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Abstract

The seasonality of litter inputs in forests has important implications for understand-
ing ecosystem processes and biogeochemical cycles. We quantified the drivers of
seasonality in litterfall and leaf decomposability, using plots throughout the Aus-
tralian wet tropical region. Litter fell mostly in the summer (wet, warm) months in5

the region, but other peaks occurred throughout the year. Litterfall seasonality was
modelled well with the level of deciduousness of the site (plots with more decidu-
ous species had lower seasonality than evergreen plots), temperature (higher sea-
sonality in the uplands), disturbance (lower seasonality with more early secondary
species) and soil fertility (higher seasonality with higher N : P/P limitation) (SL total10

litterfall model 1=deciduousness+ soil N : P+early secondary sp: r2 = 0.63, n = 30
plots; model 2= temperature+early secondary sp.+ soil N : P: r2 = 0.54, n = 30; SL
leaf= temperature+early secondary sp.+ rainfall seasonality: r2 = 0.39, n = 30). Leaf
litter decomposability was lower in the dry season than in the wet season, driven by
higher phenolic concentrations in the dry, with the difference exacerbated particularly15

by lower dry season moisture. Our results are contrary to the global trend for tropical
rainforests; in that seasonality of litterfall inputs were generally higher in wetter, cooler,
evergreen forests, compared to generally drier, warmer, semi-deciduous sites that had
more uniform monthly inputs. We consider this due to more diverse litter shedding pat-
terns in semi-deciduous and raingreen rainforest sites, and an important consideration20

for ecosystem modellers. Seasonal changes in litter quality are likely to have impacts
on decomposition and biogeochemical cycles in these forests due to the litter that falls
in the dry being more recalcitrant to decay.
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1 Introduction

Litterfall is an important component of forest function, and is inherently linked to net
primarily productivity (NPP) and global biogeochemical cycles (Clark et al., 2001a;
Aragão et al., 2009). Litter cycles are central in the exchange of carbon from terrestrial
ecosystems to the atmosphere, and the tropical forest biome forms a major contribu-5

tion to seasonal variations in the terrestrial C-cycle (Bousquet et al., 2000; De Weirdt
et al., 2012). The mechanisms determining litterfall seasonality remain poorly under-
stood (Restrepo-Coupe et al., 2013). Moreover, including understanding of the sea-
sonality of litter inputs in forested ecosystems is a limiting factor in ecosystem models,
especially for tropical forests (De Weirdt et al., 2012), which represent a large portion of10

global litter inputs and NPP (Clark et al., 2001b). Coupled with this, the chemical quality
and decomposability of the material that falls at certain times of the year is an important
regulator of biogeochemical cycles (Fierer et al., 2005; Cornwell et al., 2008). Under-
standing of how litter quality varies within years and between environments is thus
essential in comprehending plant phenology, responses to the environment, and the15

effects on ecosystems and global cycles.
Litterfall comparisons over multiple locations are required to make inferences about

patterns in litter seasonality (De Weirdt et al., 2012). Recent reviews of tropical forests
have shown increased rainfall seasonality generally causes more seasonal litter inputs
(Chave et al., 2010; Zhang et al., 2014). These meta-analyses provide important in-20

sights to general trends; however there is potential therein to conceal finer scale drivers
of variability. This is especially true in understanding phenology and litter patterns in
tropical forests, due to high species richness and diversity in plant phenological char-
acteristics (Townsend et al., 2008). For instance, deciduous species in seasonally wet
tropical forests can shed litter as a response to new growth (e.g. in wetter or warmer25

months), or as a response to dry seasons and cooler/low growth periods (Hyland et al.,
2002).
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Here we aimed to determine the drivers of seasonality in litterfall in a tropical rainfor-
est region. We use data from the study of Parsons et al. (2014) who quantified spatial
variability in litterfall rates, litter quality and leaf decomposability. We extend this work
to understand the temporal distribution of litterfall and litter decomposability, to better
comprehend the variability in ecosystem processes in the region. We ask: what de-5

termines regional variability in the extent of seasonality in litterfall inputs in a diverse
tropical region of different rainforest types (e.g. rainfall patterns, temperature, soil fer-
tility, community composition)? Does the chemistry of litter inputs change seasonally
(i.e. between wet and dry seasons), with determinable effects on ecosystem processes
such as decomposition? We anticipate that in line with recent reviews, rainfall season-10

ality will play a significant part in determining the extent of seasonality of litterfall, be-
cause the region of focus here contains variation in the extent of the dry season (i.e.
marked dry season and summer monsoon). However, the extent that other fine scale
factors, for instance the prevalence of deciduousness (Webb, 1968), and disturbance
(Parsons et al., 2014), contribute to variability in litterfall seasonality remains largely15

unknown. Also, our knowledge of seasonal changes in litter chemical composition and
decomposability is limited; however, any inferences should rely on both climatic (e.g.
wind effects on green leaf fall; climate and soil fertility impacts on litter chemistry in the
short term) and biotic (species/community) physiological responses to the changing
seasons.20

2 Methods

2.1 Study sites and litterfall quantification

The data for litterfall and decomposability used here is the same as in Parsons
et al. (2014). Seasonality calculations were determined for litterfall collected at ap-
proximately monthly intervals over two years, in tropical rainforest throughout the wet25

tropical region of north Queensland, Australia. Plots were located between ∼ 16–19◦ S,
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incorporating an elevational sampling design on four mountain ranges (Atherton, Car-
bine, Spec and Windsor Uplands, see Table S1 for locations). In Parsons et al. (2014),
40 plots distributed in 20 sites (two plots per site separated by ∼ 400 m) were used;
however, eight of these plots (all in the Atherton Uplands) suffered significant cyclone
damage prior to the study and litterfall rates were heavily disturbed. Here we use the5

32 non-damaged plots to make inferences about seasonality. We used data from five
litter traps of 0.25 m2 at each plot. We focus here on total litterfall (leaves, woody ma-
terial < 2 cm diameter, flowers, fruits and very fine unclassified), leaf litterfall, leaf litter
chemistry and in situ decomposability (see following).

