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Abstract Headwater streams drain large proportions
of landscapes and represent a large proportion of
stream habitat. Understanding their ecology requires
more comparative data from the smallest streams. We
describe dynamics of benthic organic material (BOM)
and invertebrate assemblages in an order-2 Australian
tropical stream and compare samples from orders-1
and 2 sites. Litterfall and, especially, stream discharge
determined BOM standing stock. Most material was in
the > 1 mm fraction, pools stored more than riffles,
and order-1 sites more than order-2. BOM increased in
the dry season but was depleted by wet-season spates.
Retention was greater in years without major spates,
when riffle-pool stream sections were largely ecolog-
ically isolated. Invertebrate richness was greater in
riffles than pools and in order-2 than order-1 sites, with
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overlap in composition. Current velocity was the
primary variable determining distributions in order-2
sites, with particulate organic matter (63-250 pm) the
main variable in order-1 sites. However, explanatory
relationships were weak because of unusually benign
conditions during the sampling period. We need more
globally comprehensive spatially explicit assessment
of the ecosystem dynamics of headwater streams to
predict effects of environmental change. Assessments
over extended periods are necessary to capture the
variability of even apparently predictable systems.

Keywords Invertebrate assemblage - Seasonality -
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Introduction

Headwater streams represent the smallest tributaries in
the landscape, and include first- and second-order
streams (Meyer et al., 2003), although this definition is
not adhered to universally (Clarke et al., 2008).
Headwater streams typically contribute a large pro-
portion of river length and provide important ecosys-
tem services such as transfer of organic material,
nutrients and energy downstream and between terres-
trial and aquatic ecosystems (Vannote et al., 1980;
Meyer & Wallace, 2001; Meyer et al., 2003; Wipfli
et al., 2007; De Nadai-Monoury et al., 2014; Boyero
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et al., 2016). They also support substantial biological
diversity (Gomi et al.,, 2002; Meyer et al., 2007).
Diversity of invertebrates in streams varies substan-
tially geographically but invertebrate richness tends to
be greatest in mid-order streams (Clarke et al., 2008).

Although algae in headwater forest streams may be
more important in food webs than their apparent
abundance suggests (McNeely et al., 2007; Schmidt
etal., 2017), these food webs are substantially detritus-
based, and understanding of detrital dynamics and
their relationship to invertebrate assemblages is a
major goal in the understanding of these ecosystems
(e.g. Wallace & Webster, 1996; Cheshire et al., 2005;
Landeiro et al., 2010; Chara-Serna et al., 2012; Graca
et al., 2015). Breakdown of terrestrially derived leaf
litter is caused by mechanical abrasion and microbial
and invertebrate activity, which are affected by flow,
temperature, litter quality, phylogenetic diversity of
the litter, and stream chemistry (Boyero et al., 2016).
In temperate zones, litter inputs and breakdown are
very seasonal, whereas in the humid tropics, equable
temperatures and continuous litter inputs (albeit with
seasonal peaks—e.g. Benson & Pearson, 1993) typi-
cally promote year-round litter processing (Cheshire
et al., 2005).

Fine particulate organic matter is abundant in
streams, but its quality and quantity in low-order
streams has been investigated less frequently than the
dynamics of coarse particulate organic matter (Cal-
listo & Graga, 2013). Most work on detrital processing
and dynamics has been done in temperate zones, and
there is less, but increasing, information available
from the tropics, including studies from South Amer-
ica (e.g. Ferreira et al, 2012), Central America
(Colén-Gaud et al., 2008), Africa (Moss, 2005), Asia
(Li & Dudgeon, 2009), Australia (Bastian et al., 2007)
and globally (Boyero et al., 2016).

The distribution of benthic organic matter relates
both to inputs (Bérlocher, 1983) and retention, which
varies with stream morphology and flow (Hoover
et al., 2006). Huryn & Wallace (1988) reported that, in
North Carolina streams, habitats of greater roughness
(riffles) or lower current (pools) were both sites of
deposition of organic material. However, studies on
the dynamics of litter may examine only riffles
(Pearson et al., 1989) or pools (De Nadai-Monoury
et al., 2014) or not mention specific habitats (Lisboa
et al., 2015). Nevertheless, reports on litter dynamics
typically include reference to substratum and flow, or
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correlates such as turbulence (Graca et al., 2015).
While riffles are more retentive of experimentally
released litter than pools (Speaker et al., 1984; Quinn
etal., 2007), standing stock of organic material may or
may not reflect this finding (Scullion et al., 1982;
Angradi, 1996; Kobayashi & Kagaya, 2002; Nakajima
et al., 2006), although comparisons of standing stock
between pools and riffles are rather scarce.

