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ABSTRACT

South-eastern Australian forested catchments supply most of Melbourne's drinking water, and discoloured water poses signif-
icant challenges for authorities because of the need for complex and costly treatment procedures. Identifying the sources and
mechanisms of colour production is therefore critical. We investigated the role of leaf litter from five common catchment tree
species in generating water colour under three moisture conditions (Saturated, Moist and Air-dry) by conducting a laboratory
leaching experiment. Results showed that leaf litter under Moist conditions (2871.2 & 383.24 PCU) produced significantly higher
cumulative colour compared with Saturated (496 +98.34 PCU) and Air-dry (452.2 +62.67 PCU) conditions. This is likely due to
optimal microbial decomposition under Moist conditions, where both oxygen and water availability are sufficient. In contrast,
Saturated samples exhibited a faster initial rate of colour production that peaked earlier (Week 1) than Moist (Week 2) and Air-dry
(Week 4) samples, likely driven by a combination of leaching and decomposition processes. In Moist and Saturated samples, de-
composition was strongly correlated with the colour generation process. When species effects are considered, Eucalyptus radiata
had the highest cumulative colour production (1711.33 +892.61 PCU), whereas Eucalyptus regnans had the lowest (730 +320.44
PCU). Our findings highlight the critical role of litter moisture in driving colour generation in drinking water catchments. Future
research should focus on understanding how changes in rainfall patterns and subsequent litter moisture levels may influence col-
our production. Such insights could inform management strategies to mitigate water discolouration and reduce treatment costs.

1 | Introduction runoff, fresh waters may exhibit a yellow, brown or even

black true colour as a result of natural processes. Natural

Discoloured surface waters are a common issue faced by
catchment management authorities around the world.
Depending on the type of light-absorbing material present
in water, colour can be referred to as ‘true colour’, which is
caused by dissolved components only, and ‘apparent colour’,
which is caused by both dissolved and suspended compo-
nents (Zobkov and Zobkova 2020). Although increased water
colour can be caused by a range of anthropogenic activi-
ties, including industrial waste discharge and agricultural

water discolouration may partially occur because of exces-
sive algal growth and dissolved metals like iron and manga-
nese; however, high true water colour is believed to be largely
caused by coloured dissolved organic matter (CDOM) com-
monly referred to as ‘gilvin’, ‘gelbstoff’ or ‘yellow substance’
(Kirk 1976; Luo et al. 2020; Qiu et al. 2005). These coloured
organic compounds, primarily polyphenols like tannins and
humic substances such as humic and fulvic acids, are leached
into the rivers and lakes from soils, aquatic vegetation and
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decomposing terrestrial vegetation, particularly from litter,
bark and tree roots (Christman and Ghassemi 1966; Cuassolo
et al. 2021; Das et al. 2020; Mitchell 1990; Novak et al. 1975;
Yang et al. 2019; Zobkov and Zobkova 2020).

High concentrations of dissolved organic carbon (DOC) that
tint the water may have significant implications for water qual-
ity and stream ecology. Intense water colour is caused by the
DOC compounds absorbing light in the UV and short wave-
length visible regions of the spectrum, which limits light and
heat penetration (Novak et al. 1975; Solomon et al. 2015). This,
in turn, negatively affects autotrophic productivity and preda-
tor-prey interactions that are dependent on light availability
in freshwater ecosystems (Solomon et al. 2015). However, as
DOC also serves as an excess carbon source in streams, weak
discolouration of waterways might have the opposite effect on
primary productivity in some water bodies and promote algal
growth, potentially leading to eutrophication (Boyd 1972; Liu
et al. 2022; Novak et al. 1975). Apart from attenuating light and
supplying carbon, CDOM lowers the pH of water, which may
also alter solubility, mobility and bioavailability of nutrients
and contaminants, e.g., heavy metals, thus indirectly affecting
aquatic organisms (Novak et al. 1975; Qiu et al. 2005; Solomon
et al. 2015). Moreover, humic substances and tannins may pos-
sess direct toxicity effects on aquatic invertebrates and fish, as
well as interfere with their reproduction processes, potentially
decreasing the physical health of individuals and the ability of
populations to persist in highly coloured freshwater environ-
ments (Morrongiello et al. 2011; Yang et al. 2019).

Continuous water discolouration can alter not only the biologi-
cal activity of affected streams but also the acceptability of har-
vested water for domestic and industrial water supply (Bennett
and Drikas 1993; Mitchell 1990; Novak et al. 1975). Although
water with high CDOM content is mostly an aesthetic issue in
water supplies because of its colour and potentially unpleasant
odour and taste, it may become harmful for human consumption
if the water colour is not removed prior to disinfection during
the water treatment procedure. As increased true colour of
water is largely associated with the presence of coloured organic
compounds, the residual disinfection of water with chlorine ions
can result in the formation of disinfection by-products or DBPs
(e.g., trihalomethanes [THMs| and haloacetic acids [HAAs])
that are potentially linked to cancer and adverse reproduc-
tive/developmental effects in humans (Dayarathne et al. 2021;
Ghernaout 2020; Hongve and Akesson 1996; Krasner 2009;
Mitchell 1990). The presence of organic matter in water was also
found to lower the efficiency of water treatment procedures by
clogging filter membranes, corroding pipes and fittings, which
may elevate copper and lead concentrations in water, as well as
interfering with the UV disinfection and promoting the forma-
tion of biofilms in the distribution system, which encourages the
growth of pathogens (Ghernaout 2020).

