G U R E  5 Bar graph of mean percentages of AOM types 
by sites (1 Snowy River, 2 Club Lake Creek, 3 Diggers Creek, 4 
Thredbo River, 5 Mowamba River) across all sampling episodes 
(February, May, December 2013). The AOM types were: algae/
moss [blue], grass [green], gray [large leaves], purple [small leaves], 
and twigs/bark/wood [yellow].
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Stark differences were shown in the type of benthic organic 
content across the tree line. Generally, at sites below the tree line, 
between 90% and 100% of the particulate benthic organic matter 
is comprised of dicotyledon plants of terrestrial origin, i.e., large di-
cotyledons leaves, small dicotyledons leaves, and twigs/bark/wood 
(Figure 5). At the two sites above the tree line, the particulate or-
ganic matter was either mostly benthic algae/moss (90%–100%) 
at the highest site (Snowy River) or mostly monocot grass (≈80%) 
in Club Lake Creek and ≈15% small leafed terrestrial dicotyledons 
(Figure 5). There was no detectable seasonal variability in the type 
and quantity of organic matter found at each site.

3.3  |  Macroinvertebrates in leaf bags and 
in benthos

Macroinvertebrate community structure in the benthos was dif-
ferent to that in the coarse mesh leaf bags (Pseudo F-value = 22.0; 
p < .001). Site (Pseudo F-value = 8.2; p < .001) and sampling epi-
sodes (Pseudo F-value = 4.9; p < .001) were also important factors 
that influenced the differences in macroinvertebrate communities 
in leaf bags. These differences in the macroinvertebrate communi-
ties between the leaf bags and benthic samples mostly reflected 
functional feeding roles between sites above and below the tree 
line. For instance, the shredder caddisfly larvae (Helicophidae/
Calosidae) and Conoesucidae were roughly four to eight times 
more abundant below (Diggers Creek and Thredbo River) than 
above the tree line (Snowy River) in both the coarse mesh bags 
and in the benthos. In contrast, Gripopterygidae, Baetidae, and 
Elmidae (collector functional feeding group taxa) were generally 
more common in the benthos than in the leaf bags and were two 
to three times higher in streams above than below the tree line 
(Table S1).

Coarse mesh bags in streams below the tree line attracted a 
fairly similar number of macroinvertebrate taxa and were domi-
nated mainly by shredders such as Helicophidae/Calosidae and 
Conoesucidae. The high average dissimilarity (73%) between mac-
roinvertebrates from the coarse mesh bags and benthic samples 
was due to the higher abundances of the families Leptophlebidae, 
Gripopterygidae, and Elmidae in benthos relative to coarse mesh 
bags. SIMPER analysis showed that Gripopterygidae caused the 
greatest dissimilarity between the benthic and coarse mesh bag 
samples (10.1%); being four times more abundant in the benthos 
than in the coarse mesh bags (Table S1).

4  |  DISCUSSION

Our results suggest that warmer stream water from both sea-
sonal and elevational changes enhanced leaf litter break-
down through both microbial and macroinvertebrate activities. 
Macroinvertebrates and microbes equally contributed to the 
breakdown of leaf litter.

4.1  |  Break-down of leaf litter and cotton-strips

The relationships found between higher leaf litter breakdown rates at 
warmer water temperatures highlight the influence of elevation and 
seasons on nutrient processing. ANOVA showed some differences 
in the breakdown rates of leaves and cotton strips between sites for 
both coarse and fine mesh bags. However, when the linear effect of 
temperature during the deployment was taken into account, there 
was no evidence of any differences between sites (Figure 2), sug-
gesting that all differences in breakdown rates (whether for leaves 
or cotton strips and in coarse or fine mesh bags) between sites, could 
be accounted for by temperature.

