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Abstract: In an estuarine mudflat connected to a mountainous stream, coarse leaf material from deciduous trees was
examined for its utilisation by invertebrates, retention, and breakdown rate. Leaves from the stream were deposited in
the upper intertidal parts near the stream mouth. Their standing stocks were high in fall (~23.8 g AFDM·m–2) and
mostly disappeared by spring. Breakdown rates of red alder leaf packs were higher at subtidal and lower intertidal
stations (k = 0.013–0.027·day–1) than at stream channel and upper intertidal stations (k = 0.006–0.009·day–1). Longer
contact of leaves with relatively warmer seawater may have enhanced leaf breakdown by microbial activities. In the
upper intertidal stations, the decrease in the amount of deposited leaves from fall to spring (k = 0.023–0.039·day–1) was
faster than leaf breakdown in the leaf packs, thus physical export was probably significant in the decrease in deposited
leaves. Meanwhile, amphipods dominated the invertebrates colonising leaf packs. The invertebrate densities did not
significantly differ between natural and polyester leaf packs, suggesting contribution of leaves as a microhabitat rather
than a food source. The carbon and nitrogen stable isotope signatures of amphipods indicated that benthic microalgae
were their primary food source regardless of natural or artificial leaf packs.

Résumé : Nous avons étudié les feuilles décidues de ligneux en termes d’utilisation par les invertébrés, de taux de ré-
tention, et de vitesse de décomposition sur un plateau boueux estuarien connecté à un cours d’eau de montagne. Des
feuilles apportées par le cours d’eau se déposent dans la zone intertidale supérieure près de l’embouchure. Leur bio-
masse est élevée en automne (~23,8 g AFDM·m–2) et réduite à presque rien au printemps. La décomposition des
paquets de feuilles d’aulnes rouges est plus rapide sur les stations subtidales et intertidales inférieures (k = 0,013–
0,027·jour–1) que dans le chenal du cours d’eau et les stations intertidales supérieures (k = 0,006–0,009·jour–1). Le
contact plus prolongé des feuilles avec l’eau de mer relativement chaude pourrait avoir activé la décomposition des
feuilles via l’activité microbienne. Sur les stations intertidales supérieures, la réduction de la quantité de feuilles durant
l’automne et le printemps (k = 0,023–0,039·jour–1) est plus rapide que la décomposition des feuilles; l’exportation
physique joue donc probablement un rôle significatif dans la réduction des feuilles accumulées. Les amphipodes domi-
nent des assemblages d’invertébrés qui colonisent les paquets de feuilles. Les densités d’invertébrés ne diffèrent pas si-
gnificativement dans les paquets de feuilles naturelles et les paquets de feuilles en polyester, ce qui laisse croire que
les feuilles sont utilisé comme un microhabitat plutôt qu’en tant qu’une source de nourriture. La composition en isoto-
pes stables du carbone et de l’azote des amphipodes indiquent que ces animaux utilisent les algues microscopiques
comme principale source de nourriture dans les paquets de feuilles naturelles et artificielles.

[Traduit par la Rédaction] Sakamaki and Richardson 46

Introduction

Various materials, e.g., sediment, organic matter, and nu-
trients, are transported down through river systems (e.g.,
Wipfli et al. 2007), and parts of these fluxes are thought to
be deposited and retained in estuaries because of their rela-
tively low gradient. In estuaries, some studies applying sta-
ble isotope analyses showed that particulate organic matter
(POM) from rivers dominated the organic matter in sedi-
ments and significantly contributed to diets of organisms
(e.g., Thornton and McManus 1994; Chanton and Lewis

2002; Kasai and Nakata 2005). These studies indicate that
POM from rivers can greatly affect chemical and biological
features of estuaries. Meanwhile, the amount, origin, size,
and chemical compositions of POM transported through
rivers are expected to depend on characteristics of rivers
such as riparian condition, watershed land use, geological
features, and hydrological properties (e.g., Johnson and
Covich 1997; Hein et al. 2003; Munson and Carey 2004). In
the Pacific coastal ecosystem, there are many streams that
flow through steep, forested areas and discharge directly into
estuaries. Although this type of river is expected to transport
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substantial amounts of tree leaves to estuaries, the dynamics
and biological contribution of them to estuarine ecosystems
have not been well examined (Kochi and Yanai 2006).

