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Abstract We investigated the effects of water
extraction and flow regime on leaf litter breakdown
in 10 Hong Kong streams experiencing varying
degrees of extraction: five with severe extraction
(>85% downstream flow removed), four with moder-
ate extraction (20-85% removed), and one without
extraction (~0% removed). Breakdown rates, macr-
oinvertebrate assemblages and nutrients were com-
pared in upstream (reference) reaches and downstream
reaches with reduced flow in each stream during high-
flow (wet season) and low-flow (dry season) condi-
tions to determine whether responses to flow were
influenced by Hong Kong’s monsoonal climate. Litter
breakdown was slower in downstream reaches during
the wet season, and discharge was the main determi-
nant of breakdown rate in both reaches across the 10
study streams. In contrast, inter-reach differences in
breakdown during the dry season were small and
unrelated to flow. Instead, breakdown rates among
streams were influenced by the abundance of
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detritivorous shredders and chironomids (Chironom-
inae), as well as phosphate concentrations, indicating
the importance of biological processing of litter under
low-flow conditions. Although litter breakdown rates
appear to offer a promising functional indicator of
flow-reduction impacts during the wet season, the
pattern seen reflected the physical effects of flow
rather than any underlying biological processes, and
the lack of response to flow reduction during the dry
season was notable.

Keywords Ecosystem function - Water extraction -
Discharge - Shredders - Liquidambar - Brotia

Introduction

Flow alteration is one of the major anthropogenic
threats to freshwater biodiversity and ecosystem
functioning, and considerable research has been
devoted to managing the conflicting interests of
multiple users of water and the need to protect lotic
ecosystems (e.g. Dudgeon et al., 2006; Arthington
et al., 2010). Reductions in flow volume and elim-
ination of natural flow variability have various
impacts including reduced habitat availability and
heterogeneity, reductions in species richness and
shifts in composition of macroinvertebrates and fish
communities and a higher risk of invasion by exotic
species (Bunn & Arthington, 2002). There is now a
general consensus that knowledge of ecological
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responses to flow should be used to inform environ-
mental flow (e-flow) allocations that mimic the
natural pattern of flow variability in order to sustain
biodiversity and the functional properties of streams
and their adjacent floodplains (Poff et al., 2010;
Richter, 2010). Development of such hydro-ecolog-
ical relationships has frequently been based upon
studies of changes in the community structure of
macroinvertebrates and fishes (reviewed by Dewson
et al., 2007; Poff & Zimmerman, 2010), but structural
attributes such as species composition and diversity
should not be the sole criterion for evaluating stream
integrity. They need to be supplemented by func-
tional measures (Bunn & Davies, 2000; Gessner &
Chauvet, 2002), since the manner and timing of
structural and functional responses to anthropogenic
disturbances can vary thereby yielding complemen-
tary information on impacts (Sandin & Solimini,
2009). However, the response of these functional
indictors to hydrological conditions must be demon-
strated if they are to provide useful tools for flow
management and restoration (Lancaster & Downes,
2010).

Leaf litter breakdown is a well-studied process that
has been used as a functional measure of stream
condition (Gessner & Chauvet, 2002; Death et al.,
2009; Sandin & Solimini, 2009). It is influenced by a
variety of physical (e.g. fragmentation and abrasion
by current) and biological processes (microbial
decomposition and macroinvertebrate consumption),
and has been used to assess the ecological conse-
quence of such factors as land use and riparian
condition (Bird & Kaushik, 1992; Hagen et al., 2006;
McKie & Malmgqvist, 2009) as well as, less
frequently, channelization and flow regulation
(Woodcock & Huryn, 2005; Paul et al., 2006; Death
et al., 2009). Litter breakdown process is also
influenced by hydrological regime, especially current
velocity and high-flow events (Bird & Kaushik, 1992;
Lepori et al., 2005; Paul et al., 2006). While stream
flow alone plays a minor role in determining break-
down directly, its effect seems more usually indirect
by way of an influence on biological processes
(Woodcock & Huryn, 2005; Ferreira et al., 2006;
Hoover et al., 2006). For instance, breakdown rates of
two leaf species in an Arizona stream decreased by
~20% when flows were reduced by 95%, and this
decrease was associated with cooler temperatures as
well as lower fungal biomass and macroinvertebrate
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diversity on the leaves (Muehlbauer et al., 2009). In
other cases, flow reductions can accelerate litter
breakdown as a result of increased nutrient loads that
enhance fungal colonization (Short & Ward, 1980).