Benthic detritus in tropical headwater streams is
subject to similar variability of the flow regime as
elsewhere, with retention mechanisms often more
important than input in determining organic matter
dynamics (Pearson et al., 1989; Lisboa et al., 2015).
For example, floods redistributed litter substantially in
an Australian tropical stream, but only temporarily,
and responses were related more to individual floods
than to overall discharge (Wootton et al., 2019), much
as is the case in the temperate zone (Wallace et al.,
1995). In coastal Ecuadorian streams, variation in
benthic organic stocks were closely linked to seasonal
rainfall (Molinero, 2019), whereas in order-1 Puerto
Rican streams variation was largely explained not by
physical conditions but by abundance of large crus-
taceans (Crowl et al., 2002).

Invertebrate assemblages in small forest streams
globally are strongly influenced by physical variables
(current velocity, substratum, etc.) and the availability
of detrital resources (Cummins et al., 1973; Hawkins
& Sedell, 1981; Chara et al., 2007; Walther & Whiles,
2011; Straka et al., 2012; Pearson, 2014; Pearson et al.,
2017; Sarremejane et al., 2018). Many invertebrates
use detritus as a source of food in the form of coarse
material (leaves, etc.), or finer particular matter
accumulating on the coarse material (Richardson,
1992; Dudgeon & Wu, 1999) and elsewhere.

There have been some comparisons between riffles
and pool invertebrate assemblages because of their
contrasting morphology and hydraulics, and their
predominance in many stream systems (e.g. Logan
& Brooker, 1983; Brown & Brussock, 1991), although
most studies are undertaken in riffles, partly because of
their ease of access and sampling. Contrasts in the
fauna of riffles and pools vary among studies, probably
as a result of differences in morphology, hydrology or
hydraulics. Logan & Brooker (1983) reported greater
invertebrate densities in riffles than pools, and similar
numbers of taxa, in upland streams in North America
and UK, with each habitat characterised by particular
taxa. Similar results have been reported elsewhere—
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for example, Arkansas (Brown & Brussock, 1991),
Costa Rica (Ramirez & Pringle, 1998), Hungary
(Schmera & Eros, 2011), Wales (Scullion et al.,
1982). Conversely, in lowland Texas streams, pools
contained higher densities and number of taxa
(McCulloch, 1986) whereas, in Uganda, pools and
riffles had similar fauna (Tumwesigye et al., 2000).

Short-term changes in flow can have substantial
effects on density and diversity of invertebrate
assemblages (McElravy et al., 1989; Brown & Brus-
sock, 1991; Ramirez and Pringle, 1998; Pearson,
2014). In the southern USA, invertebrate density was
lower in pools than riffles but following high discharge
there was no difference between them (Payne &
Miller, 1991), while in Victoria, seasonal changes in
assemblages occurred only in erosional habitats, as a
result of changes in only a few species (Barmuta,
1989). Inter-annual differences may also be substan-
tial: for example, in California, invertebrate richness
was higher in riffles than pools in low-discharge years,
but similar during a year of average discharge, with the
annual peak discharge and the period of high flow
being important factors. Research on Finnish streams
suggests that around 6 years’ data are required to
adequately understand inter-annual variability (Hut-
tunen et al., 2018), with major flow events being the
best predictors of invertebrate assemblages (Sarreme-
jane et al., 2018).

Invertebrate assemblages typically change along
streams from their source. In a series of sites from
orders 1-7 in the USA, richness was greatest in mid-
order reaches (Grubaugh et al., 1996). In Panama,
assemblages were more heterogeneous in order-1 than
orders-2 or 3 riffles, because the greater substratum
heterogeneity in the lower order (Boyero & Bailey,
2001), and in Finland, riffles were more variable in
second-order than in third-order sections (Heino et al.,
2004). In the Australian Wet Tropics (hereafter, “Wet
Tropics™), order-1 and 2 streams represent about 75%
of total stream length and area of landscape drained,
and about 26% of stream habitat area (Januchowski-
Hartley et al., 2011). Therefore, they are major
components of landscapes and the regional stream
network, much as elsewhere (Meyer et al., 2003;
Wipfli et al., 2007). Litterfall is predictable and occurs
through the year, with a major peak in spring (Spain,
1984; Hopkins & Graham, 1989; Benson & Pearson,
1993), prior to the period of maximum discharge
(summer wet season) (Pearson, 2014), unlike the

situation in typical northern-hemisphere systems.
Discharge and litterfall can be greatly boosted by
unpredictable cyclones (hurricanes) any time during
the summer (Benson & Pearson, 1993). Leaf-litter
packs of varying density and leaf age cover much of
the stream bed in the late dry season, but moderate
floods remove or redistribute a substantial proportion
of litter, some which may be exported without
undergoing substantial breakdown (Wootton et al.,
2019).

As elsewhere, allochthonous litter is a major
component of the food web in Wet Tropics streams
(Cheshire et al., 2005), and invertebrates show strong
association with benthic organic matter (Hearnden &
Pearson, 1991; Pearson et al.,, 2017). Invertebrate
richness in Wet Tropics streams is high (Pearson et al.,
1989; Vinson & Hawkins, 2004; Pearson & Boyero,
2009) and tends to increase in a downstream direction
(Pearson et al., 2017). In Birthday Creek (the focus of
the present study), invertebrate abundance and rich-
ness were higher in order-3 riffles than in pools
(Cheshire et al., 2005). In Yuccabine Creek, about
100 km north of Birthday Creek, riffle assemblages
varied with season, but showed strong resilience to
flood and drought (Pearson, 2014), as they did in
experiments in several Wet Tropics streams (Rosser &
Pearson, 1995, 2018).