Within stream ecosystems, it has been reported that leaves
provided from deciduous trees enhance secondary productiv-
ity of stream invertebrates, and temporal and spatial varia-
tion in leaf supply greatly affects community structures (e.g.,
Richardson 1991; Wallace et al. 1997). Leaves were also ex-
perimentally shown to be used primarily as a food source for
stream invertebrates, although some species likely used them
as microhabitat (Richardson 1992a; Dudgeon and Wu 1999).
In turn, feeding activities by stream invertebrates result in
enhanced leaf decomposition; in particular, shredders con-
tribute to leaf breakdown (e.g., Sponseller and Benfield
2001; Hieber and Gessner 2002). In streams, microbial ac-
tivities by bacteria and fungi also contributes to leaf break-
down, which is largely controlled by extrinsic and intrinsic
chemical factors such as nutrient concentration of ambient
water and chemical composition of leaf (e.g., Robinson and
Gessner 2000; Motomori et al. 2001). Physical fragmenta-
tion also accelerates leaf breakdown (Hill and Perrote 1995;
Hoover et al. 2006).

Estuaries have environmental characteristics that differ
from those of streams, potentially leading to unique dynam-
ics of leaf litter from streams. Tidal submersion–emersion
cycles in intertidal zones significantly affect the physical
environment, e.g., bed shear stress, temperature, and water
content of sediment (e.g., O’Brien et al. 2000; Uncles and
Stephens 2000), and tidal exchanges of seawater and fresh-
water vary the chemical environment, e.g., salinity and nutri-
ent concentration in water column and sediment (e.g.,
Kuwae et al. 2003; Sakamaki et al. 2006). Particularly in
intertidal zones, these environmental factors are also ex-
pected to vary spatially with elevation because of differences
in emersion time and water mixture rates. This may cause
spatial differences in leaf dynamics along the bed gradient.
As for leaf utilisation by organisms in estuaries, an experi-
mental study by Kochi and Yanai (2006) suggested that am-
phipods used oak leaves mainly as a habitat. However, it is
still unknown how environmental factors unique to estuaries
affect leaf litter dynamics and biological utilisation.

Studies in streams have shown that leaf species is an im-
portant factor controlling its breakdown rate and feeding and
colonisation by invertebrates (Canhoto and Graça 1996;
Motomori et al. 2001; Richardson et al. 2004). In the north-
west Pacific coast region, red alder (Alnus rubra) is a very
common species of deciduous tree. Alder leaves, which have
a relatively high nitrogen content, are known to have higher
breakdown rates and be a better food source in comparison
with leaves from other deciduous trees such as oak and
chestnut (Canhoto and Graça 1996; Motomori et al. 2001;
González and Graça 2003). In this study, we used alder
leaves in an experiment as a representative species for our
region and also as a species that might have stronger interac-
tions with biological processes in estuaries.

We have focused on intertidal flats as a representative of
estuarine depositional systems receiving terrestrial POM. The
objectives of this study were to examine retention of decidu-
ous tree leaves and their utilisation by organisms in an estuarine
tidal flat. In particular, we addressed the following questions.

(i) How long are leaves retained in the tidal flat? (ii) What
controls the retention of leaves in the tidal flat? (iii) Which
estuarine organisms use terrestrial leaves as food or habitat?

Materials and methods

Study sites
The estuarine tidal flat that we studied is at the inner end of

an inlet (Port Moody Arm of Burrard Inlet) near Vancouver,
British Columbia, Canada (49°17′N, 122°50′W) (Fig. 1). The
main stream input to this estuary is from Noons Creek
(about 0.3 m3·s–1, annual mean). This stream originates at
875 m elevation from a forested area and flows through the
middle to lower reaches where riparian forest buffers are
maintained in urbanised areas. The stream length and drain-
age area are about 11.5 km and 4.7 km2, respectively. The
maximum tidal amplitudes of this estuary in September and
December 2004 were about 3.4 and 5.0 m, respectively. The
elevations of the tidal flat area were estimated to range be-
tween about –2 and 1 m (from the mean water level in
2004). The tidal flat is predominated by muddy sediment,
and average mud content and organic content of four points
are 43% ± 12% and 4.9% ± 0.8% (mean ± standard error
(SE), n = 4), respectively (T. Sakamaki and J.S. Richardson,
unpublished data).