Streams in monsoonal Hong Kong are subject to
aggressive water extraction for municipal water
supplies, leading to reductions in diversity of benthic
macroinvertebrates and impaired periphyton condi-
tion (Dudgeon, 1992; Niu & Dudgeon, 2011). E-flow
allocations should involve functional parameters to
limit such impacts, and need to be adjusted season-
ally, to take account of much lower flows (and hence
greater scope for impairment) during the dry season
(Niu & Dudgeon, 2011). We investigated the effects
of water extraction and flow regime on litter break-
down in 10 Hong Kong streams experiencing varying
degrees of water extraction from downstream
reaches. By comparing litter breakdown rate in up-
and downstream reaches of each stream during both
high-flow (wet season) and low-flow (dry season)
conditions, we attempted to test the hypotheses that
(1) breakdown rate would differ between up- and
downstream reaches in response to flow reduction,
(2) the response would vary among streams with
different degrees of flow reduction and (3) the
response would be influenced by seasonal changes
in flow associated with the monsoonal climate.
Macroinvertebrate assemblages and nutrients were
also monitored so that their response to changed
flows, and any consequential influence on litter
breakdown, could be determined. Data gathered was
also used to compare the performance and sensitivity
of leaf litter breakdown—a functional indicator of
stream condition—with changes in macroinvertebrate
assemblage structure.

Methods
Study sites

Hong Kong (lat. 22°08-23°35'N) has a tropical
monsoonal climate with two distinct seasons: the wet
season (April-September) associated with the south-
west monsoon, when ~80% of the annual rainfall
occurs, and the dry season (October—March) when the
northeast monsoon prevails (Dudgeon & Corlett,
2004). Stream hydrology is characterised by a high
degree of flow variability with intense spates and
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highly ‘pulsed’ flows during the wet season (Dudgeon
& Corlett, 2004). This study included 10 second- to
fourth-order unpolluted perennial streams (wetted
width = 2-6 m during base flows), three on Lantau
Island and seven in the mainland New Territories
(S1-S10: Fig. 1). All had stony beds and drained hilly
(76-213 m elevation) shrubland or secondary forest
within or adjacent to protected areas (Country Parks).
The streams experienced varying degrees of water
extraction, due to the presence of small dams
connected to a network of channels and tunnels that
capture water for Hong Kong’s municipal supply
(Dudgeon, 1996).

Field and laboratory procedures

Two matched reaches between 100 and 200 m apart
with comparable physical conditions were selected
along each stream: one above (upstream) and one
below (downstream) of a water extraction point. Thus,
the downstream reaches received reduced flow, while
the upstream reach served as a reference site. Mea-
surements of flow and litter breakdown rates were
made and benthic macroinvertebrates were sampled in
both reaches on eight occasions: three occasions at
approximately monthly intervals between June and
September 2007 (the wet season), three occasions
between December 2007 and March 2008 (the dry

Fig. 1 A map of Hong
Kong showing the locations
of the 10 study streams. The
lines indicate the major
water tunnel networks that
divert stream water to
reservoirs. S/ Ha Fa Shan,
S2 Pak Sha O, S3 Hau Tong
Kai, S4 Tai Shui Hang, S5
Tung Chung, S6 Tai Lam
Wu, S7 Wong Lung Hang,
S8 Tai Po Kau, S9 Mui Tze
Lam, S/0 Shek Mun Kap