There are multiple effective methods of water colour removal
currently in use (e.g., coagulation and flocculation, adsorption
to activated carbon/chitosan/resins/minerals, chemical oxida-
tion with ozone, membrane filtration and biological treatments
like biofiltration), but the majority of the existing methods
are expensive (Dayarathne et al. 2021; Zhang et al. 2015). As
a result, using less coloured water sources for big cities with

a growing drinking water demand is usually preferred by the
catchment management authorities (Pikaev et al. 1996). It is pre-
dicted that the changing climate in the future will likely further
increase natural water colour generation in forested catchments
because of enhanced primary productivity and changes in the
forest structure and composition that result from increasing
temperature, changing precipitation regimes and more frequent
bushfire events (Ghernaout 2020; Solomon et al. 2015). This
highlights the need to study the sources of natural water disco-
louration in forested catchments in an attempt to avoid increas-
ing colour generation and reduce the operational costs in water
treatment plants in the future.

Although it is broadly known that water colour comes from
decaying vegetation, its exact chemical composition and mech-
anisms of colour generation are still understudied as both can
vary spatially and temporally because of differences in decom-
position conditions and decomposing material (Christman and
Ghassemi 1966; Hensgens et al. 2021; Kirk 1976; Mitchell 1990;
Novak et al. 1975; Qiu et al. 2005; Solomon et al. 2015). As the
process of decomposition heavily relies on microbial activity, op-
timal environmental conditions must be met to facilitate the rate
of organic material breakdown. In general, maximum decom-
position rate and litter leaching can be achieved under warmer
temperatures, higher moisture levels and sufficient oxygen
access (Giweta 2020; Liu et al. 2022; Nykvist 1959). However,
decomposition rates are also dependent on litter quality, which
is determined by the C:N ratio and total nutrient content in lit-
ter, i.e., the rate of decomposition increases with lower carbon
(lignin and cellulose) and higher nutrient (nitrogen and phos-
phorus) content (Cuassolo et al. 2021; Giweta 2020; Grootemaat
et al. 2017; Liu et al. 2022; Nykvist 1959; Prescott 2010; Steart
et al. 2009). As these vary greatly between different plant spe-
cies and material types (e.g., leaves and bark), the potential for
CDOM generation also tends to differ (Giweta 2020; Grootemaat
et al. 2017; Hensgens et al. 2021; Nykvist 1959).

Despite understanding that the process of organic matter decom-
position is likely the major driver of colour generation in forested
catchments, exact environmental conditions favouring exces-
sive colour production and the relative contribution of different
plant species and material types to the extent of released colour
are still largely unknown. Most of the existing research focuses
on measuring DOC content and/or colour in field water sam-
ples (e.g., Bennett and Drikas 1993 and Kirk 1976 in Australia,
Timperley 1985 in New Zealand, Watts et al. 2001 in the United
Kingdom, Leenheer 1980 in Brazil and Luo et al. 2020 in China),
and only a couple of studies were found to experimentally inves-
tigate the drivers of DOC release and colour generation in water
(e.g., Francis and Sheldon 2002 and Qiu et al. 2005 in Australia,
Christman and Ghassemi 1966 and Novak et al. 1975 in the
United States and Hongve 1999 in Norway). Moreover, only one
study by Qiu et al. (2005) attempted to investigate the sources of
colour, i.e., a light-absorbing fraction of DOC generation rather
than overall DOC production, in the context of Australian fresh-
water streams. Therefore, our study aimed to further explore
and quantify the relationship between decomposition condi-
tions, particularly moisture and oxygen availability, and colour
generation, as well as between different plant species/decom-
posing material types and colour generation in Australian tem-
perate forests.
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2 | Methods
2.1 | Study Area and Sample Collection

The true colour generation potential of decomposing leaf and
bark materials was studied in a leaching experiment. The
study was conducted on litter collected from the McMahons
Creek catchment, one of the major tributaries of the Upper
Yarra River in north-eastern Victoria, Australia (Figure 1).
The upper part of the Yarra River catchment is situated in
the forested, mountainous, high-rainfall region, which has
been protected from public access for over 100years and
currently supplies more than 65% of the city of Melbourne's
drinking water (Barua et al. 2013; Melbourne Water 2023).
McMahon's Creek is a topographically diverse catchment with
elevations ranging from 300 to 900m (Figure 1). This leads
to highly variable rainfall and temperature patterns, but the
average annual precipitation in the area is 1081 mm (Bureau
of Meteorology 2025a), and the average annual daily tempera-
tures vary between a maximum of 25°C in January and a min-
imum of 5°C in July (Meteoblue 2025).