Investigation for standing stocks of leaves
The amount of deciduous leaves deposited (standing stock)

on the tidal flat sediment surface was measured on 5 No-
vember 2004, 17 February 2005, and 10 May 2005. In the
tidal flat, three transects (X, Y, Z) crossing the stream chan-
nel were set with intervals of about 100–200 m within the
upper part of the tidal flat (Fig. 1). On each transect, three
sampling plots of 2 m2 were set at 20 m intervals. Samples
were taken by thoroughly raking three times (rake with 2 cm
pitches and 2 cm crooks) across the sediment surface of
every plot. Collected leaves were washed on a 1 mm sieve in
the brackish water on the site. In the laboratory, materials
other than deciduous leaf, e.g., pieces of wood, coniferous
leaves, seashells, and gravel, were removed by tweezers and
dried at 60 °C for 48 h. Then the samples were analysed for
organic matter amount based on dry mass loss during com-
bustion (550 °C for 2 h).

Leaf pack experiment
A leaf pack experiment was conducted in the tidal flat to

determine decomposition rates of red alder leaves and exam-
ine utilisation of leaves by estuarine invertebrates. Eighteen
alder leaf packs were set at each of the stations A to F
(Fig. 1). In addition, 18 polyester artificial leaf packs were
set beside stations C and D (stations C-art and D-art). Sta-
tion A was in the freshwater section of the stream and was
not affected by tide. Stations B, C, and E were on the tidal
flat, located about 30 to 50 m away from the stream channel.
Station D was in the tidal channel of the stream. Station F
was submerged all the time and the water depth was always
>1 m. If invertebrates use leaf packs as habitat rather than as
a food source, then we would predict that there should be no
difference in the densities of invertebrates colonising the two
types of leaf packs (Richardson 1992a). For natural leaf
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packs, air-dried, senescent alder leaves weighing 5.0 g (to
the nearest 0.05 g) were put into nylon bags with 10 mm
mesh. For artificial leaf packs, polyester cloth cut into a size
and shape similar to that of natural alder leaves was put into
a different set of nylon bags. On 1 September 2004, the leaf
packs were placed on sediment surfaces in the field and tied
to nylon ropes anchored by bricks. The leaf packs were sam-
pled 2, 9, 21, 35, 52, and 105 days later after their initial
submersion. The air and stream water temperatures for Sep-
tember to December 2004 ranged from 1.7 to 18.4 °C (daily
means) and from 7.0 to 13.5 °C (five measurements), re-
spectively. The seawater temperature for September to Octo-
ber 2004 at station F ranged from 12.5 to 16.5 °C (three
measurements).

After sampling the leaf packs, leaves were taken out of
the nylon bags and washed well with <500 mL tap water on
a 0.5 mm sieve in the laboratory. The water that passed
through the sieve was kept to measure the amount of fine
material accumulated on leaves. All of the visible leaf debris
and invertebrates on the sieve were picked out using tweez-
ers. The leaf samples were dried at 60 °C for 48 h, and their
organic matter amount was determined by dry mass loss on

combustion at 550 °C for 2 h. For the samples of day 52 at
stations A, C, and F, leaf subsamples (ca. 0.3 g) were taken
for carbon and nitrogen analysis. The mass of the subsample
of each leaf pack was later added back to its organic matter
amount for leaf organic matter amount determination based
on the relationship between leaf dry mass and organic matter
content (loss on combustion). The invertebrates collected
from the leaf packs were preserved in 70% ethanol, identi-
fied, and counted. For the day 52 samples of both natural
and artificial leaf packs at stations C and C-art, 10 to
15 individuals of Monocorophium insidiosum (amphipod),
which numerically predominated our invertebrate samples,
were preserved at –20 °C for later carbon and nitrogen sta-
ble isotope analyses. To determine the initial conditions of
the leaves that were used for the leaf pack experiment, air-
dried alder leaves were also preserved in a –20 °C freezer at
the beginning of the experiment and later analysed for or-
ganic content, carbon, and nitrogen.