China

season), and two between July and August 2008 (the
second wet season). Due to anthropogenic disturbance
of downstream reaches of two streams (S5 and S7),
work was abandoned during the dry season and the
second wet season in S7, and during the second wet
season in S5; S7 was substituted by S10 which had
similar characteristics and was sampled thrice during
both seasons (for details, see Niu & Dudgeon, 2011).
Overall, therefore, 10 streams were sampled during
one or both wet seasons (seven streams with five
temporal replicates, and three with three replicates;
n = 44) and nine streams were sampled during the dry
season (three temporal replicates each; n = 27).
In-stream flow parameters were measured at three
representative cross-sections at least 15 m apart along
each study reach during every visit. They were wetted
width, water depth at 50-cm intervals, and current
velocity at 10-cm intervals (at 40% of water-column
depth) which was measured with a Swoffer Model
2100 current meter (Swoffer Instruments Inc., Seattle,
Washington, US). From these data, discharge (i.e.
volume of flow moving past a given cross-section per
second: Q, 1s™') was estimated using the velocity-
wetted-area method (Gordon et al., 2004). Width-
specific discharge (Q,,) was also estimated, where Q.
equalled the ratio of mean discharge over mean width
among the three cross-sections. Flow alteration due to
water extraction was quantified by the % reduction in

Altitude
100 - 300m
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0 and Q,, from up- to downstream (i.e. AQ and AQ,,)
on each sampling date. Mean AQ and AQ,, among
sampling dates were used to indicate the extent of
hydrological alteration for each stream in each season.
An initial test indicated that there was no difference in
AQ between the two wet seasons (Niu & Dudgeon,
2011) and thus data from both years have been
combined.

Water samples for nutrient analysis (nitrate, nitrite,
ammonia combined as total inorganic nitrogen [total
NJ; total phosphate [PO4]) were collected from both
reaches of each study stream once in the second wet
season and dry season, and their concentrations
measured with a flow injection analyser (QuikChem
8000, Lachat Instruments, Inc., Milwaukee, Wiscon-
sin, USA) based on automated phenate methods for
ammoniacal nitrogen and colorimetric methods for
nitrate, nitrite, and total PO, (APHA, 1995). Water
temperatures in each reach were recorded with max-
imum-minimum thermometers and Maxim iButtons®
(Maxim Integrated Products, Inc., Sunnyvale, CA,
US).

Litter breakdown rates were quantified using Lig-
uidambar formosana Hance (Hamamelidaceae) as a
model species. L. formosana is a common deciduous
tree native to Hong Kong, which has been widely
planted. The nitrogen content of abscised leaves is
~1.2% of dry mass, and the carbon to nitrogen ratio
is ~37 (Lietal., 2009). Breakdown of L. formosana is
generally fast in Hong Kong streams (Li & Dudgeon,
2009; Li et al., 2009), and thus a 28-day in-stream
exposure period was sufficient to test for possible
differences in breakdown rates between upstream
(reference) and downstream (experiencing reduced
flow) reaches. Abscised leaves were collected in April
2007 and March 2008 and air-dried to constant mass.
Ten litter bags (4-mm mesh) containing 4.0 + 0.1 gof
air-dried leaves were placed in runs in each stream on
eight occasions (three in the dry season, five in the wet
season). Five bags were assigned randomly to each
reach and positioned on the streambed. The mesh size
used allows entry of most of the litter-associated
detritivores, including shredding caddisflies and atyid
shrimps, although it may exclude larger-sized Brotia
hainanensis snails (Prosobranchia: Pachychilidae).
The bags were retrieved after 28 days by enclosing
them in a 300-um mesh net prior to removal from the
stream, then placed in individual plastic bags and
transported in a cool box to the laboratory where they
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were stored at —20°C. Subsequently, leaves from each
litter bag were rinsed gently with tap water, oven-dried
at 60°C for 72 h to yield dry mass, then ashed at 500°C
in a muffle furnace for 4 h and reweighed to calculate
ash-free dry mass (AFDM). In addition, five bags of
air-dried leaves were oven dried, weighed, ashed, and
reweighed to calculate a conversion factor from initial
air-dry mass to AFDM. Breakdown rates in each reach
were expressed as mean % leaf mass loss (% LML)
from the five litter bag samples over each 28-day
period.

Benthic macroinvertebrates were collected from a
10-rock stratified sample from each study reach on
each stream visit using a 300-um mesh net (see Niu
& Dudgeon, 2011 for details). At each up- or
downstream reach, cobbles of 15-20 cm maximum
diameter (~400 cm? surface area) were collected
from riffle-pool sequences in a stratified manner
(equal numbers of cobbles were collected from riffles
and pools). Macroinvertebrates were removed from
stones and preserved in 70% ethanol. They were
handpicked from each sample in the laboratory under
a stereomicroscope, identified to species, genus,
subfamily (Diptera: Chironomidae) or family (other
Diptera), and counted to yield abundance per 10-rock
sample. Functional feeding group (FFG) composition
was also investigated, with assignments following Li
& Dudgeon (2008), so that the abundance of detri-
tivorous shredders could be estimated.