We aimed to understand the seasonal dynamics of
invertebrates and organic material in Wet Tropics
order-1 and 2 streams. We hypothesised that (1) order-
1 streams, particularly pools, would store the largest
proportion of organic matter; (2) standing stock would
show a strong correlation with litterfall only during
periods of low streamflow; (3) invertebrate assem-
blages would be strongly influenced by abundance of
detritus; and (4) detritus and invertebrate assemblages
would respond to stream size and the flow regime, with
the wet season acting as a re-set mechanism on an
annual basis.

Methods
Study site
The study was conducted in the headwaters of
Birthday Creek (stream orders 1 and 2) in largely

undisturbed, forested granitic uplands in north-eastern
Australia (~ 19.0°S, 146.2°E, 865 m a.s.l; Fig. 1).
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The study area has an average annual rainfall of
2585 mm, 70% of which falls in the summer wet
season (December to March; Fig. 2). During this
study, four cyclones approached the coast near
Birthday Creek, bringing gale-force winds: Charlie,
causing no change in rainfall; Aivu, causing a modest
increase in rainfall; and Ivor and Joy, both producing
very heavy rainfall (Fig. 2). During the study period,
annual rainfall ranged from 1736 to 3367 mm (Aus-
tralian Bureau of Meteorology data); air temperature
from 5 to 26°C, and stream temperature from 11.5 to
19.5°C (measured with maximum-minimum ther-
mometers); pH from 5.9 to 7.0, conductivity from 19
to 60 uScm ', and dissolved oxygen from 7.3 to 9.8
mglfl (~ 85% saturation) with no discernible diurnal
fluctuation (measured with YSI instruments). Soils of
the catchment are acidic (mean pH 3.85-4.47) and of
low fertility (Congdon & Herbohn, 1993). Nutrient
concentrations in the stream are typically very low
(Connolly & Pearson, 2013). Vegetation within the
catchment is primarily simple notophyll vine forest
(Tracey, 1982), with complex notophyll vine forest
close to the stream (Webb, 1978).

Fig. 2 Top panel: Birthday Creek climate showing meanp
monthly minimum and maximum temperatures (top lines),
mean monthly rainfall (lower line) and monthly rainfall during
study period (bars). Cyclones passing nearby are identified by
asterisks: C, Charlie; A, Aivu; I, Ivor; J, Joy. Other panels from
top: total riparian litterfall recorded at the order-2 site; and
monthly AFDM =+ SE of each fraction of benthic organic
material in order-2 riffle and pool samples. Differences between
years, ¥**¥*P < (0.001; similar letters, a—d, indicate no difference
in AFDM among years within each fraction (ANOVA followed
by Tukey tests, o = 0.05; see Table S1). Absence of data
indicates no sample collected

The main study reach was located upstream of a
waterfall and had a total length (orders-1 and 2
sections) of 740 m with a gradient of 10.6% and
catchment area of 35 ha (Fig. 1), comprising 44%
pool, 33% riffle, 14% run and small proportions of
race, cascade and waterfall. The substratum comprised
about 30% sand and gravel, 25% cobbles and 40%
boulders or bedrock, with occasional fallen branches
and exposed roots. In the late dry season, about 30% of
it was covered by leaf litter.

The order-2 study pool was 28 m long, had mean
width of 4.1 m, mean depth of 0.24 m and indis-
cernible current except in spates. The order-2 study

Fig. 1 Location of
sampling sites in Birthday
Creek, northern Australia,
and stream profile of
headwaters. Orders-1 and 2
sites were used in this study;
order-3 site used in other
studies cited in text
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riffle was 37.5 m in length, with mean width of 4.1 m,
mean depth of 0.10 m and mean non-spate current
velocity of about 0.10 ms™". Three order-1 perennial
tributaries were sampled, each upstream of the order-2
site. We termed running-water habitat in these streams
as “riffle”, even though in most circumstances they
were not turbulent. Mean length of riffle and pool
habitats was approximately 5.0 m, width 1.5 m, and
depth < 0.15 m. Together, the selected riffles and
pools (orders 1 and 2 combined) represented 16.9%
and 18.1% of total habitat length in the study reach.

Sampling

We measured vertical litter inputs from June 1987 to
May 1990 using 15 litter traps (0.25 m* collection
area, 0.5 mm mesh), placed randomly in a 28-m
section of the order-2 reach, within 7 m of the stream
centre; we also measured lateral litter input, but do not
report it here as it was of minor importance (see
Benson & Pearson, 1993). In the laboratory, litter
samples were sorted into leaf, wood, reproductive
material and trash, then oven dried to constant weight
at 85°C and weighed.