We selected the five most commonly found (that grow in
close proximity to waterways) overstorey plant species
(VicFlora 2025) in the McMahons Creek catchment, includ-
ing Acacia dealbata, Acacia melanoxylon, Eucalyptus radi-
ata, Eucalyptus regnans and Nothofagus cunninghamii for
our study. The collected samples included fresh leaves from
all five plant species and two types of bark from E. regnans
(Figure 1). Bark sample 1 included E. regnans shedding
smooth bark from the upper part of the tree trunk, and bark
sample 2 included rough, fibrous bark from the lower part of
the tree trunk. Extension poles were used to collect mature
leaves and bark from the tall Eucalyptus trees (with a max-
imum collected height of 7-8 m), whereas leaves of smaller
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1481
H 95
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E.regrians (bark 2)

Acacia and Nothofagus trees were hand-picked at 1- to 2-m
height. Sampling heights were determined based on the low-
est height at which mature leaves typically develop in each
species.

2.2 | Litter and Bark Leaching Experiment

The colour was extracted from leaves and bark by submerging
15g (dry weight) of samples in polyester mesh bags in 1L of
deionised water for 15min in a temperature-controlled lab-
oratory (23°C). To ensure that all generated colour has been
extracted, this procedure was performed twice on each mea-
surement day. The effect of different moisture and oxygen
levels on the amount of colour generated from decomposing
organic material was tested by incubating litter/bark samples
in three types of conditions (‘Air-dry’, ‘Moist’ and ‘Saturated’),
adding water to the samples and measuring water colour.
Since different parts of the catchment are exposed to variable
rainfall and drainage patterns because of the high topographic
variability, different elevation levels were used as a proxy for
general moisture content in litter. ‘Air-dry’ conditions were
created by draining the water after colour measurements and
keeping the containers with the samples exposed to air at all
times, thus generating a low-moisture, high-oxygen environ-
ment that represents drier conditions of lower elevation areas.
‘Moist’ conditions were created by draining the water after co-
lour measurements and keeping the containers airtight, thus
generating a sufficient moisture and oxygen environment
that represents the more humid conditions of upper elevation
areas. The ‘Saturated’ conditions were created by keeping the
samples in closed containers filled with water at all times, thus
generating a high-moisture and low-oxygen environment that
represents in-stream conditions. The duration of the experi-
ment was 26 weeks for all samples. However, the frequency

A. dealbata

E. radiata
|
Q‘

E. regnans

Le

N. cunninghamii

E. regnans(b1) E. regnans(b2)

A. melanoxylon
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FIGURE1 | The McMahons Creek catchment and the locations where each leaf and bark samples were collected. Images of collected samples are

also displayed in the figure.
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of water additions, followed by colour measurements, varied
throughout the experiment: weekly for the first 6 weeks, then
fortnightly for the next 6 weeks and finally monthly for the
last 14weeks. In addition to apparent and true colour mea-
surements, turbidity (NTU), electrical conductivity (uS/cm),
pH and temperature of coloured water were recorded.

2.3 | Colour Measurements

All colour measurements were performed using the Portable
Photometer-HI97727 (Hanna, USA) that measures colour in
platinum-cobalt units (PCU) at 420nm. This method was chosen
because of the simplicity of measurements and data interpretation,
fast colour reading times and low operational costs. The appar-
ent colour of water was measured by analysing raw samples, and
the true colour of water was measured by analysing samples that
were filtered using the 0.45-um syringe filter (Figure S1). To avoid
potential instrumental errors and water colour degradation with
time, all colour measurements were performed at room tempera-
ture on the day of water additions. Since 1 PCU is equivalent to
1mg/L of Pt in Pt-Co solution, and all water additions were 1L, the
cumulative colour generation results were calculated by adding up
colour values from each separate measurement and expressed in
mg of Pt-Co eq. units. To ensure the accuracy of photometric mea-
surements, UV-Vis spectrophotometric measurements (Analytik
Jena SPECORD 250 PLUS, Germany) were done for 216 samples
and compared with values measured by Hanna photometer, re-
sulting in a strong correlation of 0.92-0.94 between the two meth-
ods (Figure S2).

2.4 | Dry Mass Loss Measurements of Incubated
Samples

The dry mass loss was calculated by oven-drying leaf and bark
samples at 60°C-70°C for 48 h. The initial dry mass of the sam-
ples was determined by separating representative 15g of subsa-
mples and oven-drying them. The final dry mass of the samples
was calculated by oven-drying all the samples that were used in
the experiment after the final colour measurement (Figures S3
and S4). The percentage dry mass loss was then calculated using
the following equation:

Wo-W,
Dry massloss (%) = | ———— ) x 100
WO

where W is the initial dry mass of the litter and bark subsamples
(g) and W, is the final dry mass of the litter and bark samples
used in the experiment (g).

2.5 | Statistical Analysis

Although both apparent and true colour were measured in this
experiment (Figures S5 and S6), only true colour was used in
subsequent analyses, as apparent colour measurements are
influenced by sample turbidity. PERMANOVA (multivariate
permutational ANOVA) was used to investigate the effects of
moisture status (Air-dry vs. Moist vs. Saturated, fixed effect)
on the true colour generation of the leaf samples. Bark samples

were excluded from the statistical analysis because of an insuf-
ficient sample size. PERMANOVA was chosen because of the
right-skewed nature of the true colour dataset, even after log-
transforming the data. Euclidean distance was used for the re-
semblance matrices, running 999 permutations with Type III
(partial) sums of squares. All the statistical analysis results were
reported at a confidence interval of 0.05. Furthermore, a non-
linear least squares (NLS) model was fitted to cumulative true
colour generation in order to identify asymptotic points of true
colour generation under three moisture conditions, as well as for
different species. The fitted NLS model is as follows:

True Colour = a ( 1— e(—bxtime since start))

where a is the asymptote (the maximum value that true colour
will approach as time increases), b is the rate constant (controls
how fast the curve approaches the asymptote) and time since
start is the time variable (weeks).