Statistical analyses

Three-way repeated-measures ANOVA (Zar, 1999)
was conducted to compare % LML between up- and
downstream reaches during the wet and dry seasons.
The analyses incorporated reaches (up- vs. down-
stream) and seasons (wet vs. dry) as within-subject
factors and streams as the subject, with sampling dates
in each season treated as replications. When significant
season x reach interactions were detected, two-way
analyses within each season were conducted using
reaches as the within-subject factor and streams as the
subject. Stream nutrient concentrations, which were
measured once only per season, were analysed by
repeated-measures ANOVA without replication, and
thus the reach x season X stream interaction was not
included in the model.

Where ANOVA revealed significant between-
reach differences in litter breakdown rate, the
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magnitude of the between-reach differences (ALML)
were calculated by simple subtraction. Relationships
between the degree of hydrological alteration (i.e.
AQ and AQ,,) versus ALML were examined using
bivariate linear regressions with replications (Zar,
1999). The mean AQ and AQ,, of each stream
within each season were used as independent
variables, each corresponding to replicated measure-
ments of ALML (i.e. on three or five sampling dates
depending on season), with separate regression
analyses conducted for the wet (n = 44) and dry
(n = 27) seasons. In addition, bivariate linear
regression analyses were undertaken to examine
potential relationships between absolute discharge
parameters (Q and Q,) versus % LML, with
separate analyses for up- and down-stream reaches
during each season (thus wet n = 44, dry n = 27).
A conservative significance level (o = 0.01) was
selected for these regressions. ANOVA and bivariate
linear regressions were carried out with SPSS 15.0
(SPSS Inc., Chicago, IL, USA). All percentage data
were arcsine-square root transformed, and log;o- or
square-root transformations were applied where they
improved the normality or explanatory power of
regressions.

Hierarchical partitioning analyses were conducted
in order to identify the relative importance of
environmental factors that may regulate litter break-
down rate during the wet and dry seasons. Hierar-
chical partitioning compares goodness-of-fit of all
possible models in a multiple regression setting, and
estimates the independent effects of each predictor,
so that the most likely causal factors can be identified
even in instances where there is multicolinearity
among potential predictors (for details, see Chevan &
Sutherland, 1991; Mac Nally, 2000). Data on nutri-
ents and stream discharge as well as benthic macr-
oinvertebrate attributes (see below) were included as
predictors in the analyses. Separate analyses were
conducted for each season.

We considered the following macroinvertebrate
attributes as potential predictors: total taxon richness
(TTrich), abundance of Chironominae (Chironomi-
dae), abundance of all shredders, and abundance of
the facultative shredder B. hainanensis. The abun-
dance of Chironominae was included as they are the
most numerous litter-associated macroinvertebrates
in Hong Kong streams (Dudgeon & Wu, 1999; Li
et al., 2009). Discharge Q, width-specific discharge

QO., and current velocity were correlated with each
other (r > 0.8), and thus only Q was included in the
analyses. Likewise, there was redundancy between
shredders and B. hainanensis snails (r = 0.8), as the
latter constituted ~90% of shredder abundance; thus
a separate analysis with shredders substituted by
B. hainanensis was conducted. Up- and downstream
reaches of nine streams (S7 was excluded since no
nutrient data were collected during the wet season)
were treated as replicates (n = 18 per season) in the
analysis, which was conducted with R version 2.8.1
(hier.part package; available online at http://cran.r-
project.org/).