The rates of leaf litter breakdown (per day) were consistently 
greater in the coarse mesh bags relative to that in the fine meshed 
bag. This result supports the involvement of macroinvertebrates in 
leaf litter breakdown rates independent of changes over different 
sampling episodes. Our results also suggest that the involvement 
of both microbial and macroinvertebrate communities are equally 
important in litter breakdown across water temperatures. Other 
researchers have related increased leaf litter breakdown rates with 
decreasing elevation (Liu et al., 2017) and shown shredder-mediated 
leaf litter breakdown rates increased with elevation, when normal-
ized for degree days and N concentrations (Jinggut & Yule, 2015). 
In contrast, our study found increased macroinvertebrate activity 
below the tree line relative to that above the tree line, possibly ex-
plained by the increased presence of shredder invertebrate taxa. 
Nevertheless, temperature alone explained the increase in litter 
breakdown rates at the lower elevation sites.

The rate of cotton tensile loss (k-value per day) was less vari-
able when deployed for a shorter duration (28 days). However, it 
was highly variable over longer deployment periods (e.g., June–
October). Cotton tensile loss was positively related to the overall 
period of deployment in streams, as seen elsewhere (e.g., Piggott 
et al., 2015; Tiegs et al., 2013, 2019). Piggott et al. (2015) showed 
that cotton strips exposed for 7 days while water temperatures 
were raised had a positive but weakly unimodal effect on tensile 
strength. The differences in water temperatures between dif-
ferent deployment periods in our study may influence microbial 
community structure affecting the overall enzymatic capacity to 
breakdown important structural polysaccharides in the cotton 
strips (Piggott et al., 2015).

Rates of cotton tensile loss and leaf litter breakdown were gen-
erally consistent between deployments and sites. For example, 
during warmer periods, both the rates of cottons tensile loss and the 
leaf litter mass loss were greater than in cooler deployment periods. 
Rates of tensile loss in cotton strips and mass loss in leaf bags were 
generally greater below than above the tree line, although they were 
variable between sites. This suggests that the rate of tensile loss in 
cotton strips is a useful variable in studying leaf litter breakdown 
in streams, as shown elsewhere (e.g., Peralta-Maraver et al., 2019; 
Schäfer et al., 2012; Tiegs et al., 2019). Cotton strip assays are a 
potentially relevant proxy for organic matter decomposition stud-
ies as they are simple to perform, allowing for high replication; 

 20457758, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9433 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [10/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 13  |     WERRY et al.

easier to cut to a standard size for comparison between sites and 
deployment episodes (Obbard & Jones, 1993; Slocum et al., 2009). 
Tensile loss in cotton strips has been used as an alternative or an 
additional variable to leaf litter breakdown studies in streams (e.g., 
Schäfer et al., 2012; Tiegs et al., 2019) and in soils (e.g., Harrison 
et al., 1988; Slocum et al., 2009). However, arguments persist as to 
the usefulness of cotton strips and their comparability with leaf lit-
ter breakdown. Cotton strips may not be comparable to actual plant 
polymers, which contain pectins, hemicelluloses, and lignins, yet, it 
is suitable for determining comparative rates of microbial decompo-
sition (Howard, 1988).

4.2  |  Microbial (fungal) colonization and activity on 
leaf litter

Ergosterol concentrations varied significantly (p < .001) among 
sampling episodes being generally higher in the warmer deploy-
ment periods (Figure S3). This is consistent with fungal colonization 
and activity on leaf litter promoted by higher water temperatures 
(Ferreira & Chauvet, 2010). Warmer water temperatures (between 
20 and 25°C) have also been shown to increase fungal biomass and 
activity on leaf litter (Dang et al., 2009). Interestingly, it was only 
in the fine bags that ergosterol concentration was inversely related 
to temperature, when in coarse bags, this relationship was positive.