Furthermore, a linear regression model was fitted to investigate
the correlation between the total dry mass loss of the leaf sam-
ples and the total cumulative colour generation. The regression
model was fitted to the mass loss for all samples and under three
different moisture statuses. From the two bark samples that
were used for this study, only the bark sample 1 data were used
for further analysis because of the uncertainty of bark sample 2
colour measurements.

3 | Results

3.1 | Effects of Moisture Content on True Colour
Generation From Leaves

The true colour generation of leaves was higher under Moist con-
ditions than under Air-dry and Saturated conditions throughout
the experimental period (Figure 2). The colour generation of
Moist samples peaked in Week 2 (432.8 £24.95 PCU), followed
by a gradual decline in colour production until 105.4+48.89
PCU in Week 26 (Figure 2a). The colour generation of Saturated
samples was higher than that of Air-dry samples until Week
3. Thereafter, Air-dry samples produced more colour than
Saturated samples for the remainder of the study period. The
colour generation of Saturated samples peaked before Moist
samples (Week 1, 111.8 +£11.8 PCU), whereas at the end of the
experiment, Saturated samples only produced 15.2+2.06 PCU
of colour. However, Air-dry samples showed a delay in reach-
ing a peak in colour generation, which was observed in Week
4 (59.8+48.14 PCU). Furthermore, the lowest colour generation
of the Air-dry samples was observed in Week 10 (25.0+36.62
PCU), whereas after that, a slow increase in colour generation
could be observed until Week 26 (35.8 +26.37 PCU). The results
of the PERMANOVA analysis also indicated that moisture status
has a significant effect on true colour generation in leaf samples
(p<0.001). According to the pair-wise analysis, leaf samples
under Moist conditions emitted significantly higher true co-
lour than leaf samples under Saturated and Air-dry conditions
(p=0.002 on both occasions). However, the results indicated that
the true colour generation between Air-dry and Saturated sam-
ples was not significantly different from each other (p=0.41).
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FIGURE2 | True colour generation on each measurement occasion (a) and cumulative true colour values (b) of leaf samples that were incubated

under Moist, Air-dry and Saturated conditions over the 26-week experimental period.

When considering the cumulative true colour generation
(Figure 2b), Moist leaf samples generated a significantly higher
true colour amount by Week 26 (2871.2+ 383.24 PCU) than both
Air-dry and Saturated samples (p =0.002 on both occasions). In
contrast to true colour generation each week, Saturated samples
always had higher cumulative true colour than Air-dry samples,
which was also significantly different (p =0.03). The cumulative
true colour generation of Saturated and Air-dry leaf samples

at the end of the experiment period was 496+ 98.34 PCU and
452.2+62.67 PCU, respectively.

The fitted asymptotic model revealed that both the asymp-
tote and the rate were significant across all moisture levels
(p<0.001), indicating that the model provides a good fit to our
data set (Figure 3). The model outputs indicated that the Moist
leaf samples had the highest asymptote (2952.0 PCU), followed
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ponential value of the equation provides the rate of colour generation.

by Air-dry (478.23 PCU) and then Saturated leaf samples (460.66
PCU). Furthermore, our analysis showed that leaf samples
under Saturated conditions reached the asymptote state before
Moist and Air-dry samples. In addition, our model explained
67% of the true colour variability in Moist samples, whereas in
Air-dry and Saturated samples, the correlations were 33% and
42%, respectively.

3.2 | Effects of Species on True Colour Generation
From Leaves

The true colour generation of different plant species varied
between a minimum of 0 (all species at Week 0) and a maxi-
mum of 430.67+87.2 PCU (A. dealbata) when averaged across
all three moisture statuses (Figure 4a). The colour generation
of A. dealbata peaked in Week 2, whereas E. radiata showed
the second-highest peak of 397.33+46.69 PCU in Week 3.
Furthermore, E. regnans reached a peak in colour generation
in Week 1 (135+7.45 PCU), which was faster than all other spe-
cies. N. cunninghamii took 8 weeks to reach its peak colour gen-
eration (236.67 £51.17 PCU), whereas A. melanoxylon showed
no clear trend but reached peak colour generation in Week 6
(90+74.51 PCU).

At the end of the experiment, E. radiata leaves had the high-
est cumulative true colour generated (1711.33+892.61 PCU),
whereas A. dealbata produced the second-highest cumulative
true colour (1673 +386.69 PCU) (Figure 4b). A. melanoxylon
released 893.33+824.54 PCU of cumulative true colour, which
was lower than N. cunninghamii (1358 +75.84 PCU) (p=0.01)
but was higher than E. regnans (730 +320.44 PCU), which gen-
erated the lowest cumulative true colour.