Results

Mean wet-season discharge ranged from 68—393 15!
(mean = 190 1 s™') in upstream reaches and 3-137
1s7! (mean = 46 1 s™!) downstream across the 10
streams; discharge declined by 10-98% (mean reduc-
tion = 69%) due to water extraction. The equivalent
values for dry-season discharge were 3-18 15~
(mean = 91 sfl)upstrearn and0.3-11 15! (mean =
31s™ ") downstream, representing a reduction of
4-98% (mean reduction = 58%). S1 was bisected by
a non-functioning catchwater channel and was not
subject to any water extraction; hence, this stream was
indicative of nil extraction conditions (AQ ~ 0%).
Moderate flow reduction (AQ = 20-85%) occurred in
four streams (S2, S3, S4, and S5), while severe flow
reduction (AQ > 85%) occurred in further five
streams (S6, S7, S8, S9, and S10). Trends in flow
reduction represented by AQ and AQ,, were essentially
the same (for details, see Niu & Dudgeon, 2011), and
thus only results for AQ have been presented here.
Nutrient concentrations were generally lower during
the wet season (total N: 6.5 vs. 52.7 ug 17'; PO4: 2.5
vs. 3.3 ug 17"), although this seasonal variation was
only significant for total N (F; g = 8.63, P = 0.019).
There were no between-reach differences in total N
(F13=127, P>0.05 or POy (F;5=0.57,
P > 0.05) during either season, with N ranging
from 2.4-32.6 versus 3.6-32.2 pg 17! in up- versus
downstream reaches during the wet season and
11.3-186.1 pg 17" versus 3.2-100.8 pug 17" during
the dry season. The equivalent values for PO, were
1.1-4.4 versus 1.2-4.4 pg1™" (wet) and 1.6-4.8
versus 1.7-4.9 pg 17" (dry).
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Litter bags from one set of samples in the upstream
reaches in S1, S3, and S5 were lost during spates, and
thus the sample size for the up- versus downstream
comparison for the wet season was reduced from 44 to
41. Breakdown rates were significantly lower in
downstream reaches (mean % LML 4 SE = 54.9 +
3.0 vs. 42.0 &+ 3.5%) during the wet season, but were
similar between reaches during the dry season
(19.1 £ 1.0 vs. 17.6 £ 1.1%) (Table 1; Fig. 2; for
details, see Appendix in Supplementary material).
Regardless of the between-reach differences, break-
down rates were greater during the wet season than the
dry season (48 vs. 18% LML; Table 1; Fig. 2). The
faster litter breakdown may be partially attributable to
higher discharge (range = 3-303 vs. 0.3-18 157 )
and water temperatures (mean = 24.0 vs. 16.4°C)
during the wet season, although the greater flow
volume apparently diluted total N (mean = 6.5 vs.
52.7 pg 17h.

Although litter breakdown rates were more rapid in
upstream reaches during the wet season, there was no
significant relationship between AQ or AQ,, and
ALML (R* < 0.05, Fy 49 < 2.01, P > 0.164). How-
ever, when the analyses were conducted for discharge
(Q; 157" versus % LML, a positive relationship
was evident during the wet season (R2 = 0.19,
Fi18 =1797, P <0.001; arcsinvLML =7.16x
log,(,Q + 33.67) that was not apparent during the dry
season (R2 =0.03, F;53 =202, P=0.161). The
effects of width-specific discharge (Q,,) on litter break-
down were likewise significant during the wet season
only (wet: R*=0.17, Fig1 = 1654, P <0.001;
arcsin VLML = 7.74 x log,,Ow + 37.93).
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Fig. 2 Breakdown rates of Liquidambar formosana litter
(mean % leaf mass loss £ SE) in up- (U) and downstream
(D) reaches across all the streams during each season. A
significant between-reach difference (** P < 0.01) was
observed during the wet season

There were no inter-reach differences in abun-
dance of total macroinvertebrates, B. hainanensis
snails, or shredders during either season (Table 2).
Total taxon richness (TTrich) was reduced in down-
stream reaches during both seasons, but the effect
was greater during the dry season; diversity (exp H')
declined downstream during the dry season only.
Chironominae were more abundant downstream,
especially during the dry season (Table 2). Hierar-
chical partitioning revealed that discharge was the
best predictor of wet-season breakdown rates, and
accounted for 61% of the total explained variation in
this dependent variable (Fig. 3). None of the other
variables were influential, although the largest con-
tribution (11% of explained variation) was made by
TTrich. During the dry season, shredder abundance