We collected benthic samples (riffle, 5-10; pool, 5)
of organic material and invertebrates from the order-2
section approximately monthly, April 1987 to Septem-
ber 1988, and then organic material only from May 89
(pool) and August 1989 (riffle) until August 1991. We
collected three samples from each riffle and pool in
each of the three order-1 streams before and after the
wet season (October 1987, June 1988). Sampling was
undertaken using a Surber sampler (Surber, 1937) of
0.25 x 0.25 m basal area, with a 63-um-mesh col-
lecting net and 250-um mesh on the upstream and side
faces of the sampler. The substratum was vigorously
agitated in the sampler and washed into the collecting
net until no more organic matter was visible within the
sample area. The contents were preserved in 70%
ethanol. Current, depth and substratum particle size
were measured concurrently using a timed floating
object, rule and templet, respectively.

In the laboratory, benthic samples were elutriated to
separate organic and inorganic material and filtered
through stacked sieves of 1 mm, 250 pm and 63 um
mesh size. Here we refer to benthic organic material as
BOM, the fraction > 1 mm as coarse particulate
organic matter (CPOM), the 250-pm to 1-mm fraction
as fine particulate organic matter (FPOM) and the 63—
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< 250-um fraction as very fine particulate organic
matter (VFPOM) (Cummins, 1974). Invertebrates
were removed from each fraction and the remaining
organic matter was dried at 85°C for 24 h on pre-
weighed filter paper (Whatman number 41), trans-
ferred to crucibles and ashed in a muffle furnace at
600°C for 4 h, and then reweighed to determine ash-
free dry mass (AFDM). Invertebrates were identified
to the lowest taxonomic level possible, and recognis-
ably different taxa without positive identification were
mostly assigned as operational taxonomic units. The
Chironomidae was not separated to species or OTU
level. Invertebrates were grouped by family or higher
taxon for comparison among stream orders 1-3 (with
order-3 data from published information).

Data analysis

We transformed benthic sample data to log (x + 1).
For analysis of litterfall we combined data into four
seasonal groups—Wet, Wet-Dry transition, Dry, and
Dry—Wet transition, representing December—Febru-
ary, March—-May, June—-August and September—
November, respectively; for comparison with litterfall
we combined BOM data by the same groups and by
years. We used correlation analysis to identify
relationships between rainfall, litterfall and BOM,
and ANOVA or ANCOVA followed by Tukey tests
where appropriate to compare data among habitats and
stream orders, using Statistix 10 (Analytical Software,
Tallahassee, Florida, USA). We estimated inverte-
brate species richness taking into account sample sizes
using the Chao2 rarefaction estimate in PC-ORD
(MjM Software, Gleneden Beach, Oregon, USA). We
used linear regression analysis to investigate relation-
ships between BOM and rainfall, which was used as a
surrogate for flow as the two have a very close
relationship (Clayton & Pearson, 2016). We used
PERMANOVA in Primer (Primer-E Software, Ply-
mouth, UK) to compare invertebrate assemblages and
functional groups among samples, with invertebrates
assigned to functional groups following Cheshire et al.
(2005), and multidimensional scaling (MDS) in
Primer to visualise relationships among sites. We
used the RELATE function in Primer to test whether
cyclicity was evident in the monthly samples in the
order-2 samples.

We used distance-based linear modelling (DistLM,
in Primer) to determine the relationship between
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invertebrate assemblages and potential environmental
drivers, using forward selection and the Akaike
information criterion adjusted for small sample sizes
(AICc). DistLM seeks the most significant relation-
ships between a similarity matrix and environmental
variables by modelling the matrix against the most
influential variable, taking the residuals of that rela-
tionship, modelling the next most influential variable,
and so on. Initial environmental variables used were
substratum size; AFDM of CPOM, FPOM and
VFPOM; 30-days antecedent rainfall; water depth;
current; pH; conductivity; dissolved oxygen; and
water temperature. Mean temperature correlated
strongly with maximum and minimum temperature
(r = 0.954 and 0.977, respectively) so only the mean
was used, as recommended (Anderson et al., 2008).
Depth correlated negatively with current velocity for
all species so was removed, as current was more
important in preliminary analysis. Dissolved oxygen
was removed because it never fell below 80%
saturation.

Results
Rainfall, litter inputs and benthic organic material

Monthly rainfall was below average for the first 2
years of the study (1736, 1920 mm, cf. 49-year
mean = 2585 mm), about average for the third and
fourth year (2697, 2601 mm) and above average for
the final year (3367 mm) (Fig. 2). More importantly,
peak monthly rainfall was very much above average in
the final 2 years, although daily maxima were within
the one-in-one-year return interval in all 5 years
(Fig. S1). Litterfall was greatest in the late dry season,
except for extra peaks following tropical cyclones
(Fig. 2), with major contrasts between Dry season and
other samples for total litterfall and leaf fall, between
the Wet-Dry transition and other samples, and minor
contrasts for reproductive material and trash (Fig. S2).
Overall, litter comprised 73.1% leaf, 15.3% small
wood, 2.5% reproductive and 9.1% trash. There was
no correlation between recent rainfall and litterfall
(DF = 36, r < 0.200, P > 0.05) except with small
wood (r = 0.460, P < 0.01).