The amount of fine particulate matter (including inorganic
and organic) (FPM) and fine particulate organic matter
(FPOM) on the leaves was also quantified for all the leaf
pack samples. Because fine particulate materials on the leaves
were composed of uneasily depositing fine fractions and eas-
ily depositing coarse fractions, the amounts of these frac-
tions were determined in different ways and combined. For
the fine fractions, the water that was used for washing the
leaf samples was adjusted to 500 mL in a bottle and well
shaken. Then the turbid upper layer water of about 30–
50 mL was collected swiftly, measured to an accurate vol-
ume, and filtered through precombusted, preweighed glass
fibre filters (AE/E). These filters were dried at 60 °C for
48 h and then combusted at 550 °C for 2 h. For the coarse
fractions, the slurry deposited on the bottom of the above-
mentioned bottles was put on aluminum dishes, dried at
60 °C for 48 h, and combusted at 550 °C for 2 h. Then the
total amount (in mg) of FPM and FPOM on leaves were de-
termined by the following equations:

(1) FPM f d= ⋅ +FPM FPM
W

w

(2) FPOM FPOM FPOMf d= ⋅ +W

w

where FPMf and FPMd represent dry mass (in mg) of sam-
ples on the filters and dishes, respectively, FPOMf and
FPOMd represent dry mass loss (in mg) on combustion for
the filter and dish samples, respectively, w is volume of fil-
tered water (mL), and W is water volume that was used for
washing leaves (500 mL).

Carbon and nitrogen analysis
The frozen leaf and amphipod samples were dried at 60 °C

for 48 h immediately before processing. The samples were
ground by mortar and pestle and then analysed for carbon and
nitrogen content and carbon and nitrogen stable isotopes.
These samples were analysed by a continuous flow isotope
ratio mass spectrometer system (Europa Hydra 20/20) at the
University of California Davis Stable Isotope Facility (Davis,
California). Isotopic compositions were reported as parts per
thousand deviations (‰) from Pee Dee Belemnite for carbon
(δ13C) and from air for nitrogen (δ15N).
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Fig. 1. The intertidal flat studied in the Noons Creek estuary
near Vancouver, British Columbia, Canada (49°17 ′N, 122°50 ′W).
Bars and solid circles in the map indicate transects for sampling
deposited leaves (X–Z) and stations for the leaf pack experiment
(stations A–F), respectively. Stations C-art and D-art indicate the
places where artificial leaf packs were placed beside stations C
and D, respectively.



Data analyses
Both leaves deposited on the tidal flat sediment and rem-

nant leaves in the leaf packs showed simple decreasing trends
in the amount of material, so they were fit to the exponential
model:

(3) M Mt
kt= ⋅ −

0 e

where Mt is leaf dry mass (determined as loss on combus-
tion) at time t, M0 is initial leaf dry mass, and k is leaf
decrease rate coefficient. The k for deposited leaves (k1) in-
dicates subsequent net decrease rate resulting from physical
import and export of leaves and leaf breakdown. On the
other hand, the k for leaf packs (k2) shows leaf breakdown
rate. To test whether k2 differed significantly between the
stations, analysis of covariance (ANCOVA) was conducted;
the interaction terms of station (factor) and time (covariate)
were analysed.

Nonparametric, multiple comparisons by the Steel–Dwass
test were conducted to examine whether the numbers of
invertebrates and species in leaf packs differed between the
stations and whether leaf type (natural vs. artificial) affected
invertebrate colonisation. To explore factors governing inver-
tebrate colonisation in leaf packs, linear regression analyses
were conducted for relationships of invertebrate numbers
with days after the leaf pack submersion and with FPM and
leaf amounts, dividing the period of the leaf pack experiment
into before day 21 and after day 21. Furthermore, the differ-
ence in C:N between the leaf samples was tested by
ANOVA, followed by Tukey’s honestly significant difference
(HSD) test. Multiple analyses of variance (MANOVA) were
conducted to test differences in the stable isotope signatures
between the amphipods and between the leaf samples. The
MANOVA was followed by calculation of least square
means for multiple comparisons.