An asymptotic function was also fitted to the cumulative colour
generation of each species. The asymptotic function indicated

that the true colour generation rate and the asymptotic values
were not significantly different from each other (Table S1).
However, E. radiata showed the highest asymptotic value of
1744 + 333 PCU, whereas both N. cunninghamii and A. dealbata
reached an asymptote around 1622 PCU. Furthermore, A. mela-
noxylon asymptoted at 906 +308 PCU, whereas E. regnans as-
ymptoted at 715+ 132 PCU.

3.3 | True Colour Generation From Barks

The E. regnans bark samples (bark sample 1) that were incu-
bated under the same three moisture conditions showed slightly
different results from those of the leaves. All bark samples pro-
duced colour during the first wash, whereas the highest colour
generation peak was observed in Moist samples in Week 2 (478
PCU) (Figure S7a). The second-highest colour peak was ob-
served in Saturated samples in Week 1 (393 PCU). However, the
colour generation of Saturated bark samples was lower than that
of both Air-dry and Moist samples by Week 6, with a value of 16
PCU. Even though Air-dry samples did not show any clear peaks
in colour release, the highest colour generation was observed in
Week 6, with a 62 PCU value. By the end of the experimental
period, Moist samples were producing more colour than both
Air-dry and Saturated samples.

The cumulative colour generation was the lowest in Air-dry
samples, with a total cumulative colour of 424 PCU by the
end of the experimental period (Figure S7b). The cumulative
colour generation of Saturated samples was higher than that
of Moist samples at the beginning of the experiment, but the
colour generation of Moist samples exceeded that of Saturated
samples after Week 2. Moist samples produced 1808 PCU of
cumulative true colour by the end of the experiment, whereas
Saturated samples only produced 1061 PCU of cumulative
true colour.
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FIGURE4 | True colour generation averaged across all moisture states on each measurement occasion (a) and cumulative true colour values (b)
of leaf samples from different plant species over the 26-week experimental period.

3.4 | True Colour Generation From E. regnans
Leaves and Barks

True colour generation of E. regnans barks (bark sample 1) was
higher than that of leaves under all three moisture statuses
(Figure S8a). Both leaf and bark samples that were incubated
under Air-dry and Saturated conditions showed peak colour

generation in Week 6 and Week 1, respectively (Figure S7a).
Although the peak values were not considerably different be-
tween the Air-dry leaf (57 PCU) and bark (62 PCU) samples,
bark samples (393 PCU) incubated under Saturated conditions
produced considerably more colour than leaf samples (107 PCU)
under the same conditions. In contrast, leaf samples incubated
under Moist conditions peaked in Week 1, whereas bark samples
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peaked at colour generation in Week 2, with peak colour values
of 292 and 478 PCU, respectively.

The highest cumulative colour at the end of the experiment
was produced by Moist bark samples, whereas the second-
highest cumulative colour was produced by Moist leaf sam-
ples (Figure S8b). However, Saturated bark samples (1061
PCU) produced considerably higher cumulative colour than
Saturated leaf samples (453 PCU), whereas both bark and
leaf samples incubated under Air-dry conditions produced a
similar amount of cumulative true colour (424 and 368 PCU,
respectively).

3.5 | Dry Mass Loss From Leaf and Bark Samples

The leaf samples that were incubated under Moist conditions
showed higher dry mass loss than all other leaf and bark sam-
ples (Figure 5). From the Moist leaf samples, the highest dry
mass loss was observed in A. dealbata (49.4%), whereas the

lowest dry mass loss was observed in E. regnans (28.33%),
which was also compatible with the highest and lowest cu-
mulative colour generation. When considering the Air-dry
and Saturated leaf samples, Air-dry samples of E. radiata
and A. dealbata showed higher dry mass loss than Saturated
samples. In contrast, A. melanoxylon and E. regnans showed
higher dry mass loss in Saturated samples than in Air-dry
samples, whereas N. cunninghamii showed a similar dry mass
loss in both Air-dry and Saturated samples. Air-dry E. regnans
leaves showed similar dry mass loss to Air-dry bark samples,
which had the lowest dry mass loss out of all samples. Moist
E. regnans leaves showed higher dry mass loss than Moist E.
regnans barks, whereas the cumulative true colour generation
was higher for one type of E. regnans bark than that for E.
regnans leaves.

Our linear regression analysis indicated that the dry mass loss
of leaf samples can explain 64% of the total cumulative true
colour generation (Figure 5). However, when the linear regres-
sion model was fitted under three different moisture statuses
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FIGURE 5 | Correlation between cumulative true colour generation and percentage mass loss for leaf litter samples of all species at all moisture

statuses. Bark samples (nonfilled symbols) are included in the figure but excluded from the regression analysis.
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(Figure S9), the highest correlation between dry mass loss
and true colour generation was observed in Saturated samples
(r*=0.45). The second-highest correlation was observed in Air-
dry leaf samples (r>=0.3), whereas the lowest correlation was
observed in Moist samples (r>=0.21).