Benthic organic material in the order-2 sites
indicated some seasonal pattern in the riffle samples
over the first 18 months of sampling, with a peak

during the wet season, but this was less clear
subsequently, and was not evident in the pool samples;
however, there were substantial differences in BOM
mass among years for all fractions, with contrasts
between earlier and later years and between seasons—
mainly between the Dry season and the rest for CPOM
in riffle and pool samples, and FPOM in riffles, but not
for other fractions (Fig. 2; Table S1). The largest
proportion of organic material was in the CPOM
fraction, with the CPOM, VFPOM and FPOM frac-
tions roughly in the ratios of 25:4:1 in the riffles
(Fa90 = 24.69, P < 0.001) and 20:5:1 in the pools
(F93 =22.48, P <0.001). The only correlations
between litterfall and BOM were between reproduc-
tive material and FPOM in riffle samples (DF = 11,
r = 0.615, P < 0.05) and between reproductive mate-
rial and CPOM and FPOM in the pool samples
(DF =13, r=0.610, P <0.05 and r=0.848,
P < 0.001, respectively).

In the comparison between streams for October and
June samples, ANCOVA (with months as the covari-
ate) showed that order-1 pool samples contained more
CPOM (approximately threefold) than did order-1
riffle or any order-2 samples, and order-1 samples
mostly contained much more FPOM and VFPOM than
order-2 samples, in both pools and riffles (Fig. 3,
Table S2).

High wet-season flows strongly influenced the
subsequent BOM mass, with regression analysis
clearly pointing to the three highest flows as outliers,
and little other relationship with flow, except when the

1200 -
mmmm Order 1 Riffle
1 a —= Order 1 Pool
1000 I === Order 2 Riffle
— Order 2 Pool
o 8001 bcd
IS
&)
s 600 -
[m)
<
400 + b b
bc b
200 1 bc bc
’I‘ bc
0 —i 2 =l
CPOM FPOM VFPOM

Fig. 3 Comparison of AFDM = SE of benthic organic mate-
rial in October and June samples (combined as they did not
differ); similar letters, a—e, indicate no difference in AFDM
among samples (ANCOVA followed by Tukey test, « = 0.05,
see Table S2)
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three highest flows were removed. In the absence of
these three data points, CPOM and VFPOM, but not
FPOM, showed positive relationships with flow in
riffles, although there was substantial variability
among samples (Fig. 4, Table S3). For pools there
was no such relationship, with or without outliers
(Table S3). In the order-1 streams, only CPOM in
riffles was affected by antecedent rainfall, but the
results are not directly comparable with those from
order-2 sites because the order-1 streams were only
sampled in the dry season (Table S3).

Invertebrate assemblages

The dry-season invertebrate samples had greater
abundances in riffles than in pools in order-1 but not
order-2 streams, while similar habitats did not differ in
invertebrate abundance between stream orders
(Table 1). The order-2 invertebrate samples produced
130 taxa over 18 months of sampling—124 from
riffles (89 samples) and 75 from pools (55 samples);

CPOM
400 . o
300
200
100
0
FPOM
15
L]
N
g 10 .
o 2=
=0.102
= :‘}.:;‘/‘ o r2=0.007
e | 82 ———
< oo, 8°° °
0 ee® 0 °
VFPOM
80
60 .
40 o P=0258"
3
20] 40 > 7 = 0.0004
o o
0 Se o o
0 500 1000 1500

Monthly rainfall (mm)

Fig. 4 Regressions of benthic organic material fractions in
order-2 riffles vs. rainfall over 5 year, including (open circle,
dashed line) and excluding (filled circle, solid line) 3 high-
rainfall outliers. **P < 0.01; ***P < 0.001 (see Table S3 for
regression details)
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the order-1 samples produced 69 taxa—64 from riffles
(18 samples) and 44 taxa from pools (18 samples)
(Table 1, Table S6). Chao2 estimates of richness via
rarefaction were higher, but followed the same
sequence of richness, as did the numbers of taxa per
sample (Table 1). However, only 17 taxa contributed
more than 1% of the fauna in any stream order/habitat
combination; the only taxa contributing 5% or more
were the Chironomidae in all combinations; Oligo-
chaeta, Lectrides sp. (Leptoceridae) and Ceratopogo-
nidae in order-1 pools; and Simuliidae in order-2
riffles (Table 1).