SAS version 9.1 (SAS Institute Inc., Cary, North Carolina)
was used for all the statistical analyses in the present study.
For the Steel–Dwass test, we used a SAS program developed
by Hamada and Yamamoto (1999) applying the PROBMC
function.

Results

Standing stock of leaves
The mean values of standing stocks of deciduous leaves in

the tidal flat decreased with distance from the stream mouth
(Fig. 2). They also decreased with time during the sampling
term, high in fall and low in spring. The highest standing
stock was observed at 23.8 g·m–2 on transect X in November
2004. Leaves were deposited on all the sampling plots in
November 2004 and February 2005, whereas they were not
observed at four sampling plots in May 2005. The rate coef-
ficient for temporal decrease in standing stock of leaves, k1,
was the highest on transect X and almost equivalent between
transects Y and Z (Table 1).

Leaf breakdown and invertebrate colonisation in leaf packs
At station F, leaf packs were not collected for days 9 and

105 because of missing samples. The leaf mass in the leaf
packs decreased consistently with time in all the stations.
The leaf breakdown rate in the leaf packs, k2, differed signif-
icantly between the stations (ANCOVA, F5,85 = 17.61, p <
0.0001) (Table 1). The k2 was lower at the stations in the up-
per intertidal parts of the tidal flat and the stream channel,
i.e., stations A, B, C, and D, than at the stations in the lower
intertidal and subtidal parts, i.e., stations E and F. The high-
est k2, 0.0265·day–1 in station E, is almost five times as large
as the lowest one, 0.0057·day–1 in station B. In the upper
intertidal parts (transect X–Z and stations B and C), k2 was
smaller than k1 (factor of about 4–6.5).

The total numbers of invertebrates and species in the leaf
packs did not differ significantly between the stations
(Fig. 3). We observed 12 species in this study, of which
Amphipoda numerically dominated at all the stations:
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Fig. 2. Seasonal and spatial variation in standing stocks of leaves
on the transects (mean ± standard error, n = 3). Shaded bars,
transect X; open bars, transect Y; solid bars, transect Z.

Transects
or stationsa k1 or k2

a
SE r2 p n

Deposited leaves
X 0.0391 0.0078 0.78 0.0016 9
Y 0.0227 0.0080 0.53 0.0252 9
Z 0.0228 0.0077 0.55 0.0217 9

Leaf pack
A 0.0079 0.0019 0.57 0.0011 15
B 0.0057 0.0009 0.72 <0.0001 17
C 0.0064 0.0009 0.77 <0.0001 18
D 0.0085 0.0007 0.91 <0.0001 18
E 0.0265 0.0038 0.76 <0.0001 18
F 0.0133 0.0028 0.69 0.0008 12

Note: SE, standard error; r2, coefficient of determination; p, probability;
n, sample number.

aTransects and k1 for deposited leaves; stations and k2 for leaf pack.

Table 1. Rate coefficients (exponents of the negative exponential
model) for decrease in standing stock of leaves on the transects
(k1) and leaf breakdown in the leaf packs (k2).



M. insidiosum was the most numerous, followed by Locusto-
gammarus levingsi and Ampithoe valida (Fig. 4). The num-
ber of M. insidiosum and Hemigrapsus oregonensis
(Decapoda, crab) were not significantly different between
the stations. Locustogammarus levingsi (Amphipoda) abun-
dance was relatively low at station C-art and high at stations
D, D-art, and E. Zeuxo normani (Tanaidacea) was relatively
low at station F and high at station C. Haliplanella sp.
(Actiniaria, anemone) and Polychaeta were relatively abun-
dant at stations C and F, respectively. No species showed
significant differences in their numbers between natural and
artificial leaf packs.