4 | Discussion

4.1 | The Effect of Moisture Status on Cumulative
Colour Generation

True colour generation in the streams of forested catchments
is intrinsically linked to the organic matter decomposition pro-
cess. However, there is still only a limited number of published
resources linking colour generation to litter decomposition and
quantifying the produced colour, especially in the context of
Australian forested catchments. Although the effect of moisture
availability on the rate of organic material decomposition is a
well-researched topic, there is still a lack of clear understanding
of how moisture conditions affect the amount of colour produced
and the timing of colour release in water as a result of litter de-
composition. The present study directly linked the quantity of
generated colour and its release dynamics to litter decomposed
at different moisture levels over a 26-week period.

Leaf litter samples kept in the Moist conditions produced sig-
nificantly higher cumulative colour than samples kept in the
Air-dry and Saturated conditions, which may be explained by
the increased decomposition under Moist conditions due to
sufficient moisture and oxygen availability. The complex inter-
action between moisture and oxygen access primarily controls
the decomposition rate of organic material (Sierra et al. 2017),
which subsequently affects colour generation. As discussed
by Giweta (2020), organic matter decomposition and associ-
ated mass losses are accelerated in the rainy season because
of increased moisture levels and microbial loads in the soil as
a consequence of high rainfall. Soil moisture facilitates the de-
composition process by making substrates more soluble, thereby
increasing their availability to microbes (Sierra et al. 2017; Tang
et al. 2017; Zhou et al. 2014). Under limited moisture conditions,
the movement of soluble substrate to active microbial sites is
restricted, which slows down organic material decomposition
(Zhou et al. 2014). However, at high moisture levels, oxygen
accessibility becomes the limiting factor for the rate of decom-
position as aerobic microorganisms rely on an adequate oxygen
supply to decompose organic compounds (Sierra et al. 2017;
Zhou et al. 2014). Although decomposition also occurs under
anaerobic conditions, the production of CDOM is primarily an
oxidative process (Du and Li 2017; Nykvist 1959). On the for-
est floor, an intermediate moisture level where soil macropores
within the substrate are filled with sufficient amounts of water
and air that promote the diffusion of both oxygen and soluble
substrates is therefore considered optimal for organic material
decomposition and true colour generation (Bunnell et al. 1977;
Tang et al. 2017; Zhou et al. 2014). This correlates with the
findings of our experiment, where samples kept in Moist con-
ditions produced higher colour than the samples that were
under Air-dry and Saturated conditions (Figure 3). According
to Cotrufo et al. (2010), microorganisms can become inactive
under unfavourable environmental conditions and can continue

decomposing activity when the environmental conditions im-
prove, e.g., when moisture is supplied. In our study, there may
not be sufficient moisture provided in the Air-dry conditions to
promote litter decomposition and colour generation, and in the
Saturated conditions, most of the decomposition occurred under
anaerobic conditions, resulting in lower quantities of colour
released.

Although there was no significant difference in the cumulative
colour generation between Air-dry and Saturated leaf samples,
the rate of colour production was higher in Saturated samples
than in both Air-dry and Moist samples (Figure 3). The litter
decomposition process generally occurs in two stages: When
adequate water is supplied, soluble organic compounds are
leached out of litter first, followed by a long-lasting process of
microbially driven decomposition. Although leaching is gener-
ally recognised as the first step of litter decomposition (Cuassolo
et al. 2021; He et al. 2018; Nykvist 1959), these processes can
also occur simultaneously (Gessner et al. 1999; Gessner and
Schwoerbel 1989; Tennakoon et al. 2021). The high rate of co-
lour production, which led to colour release peaking in Week 1,
and the high correlation between the dry mass loss and cumu-
lative colour generation in Saturated samples could be due to
both leaching and decomposition contributing to colour gener-
ation. It was previously believed that leaching always happens
within the first 24 h of litter being submerged in water (Webster
and Benfield 1986); however, recent evidence suggests that this
is the case only for dry litter, and fresh litter tends to release its
soluble components over the span of several days without sub-
stantial initial mass losses (Gessner et al. 1999; Lind et al. 2022).
This means that leaching may continue happening after the de-
composition process is initiated, which would further explain
the highest colour generation from fresh litter contained in the
Moist conditions in our experiment since both processes re-
lease dissolved organic compounds including CDOM (Gessner
et al. 1999; He et al. 2018; Qiu et al. 2005). Similar dynamics of
organic colour generation from Saturated and Moist litter sam-
ples were observed by Qiu et al. (2005) in their field leaching
experiment where flooded (Saturated) litter reached its peak
gilvin generation within the first 7days and nonflooded (Moist)
litter continued to release gilvin for the first 40 days of the exper-
iment, resulting in 13% more colour produced compared with
flooded conditions.