MDS and PERMANOVA of invertebrate samples
from stream orders 1 and 2 separated order-1 from
order-2 samples in riffles and pools in both October
and June, mainly on axis 2; the order-1 samples
showed a very broad spread on axis 1 and there was no
difference among the order-1 samples in either habitat
(Fig. 5, Table S4). In a similar analysis using
functional-group data, there were only minor differ-
ences among samples, with riffle samples in October
differing between one order-1 stream and the order-2
stream, and riffle samples for June differing between
two of the order-1 streams and the order-2 stream
(Table S4). For the order-2 dataset (11 samples,
18 months), riffle and pool samples were almost
completely separated (Fig. 5b). Between-month tra-
jectories were similar along axis 1 during the first three
months, but deviated subsequently; the RELATE
procedure identified moderate cyclicity among sam-
ples (P < 0.05, Table S4).

In the order-2 stream samples taken over
18 months, abundances of invertebrates in riffle and
pool samples differed in the wet season, whereas in the
dry season they did not, and abundances in the riffle
did not differ between wet and dry seasons, whereas in
the pool abundance was greater in the dry season
(Fig. 6, Table S5; Fig. S3 and S4). Linear modelling
(DistLM) produced models relating invertebrate
assemblages to environmental variables, but explained
only small proportions of the variation in the data
(Table 2). Most prominent variables were VFPOM,
current, CPOM, temperature and substratum size.
Correlations between occurrence of individual taxa
and individual variables were not extensive: correla-
tions with 2 > 0.15 in order-1 streams included two
with current (both positive), three with temperature
(two negative), one with FPOM (positive) and six with
VFPOM (all positive); in order-2 samples, 11 with
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Table 1 Invertebrates of orders-1 and 2 riffles and pools: A.
Mean number of taxa per sample £ S.E. and Tukey groups
following ANOVA (for log N, F3 5, = 5.90, P = 0.0015; for S,

F3s5, =146.2, P <0.001), and total number of taxa; B.
Assemblage composition (%), including taxa representing 1%
or more of the fauna in at least one order/habitat combination

Order-1 riffle

Order-1 pool  Order-2 riffle ~ Order-2 pool

No. of samples

A..  No. of taxa per sample
Tukey group
Total taxa (all samples)

Total taxa (Chao2 estimate)

B. Ephemeroptera: Nousia sp. 6
Diptera as the selection criterion: Ceratopogonidae sp.
Diptera: Simuliidae
Crustacea: Copepoda
Oligochaeta
Hydracarina
Ephemeroptera: Atalophlebia sp.
Ephemeroptera: Ulmerophlebia sp.
Trichoptera: Lectrides sp.
Diptera: Chironomidae
Diptera: Ceratopogonidae other
Diptera: Ceratopogonidae sp. 3
Diptera: Ceratopogonidae sp. 5
Coleoptera: Hydrochidae lv.
Ephemeroptera: Nousia sp. 1
Ephemeroptera: Koornonga sp.

Coleoptera: Austrolimnius sp. 1 1v.

18 18 89 55
16.6 £ 1.3 122 £ 1.6 546 + 1.5 242 + 14
c c a b
64 44 124 75
93 64 136 109
1.3 1.7
1.6 0.8
1.5 0.1 5.0
0.5 1.6 0.2 0.2
2.8 8.7 1.1 2.4
1.7 4.0 1.2 04
0.7 2.2 32 2.3
0.1 04 1.2 1.3
0.9 5.1 0.2 2.8
75.4 449 62.4 77.2
24 19.5 0.1 1.8
0.9 0.6 0.5 1.3
0.5 1.7 0.1 0.2
0.4 1.5 0.5 0.1
0.1 0.1 2.8 0.4
14 1.1
3.1 0.8

All taxa are listed in Table S6

current (one negative) and four with VFPOM (two
negative) (Table 3). In order-1 streams, the strongest
relationships were between VFPOM and Leptoceri-
dae, including Triplectides sp., and Nousia sp. 6; and
between FPOM and Chironomidae. In order-2 sam-
ples, the strongest relationships were between current
velocity and Nousia sp. A and Hydrochidae.

Discussion
Dynamics of organic material

Litterfall followed the expected pattern of continuing
inputs through the year, peaking in the late dry season,
with further peaks resulting from cyclones (Spain,
1984; Hopkins & Graham, 1989). During drier years
the BOM standing stock in Birthday Creek was higher

than in orders 1-3 streams worldwide, but similar
during wet years (Stewart & Davies, 1990; Boulton &
Lake, 1992), and similar to that in Yuccabine Creek,
an order-3 site some 100 km north of Birthday Creek
(Pearson et al., 1989). A general pattern of reduced
density following the wet season and a gradual build-
up through the dry season was apparent in the first year
of sampling in riffles, but not in pools, as reported for
an order-3 section of Birthday Creek (Wootton et al.,
2019). Standing stock was highest in order-1 streams,
which accords with other studies over a greater
gradient (e.g. Naimann & Sedell, 1980; Benfield
et al., 2000).