In the leaf pack experiment, the maximum densities of
most invertebrate species were observed between days 21
and 52. Until day 21, the amount of accumulated FPM, the
number of invertebrates, and species number increased with
time (Fig. 4; Table 2). After day 21, temporal trends differed
between species (Fig. 4). Monocorophium insidiosum tended to
decrease significantly along with the decrease in leaf amount
after day 21 (Table 2). Both Z. normani and H. oregonensis
differed in temporal, numerical trends between stations but
showed tight relationships with FPM amount rather than
amount of remaining leaves after day 21 (Table 2). FPM and
FPOM were significantly correlated both before and after
day 21 (before day 21, r = 0.99, p < 0.0001; after day 21,
r = 0.60, p = 0.014).

Chemical properties of leaves and amphipods
Leaves incubated in stations A, C, and F showed signifi-

cant decreases in C:N by day 52 compared with the ratio at
the beginning of the incubation (ANOVA, F[3,8] = 23.11, p =
0.0003) (Fig. 5). For the day 52 samples, the mean value of
leaf C:N was the lowest at station F and the highest at sta-
tion A, although no statistically significant differences were
detected between the stations. MANOVA showed that leaf
δ13C and δ15N were enhanced during the 52-day incubation
(Wilks’ Lambda, F[6,14] = 7.15, p = 0.001) (Fig. 6). Leaf δ13C
was enhanced significantly only in station F (least square
means, p = 0.008). Leaf δ15N was enhanced significantly in
all of stations A, C, and F, and leaf δ15N in day 52 was more
enhanced in stations C and F than station A (least square
means, p ≤ 0.019). The amphipods from both natural and
artificial leaf packs and ambient amphipods showed no sig-
nificant differences in their isotope signatures (MANOVA,
Wilks’ Lambda, F[4,10] = 3.32, p = 0.056). Both δ13C and
δ15N of amphipods deviated from the signatures of leaves
but were close to those of benthic microalgae.

Discussion

Leaf retention and breakdown in the estuarine tidal flat
Based on our measurements on the transects along with

visual observations, areas of leaf deposit appeared to be lim-
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Fig. 3. The numbers (mean ± standard error, n = 3) of total macroinvertebrates (a) per leaf pack and (b) per gram of leaf and (c) the
numbers of species colonising leaf packs. The Steel–Dwass test did not detect a significant difference between the stations (p > 0.05
for all combinations of the stations). Note the different y axis scales between panels.



ited to near the stream mouth and along the stream channel
of the upper part of the tidal flat. In this part, the observed
standing stock of leaves, <23.8 g·m2, was of the same order
of magnitude as that in streams (Richardson 1992b; Delong
and Brusven 1993; González and Pozo 1996). The standing

stocks had a seasonal trend: leaves were deposited in fall
and most of them disappeared by spring. This trend is quite
similar to one of deciduous tree leaves in some headwater
streams (Richardson 1992b), and the timing of leaf litter in-
put to the stream was probably a significant predictor for the
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Fig. 4. The numbers (mean ± standard error, n = 3) of invertebrates (per leaf pack) colonising leaf packs: (a) Monocorophium
insidiosum (Amphipoda), (b) Locustogammarus levingsi (Amphipoda), (c) Zeuxo normani (Tanaidacea), (d) Haliplanella sp. (Actiniaria,
anemone), (e) Hemigrapsus oregonensis (Decapoda, crab), and (f) Polychaeta. Different letters indicate significant differences between
the stations (Steel–Dwass test, p < 0.05). Note the different y axis scales between panels.



temporal trend in the standing stock of leaves in the tidal
flat. In addition, the fact that k2 was significantly smaller
than k1 indicates that leaf breakdown due to biological pro-
cesses did not significantly contribute to the observed de-
creases in standing stock, and physical export may have
been the dominant process in the decreases.