4.2 | The Effect of Species on Colour Generation

The leaf samples from different species produced variable
amounts of cumulative colour, with colour release peaking
on different measurement occasions. For example, E. regnans
leaves peaked earlier (Week 1) in colour generation than all
other species but produced the lowest cumulative true colour
(Figure 4) and had the smallest dry mass loss (Figure 5). The
observed differences in decomposition-induced colour produc-
tion between species may be due to species-specific phenolog-
ical and substrate quality differences, i.e., structural properties
and chemical composition of leaves (Qiu et al. 2005; Steart
et al. 2009). If the environmental conditions are unfavourable
for decomposition, the rate of organic material breakdown
is mostly controlled by the litter quality (Cortez et al. 1996).
When litter is decomposed, labile carbon (e.g., nonlignified
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cellulose and hemicellulose) is quickly consumed by microor-
ganisms first, and then, the recalcitrant fraction of the carbon
(lignocellulose, i.e., structural carbohydrates that are bonded
to lignin) is slowly decomposed (Cortez et al. 1996; Cuassolo
et al. 2021; Ostrofsky 1997; Webster and Benfield 1986). Lignin
concentration is believed to be the most important factor de-
termining the decay rates of litter (Cortez et al. 1996; Cuassolo
et al. 2021) and the amount of coloured humic substances re-
leased. Eucalyptus species have higher phenolic content than
Acacia species (Bernhard-Reversat 1999), and most polyphenols
leach out of leaves within the first 7days of incubation (Alvim
et al. 2015; Bernhard-Reversat 1999), which would explain early
peaks in colour release for E. regnans and E. radiata leaves
in our experiment. The litter of Acacia species, while having
lower polyphenol content contributing to colour generation,
generally has a higher decomposition rate than the litter of
Eucalyptus species because of Acacia's N-fixing properties, re-
sulting in lower C/N (Carnovale et al. 2021; Ferreira et al. 2021).
Snowdon et al. (2005) reported the C/N in A. dealbata and E.
regnans leaves to be 13-21 and 26-31, respectively, whereas
Ashton (1975) found the C/N of E. regnans leaves to be 31-42.
A. melanoxylon, however, has tougher leaves than A. dealbata
because of higher lignin content, which results in quicker de-
composition of A. dealbata leaves and earlier colour release from
this species (Ferreira et al. 2021), which matches our findings.
Steart et al. (2009) compared decomposition rates of A. melan-
oxylon, E. regnans and N. cunninghamii leaves in a field exper-
iment and, contrary to our results, found that N. cunninghamii
and A. melanoxylon leaves decay at similar rates, slower than E.
regnans leaves due to N. cunninghamii leaves having a higher
C/N ratio than the other two species (25.0 compared with 14.3
for E. regnans and 11.8 for A. melanoxylon). A high C/N ratio in
E. regnans leaves, as reported by Ashton (1975) and Snowdon
et al. (2005), would explain the small mass losses and the slow-
est decomposition rate of this litter in our experiment. Although
the decomposition rates were not measured in our study, mass
losses throughout the experiment could be used as a proxy for
decomposition and leaching (Ostrofsky 1997; Qiu et al. 2005).
According to Alvim et al. (2015), smaller leaf size also increases
litter decomposition rates, which would explain the high colour
generation potential of N. cunninghamii leaves despite having
a high C/N ratio as measured by Steart et al. (2009). Multiple
researchers have also observed noticeable differences in litter
decomposition rates (e.g., Alvim et al. 2015; Cortez et al. 1996;
Cuassolo et al. 2021; Ostrofsky 1997; Steart et al. 2009; Webster
and Benfield 1986) and the amount of true colour produced as
a result of leaching and decomposition (e.g., Qiu et al. 2005) be-
tween different plant species.

4.3 | Colour Generation of Barks Compared
With Leaves

The true colour generation of E. regnans bark was consider-
ably higher than that of leaves under all three moisture states,
especially for Saturated samples (Figure S7b). Although the
mechanisms of leaf litter decomposition in forested streams are
a well-researched topic, there is still limited knowledge about
the rates of woody tissue breakdown in freshwater (Bunn 1986;
Webster and Benfield 1986). Barks and woods generally tend to
have much slower decomposition rates than leaves because of

their high lignin content (Bunn 1986; Grootemaat et al. 2017;
Neumann et al. 2021; Snowdon et al. 2005; Webster and
Benfield 1986). Ashton (1975) looked specifically at decompo-
sition rates of E. regnans leaves and barks and found that the
C/N of bark is double the C/N of leaves (67.4 vs. 31.3-42.1). This
correlates with the results of our experiment, where bark sam-
ples had lower decomposition rates compared with leaf sam-
ples, as indicated by lower dry mass losses in the bark samples
(Figure 5). Higher colour generation from bark samples would
then primarily be attributed to the leaching of tannins rather
than coloured decomposition compounds, especially in the first
few weeks of the experiment. Although tannins may be present
in all parts of a plant, woody lignified tissues like bark tend to
have a higher content of polyphenolic compounds than leaves
(Antwi-Boasiako and Animapauh 2012; Bernays et al. 1989; Das
et al. 2020).