Overall, the only component of litterfall with which
BOM standing stock correlated was reproductive
material, which was a minor component of the litter.
Conversely, stream flow, the predominant physical
variable influencing stream ecology (Resh et al., 1988;
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Fig. 5 Results of multidimensional scaling of invertebrate
assemblages: a centroids for order-1 and 2 sites (1a, 1b, 1c and 2,
respectively) riffles (filled triangle) and pools (filled circle);
October samples indicated by open symbols, June samples by
closed symbols. Order-1 samples did not differ from each other,
but differed from order-2 samples (PERMANOVA, P < 0.01,
see Table S4). b Order-2 pool and riffle samples, showing
moderate cyclicity over 18 months (RELATE, P < 0.05,
Table S4)

Rosser & Pearson, 2018; Sarremejane et al., 2018),
positively affected CPOM and VFPOM standing stock
in riffles except when the largest flows were included,
possibly because of variable redistribution of material
under different flows. Retention of leaf litter, depen-
dent on flow regime and microstructure of the stream
bed (e.g. Minshall et al., 1983; Webster et al., 1994;
Angradi, 1996; Hoover et al., 2006; Lisboa et al.,
2015; Molinero, 2019), clearly determines the quan-
tities of organic material in Birthday Creek as it did in
Yuccabine Creek (Pearson et al., 1989). There was
little indication of such patterns in the pool samples
across the whole sampling period, and even the
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(ANOVA followed by Tukey test, o = 0.05, see Table S5)

increased flood flows of the later years were insuffi-
cient to remove BOM completely from the pools. In
contrast, much larger floods, such as a one-in-five-year
event in 1994, cleaned virtually all organic material
out of both riffles and pools (unpublished data). The
wet season thus may regularly redistribute BOM in
riffles, and occasionally act as a re-set mechanism,
substantially removing the stores of organic matter
from the headwaters.

Annual export of CPOM from headwater streams
may be poorly correlated with annual discharge, with
most export being fine and dissolved organic matter
(Wallace et al., 1995). The majority of transport of
organic material in Birthday Creek occurred over short
periods in the wet season, when spates affected all size
fractions of organic matter, while dry-season flows
transported the finer fractions more readily than
coarser fractions (Benson, 1999). Pools trapped
organic material (particularly FPOM and VFPOM)
and invertebrates exported from riffles during base
flows and smaller floods, and the accumulation of fine
material in the riffle appeared to be flow-limited.
Therefore, it appears that, in the dry season, ecological
processes are largely restricted to short stretches of the
stream because of the inhibitory effect of pools on
movement of fauna and organic matter, as suggested
for other systems (Benson & Pearson, 1987; Bunn &
Hughes, 1997; Brooks et al., 2017; De Nadai-Monoury
et al., 2014).
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Table 2 Results of distance-based linear modelling of invertebrate assemblages in riffles and pools in (A) order-1 and (B) order-2
streams, showing only variables with P < 0.1 in the models

Stream order Habitat Variable DF AlCc Pseudo-F P Model% Data%
A. Order 1 Riffle VFPOM 16 136.2 1.6306 0.071 100 9.2
Pool VFPOM 15 132.0 1.869 0.086 100 11.1
B. Order 2 Riffle VFPOM 88 646.9 6.757 0.001 60.7 7.1
Current 87 645.1 3.754 0.001 30.1 3.8
Substratum 86 644.4 2.848 0.002 9.2 2.9
Pool Current 53 388.4 4.372 0.001 59.1 7.6
Temperature 52 386.8 3.719 0.003 25.1 6.2
CPOM 51 384.8 4.183 0.001 12.6 6.5
Substratum 50 384.5 2.563 0.005 32 39

Model% and Data% indicate proportion of variation explained by variables included in model and whole dataset, respectively

Table 3 * values for

Order 1, N = 36 Order 2, N = 144
correlations between
invertebrate taxa and Current Temp FPOM  VFPOM  Current VFPOM
environmental variables in
order-1 and order-2 streams Nematoda —0.193
Plecoptera
Dinotoperla sp. 0.229
Odonata
Aeschnidae 0.179
Episynlestes sp. 0.197
Ephemeroptera
Baetis sp. 0.185
Nousia sp. A 0.336 —0.176
Nousia sp. B 0.204
Nousia sp. 6 0.411
Trichoptera
Lectrides sp. — 0.177  0.255
Triplectides sp. 0.636
Leptoceridae other 0.157 0.731
Diptera
Chironomidae 0.437 0.182
Ceratopogonidae sp. 1 0.194
Ceratopogonidae sp. 3 0.215
Ceratopogonidae sp. 5 — 0.257
Ceratopogonidae sp. 7 —0.184 —0.199
Negative signs are derived Simuliidae 0.245
from the value of r. Only Dixidae 0.186
values with 7> > 0.15 are Coleoptera
ggfi‘;?eef (If"i (())rge;r ;Or Austrolimnius ad. sp. 1 0173 —0.163
order-2, P < 0.0001. Taxa Hydrochidae lv. 0.331
recorded for each site and Ptilodactylidae lv. 0.191
habitat are listed in Count 2 3 1 6 11 4

Table S6
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Invertebrate assemblage composition
and dynamics