The alder leaf breakdown rates in our leaf pack experi-
ment (k2), 0.0057–0.0265·day–1, were within the range,
0.004–0.047·day–1, determined in headwater streams of the
same region under a wide range of temperatures, 2.0–
13.4 °C (Richardson 1992b). Hoover et al. (2006) experi-
mentally demonstrated that breakdown of alder leaves was
slower in riffle stations with relatively high sheer stresses
and suggested that the leaf breakdown was accounted for by
biological processes rather than mechanical fragmentation.
Our results also showed that leaf breakdown was relatively
slower in the stations within the stream channel, i.e., stations
A and C, although the shear stresses were expected to be rel-

atively stronger due to the stream current. Thus, the spatial
variation in breakdown rates of the leaf packs in this study
was probably not attributable to mechanical fragmentation
differing among the stations.
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Independent

Before day 21 After day 21

Dependent Day Leaf FPM Day Leaf FPM

Leaf 0.40**, – — 0.08, – 0.55***, – — 0.00, +
FPM 0.19*, + 0.08, – — 0.07, + 0.00, + —
Monocorophium insidiosum 0.25*, + 0.24, – 0.03, + 0.14, – 0.32*, + 0.35, +
Locustogammarus levingsi 0.26*, + 0.05, – 0.30*, + 0.10, – 0.06, + 0.06, +
Ampithoe valida 0.40**, + 0.42*, – 0.05, + 0.30*, – 0.18, + 0.01, +
Zeuxo normani 0.17, + 0.36*, – 0.10, + 0.19*, + 0.01, – 0.76***, +
Haliplanella sp. 0.34**, + 0.18, – 0.00, + 0.00, + 0.03, + 0.01, +
Hemigrapsus oregonensis 0.35**, + 0.17, – 0.88***, + 0.08, – 0.13, + 0.64**, +
Polychaetes 0.12, + 0.26, – 0.08, + 0.06, – 0.02, + 0.07, –
Total individual number 0.31*, + 0.29*, – 0.06, + 0.12, – 0.34*, + 0.14, +
Species number 0.86***, + 0.24, – 0.22*, + 0.32, – 0.69, + 0.01, +

Note: The experiment period was divided into two phases: days 2–21 (before day 21) and days 35–105 (after day 21). The
results are shown as coefficients of determination (significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001). Plus and minus
signs indicate positive and negative relationships, respectively.

Table 2. Results of linear regression analyses for day since leaf pack submersion, amount of remaining leaves,
amount of fine particulate matter (FPM) accumulated in leaf packs, and invertebrate numbers in leaf packs.

Fig. 5. Carbon–nitrogen mass ratio (mean ± standard error, n =
3) of leaves in leaf packs for day 0 (initial condition) and day
52 at stations A, C, and F. Different letters indicate significant
differences between the stations (Tukey’s honestly significant
difference (HSD) test, p < 0.05).

Fig. 6. δ13C and δ15N (mean ± standard error, n = 3) of leaves
and amphipods (Monocorophium insidiosum) in leaf packs. For
leaves: init, initial leaves before submersion (day 0); A, C, and
F, stations A, C, and F (day 52). For amphipods: amb, ambient
amphipods; nat, amphipods from natural leaves in station C (day
52); art, amphipods from artificial leaves in station C (day 52).
δ13C and δ15N of marine fine particulate organic matter (FPOM)
(n = 4), stream FPOM (n = 12), benthic microalgae (n = 3 for
each season), and ambient amphipods (n = 3, July 2004) are
cited from research conducted in the same tidal flat in 2004–
2005 (T. Sakamaki and J.S. Richardson, unpublished data).



Many studies in freshwater have shown a significant con-
tribution of macroinvertebrates to leaf breakdown (e.g.,
Richardson 1992a; Wallace et al. 1997; Hieber and Gessner
2002). In our leaf pack experiment, however, k2 differed sig-
nificantly between the stations, despite no significant differ-
ence in total number of invertebrates occupying the leaf
packs. Particularly in station E, although it was distinct that
the invertebrate number was not higher than those of the
other stations, k2 was the highest. These facts suggest that
leaf breakdown in the tidal flat was attributable not to inver-
tebrates but to microbial processes. In a tidally affected
freshwater system, Hill and Perrote (1995) also reported a
case of significant contributions of microbial activities to
breakdown of terrestrial leaves. In addition, previous studies
in estuaries showed that bacteria on terrestrial plant detritus
with relatively low nitrogen content incorporated nitrogen
from ambient water resulting in C:N increase and δ15N en-
hancement (Findlay and Tenore 1982; Caraco et al. 1998).
Thus, the decrease in C:N and enhancement of δ15N in our
leaf pack experiment were also probably attributable to bac-
terial activity.