Table 1 Results of repeated-measures ANOVAs for comparison of breakdown rates of Liquidambar formosana litter in up- and

downstream reaches during the wet and dry seasons

Three-way ANOVA

Two-way ANOVA

F df P F df P

Wet
Reach 13.477 1,8 0.006 Reach 14.812 1,8 0.005
Season 112.282 1,8 <0.001 Stream 3.140 8, 64 0.005
Stream 2.926 8, 100 0.006 Reach x stream 0.517 8, 64 0.839
Reach x season 12.852 1,8 0.007 Dry
Reach x stream 0.485 8, 100 0.864 Reach 2.237 1,8 0.173
Season x stream 1.315 8, 100 0.245 Stream 5.882 8, 36 <0.001
Reach x season x stream 0.274 8, 100 0.973 Reach x stream 1.520 8, 36 0.185
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Table 2 A summary of benthic macroinvertebrate assemblage attributes (mean, and range in parentheses) in up- and downstream

reaches across the 10 streams during the wet and dry seasons

Dry season

Upstream Downstream

Wet season

Upstream Downstream
TTrich 25.4 (19.7-33.2) 22.4 (16.0-28.2)**
exp H' 39.7 (22.3-65.1) 34.9 (15.4-63.1)
Abun 246.7 (114.8-547.5) 229.0 (123.6-456.7)
Chir 21.1 (4.8-52.6) 36.6 (3.8-105.6)**
Shre 10.8 (047.3) 6.9 (0-33.2)
Brot 10.0 (046.7) 6.2 (0-33.2)

30.4 (24.0-35.3)
52.4 (26.3-82.0)
225.7 (104.0-382.3)
33.5 (15.7-93.0)
11.4 (0-63.0)
10.3 (0-62.7)

24.8 (14.7-34.0)%*
31.4 (7.8-61.9)%*
331.8 (111.3-918.0)
60.7 (12.7-146.3)%*
9.7 (0-72.3)
8.7 (0-71.3)

TTrich total taxon richness, exp H' diversity, Abun total macroinvertebrate abundance, Chir abundance of Chironominae, Shre
shredder abundance, Brot abundance of Brotia hainanensis. Significant inter-reach differences are asterisked (ANOVA: ** P < 0.01)

(37%) and PO, concentration (33%) were the most
important predictors, and the abundance of Chiro-
nominae was also influential (16%) (Fig. 3). When
shredders were substituted by B. hainanensis snails,
similar results were obtained for both seasons, with
snails and PO, each contributing 34% and Chiro-
nominae 14% of the total explained variation in dry-
season breakdown rate.

Discussion

Liquidambar formosana litter generally decayed
rapidly, in accordance with previous studies in Hong
Kong streams (e.g. Li & Dudgeon, 2009; Li et al.,
2009). Faster breakdown during the wet season was
attributable to increased discharge and warmer tem-
peratures. Greater stream discharge tends to be
associated with accelerated litter breakdown (Casas
et al., 2000; Paul et al., 2006), because flow enhances
physical abrasion and fragmentation of leaves
(Webster & Benfield, 1986; Lepori et al., 2005).
Temperature stimulates the activity of aquatic fungi
(hyphomycetes), which are the major contributors to
litter breakdown in tropical streams (Padgett, 1976;
Mathuriau & Chauvet, 2002), and physical fragmen-
tation of litter is enhanced if it has been softened by
microbial activity (Bird & Kaushik, 1992; Paul et al.,
2006). In addition to seasonal variations in break-
down rate, inter-reach differences were evident and
breakdown was slower in downstream reaches (mean
% LML: 54.9% upstream vs. 42.0% downstream)
during the wet season. The importance of flow in

determining between-reach differences in breakdown
during the wet season in Hong Kong was confirmed
by the positive relationship between discharge and
breakdown rates, and this relationship was not seen in
the dry season. We assume that this was due to a
stronger physical processing of litter during the high
flow period.

Litter breakdown rate are often positively corre-
lated with nutrient loads (e.g. Suberkropp & Chauvet,
1995; Rosemond et al., 2002). Total N was higher
during the Hong Kong dry season, when PO, also
showed a non-significant increase, but their potential
effects were overwhelmed by effects of seasonal
variation in temperature and discharge. Nonetheless,
PO, concentration during the dry season (range =
2.6-6.4 pg 17") was one of the important predictors of
breakdown rates, as has been reported in previous
studies in Hong Kong (Li & Dudgeon, 2009),
presumably due to enhancement of microbial (fungal
and bacteria) activity (Rosemond et al., 2002).