The benthic fauna of Birthday Creek and its changes
with stream order were similar to those of other sites in
the Wet Tropics and elsewhere. In comparable riffle
samples, order-3 streams had greater family richness
(39 families in Birthday Creek, 38 in Yuccabine
Creek) than our order-2 (20 families) or order-1 (19
families) samples from Birthday Creek (Cheshire
et al., 2005; Pearson, 2014). Collector/filterers (e.g.
Cheumatopsyche spp.) were more abundant in larger
streams and some shredders (e.g. Lectrides spp.) were
more abundant in lower-order streams, reflecting a
gradual change in composition with stream size
through the headwaters (Rosser & Pearson, 1995;
Grubaugh et al., 1996; Waite et al., 2000), although
changes in richness were not universal in the Wet
Tropics (Pearson et al., 2017).

In our samples, distance-based linear modelling
provided only limited explanations for invertebrate
occurrence, with models for order-1 and order-2 riffles
and pools each explaining less than 12% of the
variation in the data—rather less than might be
expected, as invertebrate assemblages are typically
correlated with organic matter standing stock and with
stream discharge (Ramirez & Pringle, 1998; Chara
et al., 2007; Walther & Whiles, 2011; Callisto &
Graca, 2013; Pearson, 2014; Sarremejane et al., 2018).
For Wet Tropics streams generally, over 40% of
variation was explained by habitat variables, including
current velocity, substratum composition and amount
of BOM (Pearson et al., 2017). It is probable that the
unusually benign conditions during the sampling
period tempered the influence of the environmental
variables measured. The absence of major floods
meant that any influence of increased current veloc-
ities following rainfall were very short-lived. For
example, Wootton et al. (2019) found that heavy
rainfall and associated spate caused by a one-in-one-
year event led to redistribution and loss of some, but
not all, leaf litter in Birthday Creek, and recovery of
shredders from the disturbance was rapid. Addition-
ally, the mostly consistent availability of BOM in the
Wet Tropics, resulting from year-round inputs, may
reduce seasonality in assemblages compared with
more seasonal settings (Campbell & Fuchshuber,
1994), although life cycles of many species are
influenced by seasonality in temperature or flow
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regime (Nolen & Pearson, 1992; Pearson, 2014). The
continuous litterfall and leaf breakdown probably
facilitates recovery of the stream fauna after wet-
season spates (Benson & Pearson, 1987), with even
fresh green litter being processed by shredders,
providing a source of finer material to other species
(Benson & Pearson, 1988; Pearson et al., 1989; Nolen
& Pearson, 1993). Therefore, despite occasional loss
of BOM, the resilience of shredders to moderate flood,
their ability to process green leaves, and their contin-
ued presence across seasons contribute to seasonal
consistency in detrital-based food webs in the study
stream except, perhaps, after extreme floods (Cheshire
et al., 2005; Wootton et al., 2019).

While most taxa were recorded in both riffles and
pools, they showed distinct habitat preferences, with
contrasts in current velocity the primary determining
variable of invertebrate distributions in order-2 sam-
ples, and VFPOM being most important in order-1. In
other locations, comparisons between riffles and pools
are inconsistent (Logan & Brooker, 1983; McCulloch,
1986; Ramirez & Pringle, 1998; Herbst et al., 2018),
although they may be more similar in order-1 and 2
sections than in higher-order streams (Logan &
Brooker, 1983; Brown & Brussock, 1991).

Conclusion

Order-1 stream sections stored more organic material
than order-2 sections and the bulk of stored BOM was
in the coarse fraction, with pools accumulating more
material than riffles, supporting our first hypothesis.
However, the magnitude of wet-season spates deter-
mines whether organic matter is redistributed within,
or exported from, a stream section, only partly
supporting our second hypothesis. Therefore, despite
high predictability of litterfall in the Wet Tropics, we
show that long-term datasets are required to fully
understand the variable dynamics of organic material
resulting from unpredictability in the extent and
duration of floods.

Proportional composition of the fauna in the
headwaters of Birthday Creek changed with distance
downstream, reflecting changes in biophysical char-
acteristics, especially flow and transport/retention of
organic matter. However, relationships between envi-
ronmental variables and invertebrate assemblages
were weak, contrary to our third and fourth
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hypotheses, because of benign conditions during the
study period, in contrast with other studies in the
region that included periods of drought and flood
(Pearson, 2014) and a broad range of sites (Pearson
et al., 2017).

Given that low-order headwater streams contribute
the largest proportion of stream length, drain such a
large proportion of the landscape and represent a large
proportion of stream habitat (Januchowski-Hartley
et al., 2011), they clearly contribute substantially to
stream ecosystems, both through organic material
inputs and processing, and invertebrate assemblages.
We need more globally comprehensive assessment of
ecosystem dynamics of these systems across multiple
years if we are to predict effects of change to land use
or climate. The longitudinal changes in headwater-
stream invertebrate assemblages make it evident that
such assessments need to be spatially explicit.
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