Richardson (1992b) demonstrated strong positive relation-
ships between alder leaf breakdown rate and temperature.
Air temperature was lower than water temperature at times
during our leaf pack experiment, which was conducted in
fall to early winter. Longer periods of submersion in the rel-
atively warmer seawater and supporting higher microbial
activities are a probable explanation for the higher leaf
breakdown rate (k2) in the lower intertidal and subtidal ar-
eas, i.e., stations E and F.

Leaf utilisation by tidal flat invertebrates
Until day 21 of the leaf pack experiment, time was the

most important factor for invertebrate colonisation. The ob-
served times for most invertebrate species to reach their
maximum numbers, 21–52 days, were equivalent with times
for invertebrate colonisation in streams (e.g., Richardson
1992a; Hieber and Gessner 2002). After day 21, the factors
governing invertebrate colonisation likely differed between
species, e.g., the number of M. insidiosum likely depended
on the amount of remaining leaves, whereas the numbers of
Z. normani and H. oregonensis were significantly related to
FPM amount accumulated on leaves. Specific factors gov-
erning colonisation of the other species, e.g., L. levingsi,
Haliplanella sp., and polychaetes, were not found, as they
did not show significant relationships with the variables tested.

The result that invertebrate densities did not significantly
differ between natural and artificial leaf packs indicates the
contribution of leaves mainly as habitat rather than food
source. In addition, the fact that the stable isotope signatures
of M. insidiosum did not significantly differ between ambi-
ent habitat, artificial, or natural leaf packs also supports their
use of leaves as habitat. An experiment by Kochi and Yanai
(2006) also suggested that estuarine amphipods used oak
leaves mainly as habitat, consistent with our results. Rich-
ardson (1992a) showed that in streams, colonisation of leaf
packs by some nonshredders was associated with FPOM ac-
cumulation, suggesting their use of FPOM as food source.
However, in contrast to streams that retain less FPOM, the
tidal flat has abundant ambient FPOM. Hence, in the tidal
flat, the FPM-associated colonisation of the leaf packs by

the invertebrates, i.e., Z. normani and H. oregonensis, proba-
bly did not aim for FPOM as a food source. The complex of
FPM and leaves may have provided habitat suitable for them.

In tidal flats, benthic microalgae is highly productive and
reported to be the dominant food source for benthic inverte-
brates (e.g., Kang et al. 2003; Yokoyama and Ishihi 2003).
Our results for amphipod δ13C and δ15N also indicated that
the amphipods assimilated a substantial proportion of their
diet from benthic microalgae in our study site. In general, al-
gal material is thought to have higher nutritional value than
terrestrial organic material because of its relatively low C:N.
This may have led to the contribution of the leaves not as
food source, but as habitat in the tidal flat, whereas there are
invertebrates that shred leaves and feed directly on them in
streams, i.e., shredders (e.g., Richardson 1991, 1992a;
Wallace et al. 1997).

Our study demonstrated that leaves were not directly as-
similated by invertebrates and likely primarily provided
microhabitats in the tidal flat. However, leaves can be finely
fragmented and nutritionally enhanced through microbial
mediation (Findlay and Tenore 1982; Caraco et al. 1998).
Effects of such processes on estuarine invertebrates need to
be examined in further studies in order to conclude on the
role of terrestrial leaf material in estuaries. Furthermore, am-
phipods, the most significant users of leaves in our study, are
thought to be an important food source for fish in estuarine
ecosystems (e.g., Levings et al. 2004; Hampel et al. 2005).
Hence, further studies may also need to evaluate the tempo-
rary but substantial provision of invertebrate microhabitats
by terrestrial leaf inputs in terms of contribution to higher
trophic level consumers.
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