**The ergosterol concentrations were consistently lower in fine 
mesh bags than in coarse bags. The difference in ergosterol con-
centrations between coarse and fine mesh bags questions a central 
assumption of this widely used method that microbial communities, 
including the amount of fungi, are comparable among both (e.g., 
Lecerf et al., 2005; Schäfer et al., 2012). Moreover, the invertebrate-
mediated breakdown is calculated by subtracting the leaf mass loss 
measured in fine mesh bags from that in coarse mesh bags. It is sug-
gestive, though, that the smaller mesh size of 50 μm that excludes in-
vertebrate activity may have effectively reduced fungal colonization 
and activity as conidia of some fungal species exceed the mesh size. 
Our findings suggest that the use of bags with different mesh sizes 
to partition the relative breakdown by microorganisms and inverte-
brates may be dependent on the mesh sizes employed, and this issue 
requires further attention.

4.3  |  Macroinvertebrates associated with leaf litter

Macroinvertebrates that belong to the shredder functional feeding 
group are involved significantly in leaf litter breakdown in streams 
(Merritt et al.,  2002). The dominance of caddisfly shredder taxa 
(Conoesucidae, Helicophidae/Calosidae, and Odontoceridae) in 
the leaf bag colonization study suggests major involvement in leaf 
litter breakdown. Higher densities of benthic shredder taxa ob-
served below the tree line than above is likely reflective of a greater 
abundance in food resources, including allochthonous organic mat-
ter. Some shredders were dispersing wider than their normal food 

source range (leaf litter from trees) and were aggregating in the leaf 
bags, which represents an island of the abundance of palatable food. 
For instance, Helicophidae/Calosidae was found at larger densi-
ties in the benthos as well as in the leaf bags both above and below 
the tree line. In contrast, Conoesucidae, a shredder reported else-
where in the southern hemisphere (Miserendino & Pizzolon, 2003; 
Winterbourn et al., 2008), was observed at relatively lower densities 
in the leaf bags and in benthic samples. These trends in the distribu-
tion of benthic shredder taxa support suggestions of the influence 
of elevational gradients (Camacho et al., 2009), temperature regimes 
(Salmah et al., 2013), and riparian vegetation (Claeson et al., 2014; 
Masese et al., 2014).

4.4  |  Input of organic matter into the streams

Streams above the tree line tended to have a higher representation 
of benthic algae than streams below it, with shading by trees being 
a potential limiting factor in autochthonous production (Figure 5). A 
generally reduced input of organic matter at sites above the tree line 
was evident from the present study. We hypothesize that the rela-
tive increase of organic matter at those sites during warmer periods 
indicates reduced flushing due to low discharge, water velocity, and 
depth.

There was less diversity in the organic matter above than below 
the tree line. This is likely a reflection of differences in riparian and 
adjacent vegetation types; rocky or barren with occasional alpine 
herbs and grass above the tree line but well vegetated below it 
(Table 1; Costin, 1989; Lecerf et al., 2005). An assortment of organic 
matter below the tree line associated with local riparian vegetation 
of mainly Eucalyptus spp. in streams below the tree line was found.

Temperature is an important factor in the process of the break-
down of organic matter. Further positive changes in air and, thus, 
water temperature regimes associated with climate change would 
see increased breakdown rates of organic matter in streams by mi-
crobial and macroinvertebrate activity. This is supported by the in-
creased leaf litter breakdown rate associated with warmer periods 
of the year and at lower elevations (see Table  3; Figure  2). There 
may also be an upward shift in the tree line boundary like those 
reported elsewhere (e.g., Gatti et al., 2019; Leonelli et al., 2011). If 
these changes in vegetation occur, greater abundances of shredder 
macroinvertebrates that generally associate with organic litter as 
their food resources may proliferate, which in turn will result in the 
greater breakdown of organic matter by macroinvertebrates.

5  |  CONCLUSION

Increases in water temperatures at lower elevations and during 
warmer periods of the year enhanced the rate of leaf litter and cot-
ton strip breakdown. Microbial and shredder macroinvertebrate 
activities on leaf litter were highly influenced by spatio-temporal 
variations in stream temperature and spatial availability of organic 
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matter. Climate–change–induced temperature increases in streams 
may potentially increase nutrient processing through increased rates 
of the breakdown of organic matter.
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