We expected that flow reduction would be associ-
ated with reduced litter breakdown in downstream
reaches given flow-induced impairments in macroin-
vertebrate assemblages that we observed (Table 2: see
also Niu & Dudgeon, 2011). Muehlbauer et al. (2009)
reported declines in macroinvertebrate diversity and
fungal biomass on litter that were associated with
slower breakdown rates under conditions of reduced
flow, but retardation of breakdown related to flow
reductions were only evident during the wet season,
when stream flows were relatively high. The lack of
any inter-reach difference during the dry season
was similar to the findings obtained in inter-reach
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Wet season

¥ 8 8 8 8 a

% independent effects

Q N PO4 Clir Shre TTnch

Fig. 3 Percentage contribution of each predictor variable
(their independent effects) to the explained variation in
breakdown rates of Liquidambar formosana litter during the
wet and dry seasons as revealed by hierarchical partitioning

comparisons within three New Zealand streams
experiencing 89-94% flow reductions (Death et al.,
2009). Warmer temperatures and elevated nutrient
loads associated with flow reduction may accelerate
downstream breakdown rates and offset any decreases
attributable to reduced flow (Short & Ward, 1980).
However, such effects could be ruled out in this study,
as there were no inter-reach differences in tempera-
ture (difference < 0.5°C) during either season, nor
were there any differences in nutrient concentrations.
Hierarchical partitioning identified PO,, shredders (or
B. hainanensis) and Chironominae as the most impor-
tant predictors of dry-season breakdown rate, which
suggests that any inter-reach differences would have
been biologically mediated. There were inter-reach
differences in benthic macroinvertebrate assemblage
structure during the dry season (for details, see Niu &
Dudgeon, 2011) with lower assemblage diversity
and higher Chironominae abundance downstream
(Table 2). However, these hydrologically induced
biological changes did not result in discernable
changes in litter breakdown rate. A possible explana-
tion is that the downstream increase in Chironominae
abundance may have contributed to increased litter
breakdown rates that offset any decrease in break-
down induced by flow reduction. This, together with
the observation that neither shredder abundance nor
PO, concentration differed between reaches, may
account for the lack of any inter-reach or flow-related
differences in litter breakdown during the dry season.

Despite the lack of any inter-reach differences in
shredder abundance, they were nonetheless influential
in litter breakdown. This was apparent from the
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Dry season

30

20

Shre TTrich

Q N PO4 Chir

analyses. Q discharge, N total inorganic nitrogen, PO, total
phosphate, Chir Chironominae abundance, Shre shredder
abundance, Brot Brotia hainanensis abundance, TTrich total
taxon richness of macroinvertebrates