4.4 | Implications for Management

The results of our study indicated that moisture availability and
the type of dominant plant species could affect the amount of
water colour generated in forested catchments. For example,
E. radiata leaves in Moist conditions (2294.9 +352.9 PCU) pro-
duced 43 times the amount of cumulative true colour released
from A. melanoxylon leaves in Air-dry conditions (52.5+8.2
PCU) (Figure S5b). Therefore, it is expected to see higher
water colour generation in forested catchments located in the
high-rainfall, low-evapotranspiration areas of south-eastern
Australia, which are dominated by A. dealbata, N. cunninghamii
and E. radiata species rather than A. melanoxylon or E. regnans
species. The comparison of the true colour generation potential
of E. regnans bark and leaves also indicated that it is possible
to see elevated water colour in the forests where bark shedding
is a prominent feature. These assumptions, however, may not
be applicable to every forested catchment, and the amounts of
generated colour will likely depend on many factors including
the climatic conditions of the area, litter generation quantities
and times and the ratio of leaves to bark in standing litter apart
from the actual species composition of the forest. For example,
E. regnans produces fewer leaves for a given stem basal area
compared with other species such as N. cunninghamii, which
often leads to the accumulation of N. cunninghamii litter in gul-
lies and streams, despite Eucalyptus species dominating these
catchments (Steart et al. 2005). Although E. regnans leaf litter
is rarely found in rainforest depositional settings near streams
because of its poor dispersive ability (Steart et al. 2002; Steart
et al. 2005), Australian Eucalyptus forests are known for their
increased smooth bark shedding in summers and accumulation
of bark on the forest floor (Grootemaat et al. 2017) and in forested
streams (Webster and Benfield 1986). Neumann et al. (2021)
found that twigs and barks contribute approximately 38% to lit-
terfall but comprise 60% of the standing litter in Australian for-
ests. Snowdon et al. (2005) identified that leafy components of
litter persist only for a couple of years in Australian forests, but
woods, barks and branches are more persistent through time,
acting as a longer term source of colour than leaves. A declin-
ing rainfall trend has been observed in the Yarra River catch-
ment over the past 50years (Barua et al. 2013), and this trend
is expected to continue in the future. The approximate rainfall
reduction of 20.6mm per decade in south-eastern Australia
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(Barua et al. 2013) may have notable implications for the for-
est's structure and functionality. These may involve changes
in species distribution, litterfall loads and timing of litterfall
(Keenan 2017), leading to a different composition and quantity
of standing litter in Australian forests. Such vegetational shifts
induced by climate change may, in turn, lead to considerably
different colour generation patterns in Yarra River catchments,
providing ground for future research.

4.5 | Limitations of the Study

Although fresh leaves were used in our experiment, litterfall in
the natural environment typically occurs after leaves have aged
and desiccated on the tree. Leaves can also shed before they
reach senescence because of mechanical damage from heavy
rainfalls, strong winds or herbivory (Fonte and Schowalter 2004;
Giweta 2020; Li et al. 2021), creating a litter layer composed of
leaves in different stages of decomposition with variable C/N ra-
tios and decay rates. Green leaves have double the amount of nu-
trients compared with dry leaves (Fonte and Schowalter 2004),
resulting in faster decay of fresh leaves due to enhanced micro-
bial activity (Feng et al. 2018). Although the use of fresh leaves
in this study may not be fully representative of the natural condi-
tions in the catchment, this approach enabled us to standardise
the initial condition of litter across all species and treatments,
allowing us to isolate and examine the effects of moisture avail-
ability on colour release during leaching and decomposition.
Future studies could benefit from exploring the effect of leaf
senescence stage on decomposition and associated colour gen-
eration to better represent field conditions. In addition, leaves
were periodically wetted in the ‘Air-dry’ treatment in our ex-
periment, which does not fully represent the prolonged drought
conditions typical for the study area (Barua et al. 2013; Bureau
of Meteorology 2025b). Given the aim of the experiment, water
additions of the same frequency and amount were necessary to
extract the colour from leaves and to ensure the comparability
between Air-dry, Moist and Saturated treatments. This exper-
imental limitation should be considered when interpreting the
results, where prolonged drought conditions in the catchments
may lead to slower decomposition and reduced colour genera-
tion compared with the controlled laboratory conditions.

5 | Conclusions

The results of our experiment indicated that the moisture condi-
tion of the leaf and bark plays a major role in colour generation.
Leaf samples incubated in Moist conditions produced signifi-
cantly higher colour than the leaf samples incubated in Saturated
and Air-dry conditions. However, leaf samples under Saturated
conditions produced colour at a high rate, and colour generation
peaked earlier than in Moist and Air-dry conditions, possibly
because of the combined effects of leaching and decomposition.
Leaves from different species produced different cumulative
colour amounts, whereas in E. regnans, barks produced more
colour than leaves. Therefore, we concluded that the moisture
condition of leaf litter plays a significant role in the water colour
generation in forested catchments of south-eastern Australia. We
suggest that future research should focus on the colour genera-
tion potential of these catchments under future possible climate

change scenarios, including reduced precipitation, increased
temperature and subsequent litter moisture reduction conditions.
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395-, 436- and 456-nm wavelengths. Figure S3: Decomposition extent
of Eucalyptus regnans leaves in Weeks 0, 12 and 26 of the experiment.
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imental period. Figure S6: True colour generation on each measure-
ment occasion (a) and cumulative true colour values (b) of leaf samples
from different plant species over the 26-week experimental period.
Figure S7: True colour generation on each measurement occasion
(a) and cumulative true colour values (b) of E. regnans bark 1 samples
under different moisture conditions over the 26-week experimental pe-
riod. Figure S8: True colour generation on each measurement occasion
(a) and cumulative true colour values (b) of leaf and bark 1 samples of
E. regnans under different moisture conditions over the 26-week exper-
imental period. Figure S9: Correlation between cumulative true colour
generation and percentage mass loss for leaf litter samples of all species
at three different moisture statuses.
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