observation that breakdown rates among streams
during the dry season were influenced by shredder
abundance (primarily B. hainanensis snails) in benthos
samples and, to a lesser extent, the abundance of
Chironominae (see above). We assumed that the
composition and abundance of benthic macroinverte-
brates would have been similar to those on litter, since
they constitute the same taxa and there are virtually no
species confined to litter (Dudgeon & Wu, 1999; Li
et al., 2009). Significantly, Li & Dudgeon (2009) also
found that breakdown rates of L. formosana were
positively related to densities of benthic shredders
during the dry season in eight Hong Kong streams
(four shaded, four unshaded). The seasonal shift from
determination of litter breakdown rates by flow
volume during the high-discharge period (wet season)
to a weaker dependence on flow under base-flow
conditions (dry season) when biotic processes were
more discernable is mirrored by studies of algal
grazing in four unregulated Hong Kong streams where
the influence of herbivorous fish detected during the
dry season was overwhelmed by spate-induced distur-
bance during the wet season (Yang & Dudgeon, 2010).
It is conceivable that under high-flow conditions
during the wet season, flow may fragment leaves so
rapidly that it is the only determinant of breakdown
rate. However, we did not measure microbial biomass
or activity on litter during this study, and thus we
cannot rule out potential effects of microorganisms
during the wet season, nor can we estimate their
contribution to breakdown during the dry season.
Apart from alterations in macroinvertebrate assem-
blages, flow reduction may also affect detritivore
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feeding rates upon leaf litter (Casas et al., 2000).
Shredder feeding behaviour was beyond the scope of
the present study, but shredders were generally scarce
in all study reaches (mean % = 3.9-6.3% of total
abundance), as is typical of Hong Kong streams (e.g.
Dudgeon & Wu, 1999; Li & Dudgeon, 2008, 2009),
and did not differ significantly between reaches.
Similarly, low abundance of shredders and a lack of
response to flow reduction was reported from a
regulated New Zealand forest stream (Death et al.,
2009), although other changes in macroinvertebrate
assemblages were apparent. Although the extent of
inter-stream variation in the Hong Kong streams was
large enough that shredder abundance could take
account of a large proportion of explained variance
(>30%) of litter breakdown rate across streams, the
between-reach variation in shredder abundance within
each stream was relatively small. Furthermore, the
abundance of the dominant shredder, the prosobranch
snail B. hainanensis, was not related to discharge (Niu
& Dudgeon, 2011) perhaps because their ability to
pump water through an internal gill chamber makes
them less susceptible to flow reductions than other
lotic species which depend upon the current to deliver
oxygen to respiratory surface. A comparable situation
occurred in a Maine stream where channelization and
metal pollution reduced species richness and changed
macroinvertebrate assemblage composition without a
corresponding decline in litter breakdown rate,
because the dominant tipulid (Diptera) shredder was
tolerant of stress (Woodcock & Huryn, 2005).
Seasonal patterns in the responses of litter break-
down to flow reduction, with greater between-reach
differences in the wet season, were not consistent
with the effects of flow reduction on macroinverte-
brate assemblage structure. These were conspicuous
during the dry season whereas only minor inter-reach
differences were detected during the wet season (Niu
& Dudgeon, 2011). Evidently, this structural measure
did not respond to anthropogenic disturbance in the
same manner as the functional process of litter
breakdown (but see also Bunn & Davies, 2000;
Sandin & Solimini, 2009). Our findings accord with
those of Casas et al. (2000) who reported that changes
in shredder abundance and microbial biomass in a
regulated Spanish streams did not result in significant
changes in breakdown rate. Conversely, an increase
in litter breakdown rates has been reported in the
absence of changes in macroinvertebrate community

structure in Swedish streams impacted by forest
clear-cutting (McKie & Malmqvist, 2009). Litter
breakdown rate can affect the availability and tem-
poral stability of allochthonous resources in the
streams, as well as the downstream export of fine
particulate organic material (FPOM) which can be
consumed by collectors (e.g. Wallace et al., 1991). In
this study, litter breakdown was slowed downstream
of water extraction points during the wet season. The
broader implications of these changes might include
reduced downstream export of FPOM, with conse-
quential effects for consumers downstream, but
changes in organic matter dynamics were probably
rather minor as frequent spates during the wet season
would likely flush out even those reaches subject to
flow extraction and thus prevent the substantial
accumulation of litter at such sites. However, the
litter exported from affected reaches under such
circumstances would likely comprise larger leaf
particles, rather than FPOM. The consequences for
consumers further downstream would depend on the
degree to which flow reduction affected litter break-
down rates, and our results indicate that LML was
around 25% slower in reaches experiencing flow
reduction during the wet season. Nonetheless, leaves
in these reaches lost an average of 42% of their initial
mass over a 28-day period, indicating that organic
matter processing and litter fragmentation continued
to take place, albeit at a reduced rate, which suggests
that the potential effects on downstream export of
FPOM may have been fairly minor.

Our results show that flow plays an important
direct role in litter breakdown during high-flow
periods, but is overwhelmed by biological processes
during the low-flow conditions (Ferreira et al., 2006).
Although litter breakdown rates appear to offer a
promising functional indicator of the impacts of
water extraction during in the wet season in Hong
Kong, our wet-season data merely reflected the
physical effects of flow rather than underlying
biological processes, and the lack of a response to
flow reductions during the dry season, when condi-
tions are likely to be more critical for the biota, was
notable. We conclude that this functional parameter
provides complimentary information to the measure-
ments of assemblage structure, but its potential for
direct use in quantitative hydro-ecological models
intended to establish e-flow allocations may be
limited.
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