Elevation of the plots ranged from near sea level to ∼ 1300 m (mean annual tem-10

perature range 17.4–23.9, mean annual precipitation range 1400–3380 mm, Table S1).
Seasonality in rainfall is spatially varied, although generally high in the region, with
most falls occurring in the summer months (Parsons, 2011). Soil types are described
in Parsons et al. (2014) and are shown in Table S1. Soil fertility was generally poor to
extremely poor due to old geology, especially for phosphorus contents, although some15

sites in the Atherton region had relatively higher fertility (newer volcanics) (Parsons,
2011; Parsons et al., 2012, 2014). While rainfall and moisture may increase in cooler
upland rainforests, in our dataset temperature and rainfall seasonality were not cross-
correlated (i.e. rainfall does not change significantly from the uplands to the lowlands,
aided by the inclusion of multiple sub-regions with differing rainfall patterns). However,20

our study did not include the wettest mountaintops in north Queensland (> 1400 m el-
evation), which have more a-seasonal rainfall than most of our plots (Parsons, 2011;
Parsons et al., 2014).

2.2 Litter quality and decomposability

To understand the seasonality of litter chemical inputs and the effects on decomposi-25

tion we used leaf litter chemical and in situ leaf decomposability data as in Parsons
et al. (2011, 2012, 2014). The decomposability value is an estimate of the in situ de-
composability of leaf litter based on the chemical make up of the leaves and the char-
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acteristics of the plot, determined with near infrared spectrometry (Parsons et al., 2011,
2012, 2014). This is shown as the predicted decay rate from the commonly used sin-
gle exponential decay equation (Wieder, and Lang, 1982), represented as rate yr−1.
To determine if decomposability was different in the wet season (31 October–1 April),
compared to the dry season (remainder of the year), we made comparisons between5

mean values for each season within plots with 2-way repeated measures ANOVA. For
this, we used leaf decomposability, along with the litter chemical compositions: total N,
total P, total Ca, total C, lignin, α-cellulose and total phenolics/tannins, with season and
plot as factors. This dataset is also from Parsons et al. (2011, 2014).

2.3 Seasonality calculations10

Seasonality indexes were calculated for each plot using vector/circular algebra for total
litterfall, leaf litterfall and leaf decomposability (Zimmerman et al., 2007; Chave et al.,
2010). We employed this method because linear or Julian time scales fail in seasonal-
ity measurements when the process being studied occurs year round. For example, if
peaks or troughs in litterfall occur primarily between December and January, the linear15

mean would incorrectly fall in June. While other methods exists to define seasonality
e.g. Zhang et al. (2014), this method is potentially the most accurate measure (Jam-
malamadaka and Sengupta, 2001). For this calculation we used the average value
from the collection month (defined as the mid point between trap reset dates), with the
month converted to a number (i.e. angle) between 0 (1 January) and 330 (1 Decem-20

ber). This allows the data to be presented in a polar plot (month/days=degrees). The
length of the vectors for each month is the mean value for that month from the two
years (i), Lmon (t ha−1 yr−1 for litterfall values, and predicted exponential decay value
for leaf decomposability). The analyses produced a value for the mean vector, i.e.
date, m = (mx,my ), and the index of seasonality (SL, for use here: SLtot = total litterfall25

seasonality; SLleaf = leaf litterfall seasonality; SLdecomp =decomposability seasonality).
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The vector (m) was determined from the monthly values (Lmon) using the equation:

mx =
1

12

∑
Lmon cos(30× i ); my =

1
12

∑
Lmon sin(30× i ) (1)

And the seasonality index as:

SL =
‖m‖
L

, (2)

where L is the annual litterfall/mean decomposability value, i.e. sum of Lmon for the5

plot. The SL values measured the extent that litter values were distributed throughout
the year on a scale 0 to 1 (e.g. 0 ≈even distributed, 1 ≈all litter fell in one month)
(Jammalamadaka and Sengupta, 2001; Zimmerman et al., 2007; Chave et al., 2010).

2.4 Drivers of seasonality

Seasonality was compared between vegetation structural types using the classifica-10

tion of Webb (1968). This defines the level of deciduousness, in our case relating to
three classes including one evergreen and two raingreen classifications: “evergreen”,
where healthy plants are never entirely leafless – including microphyll fern forests, Aca-
cia closed forests or notophyll vine forests with Acacia sp. canopies (n = 10 plots,
Table S1); “quasi-evergreen”, with only a few scattered deciduous emergent species15

(n = 10), and semi-deciduous, where there is a higher proportion of obligate deciduous
species than the other classifications (n = 12 plots) (Webb, 1968). These classifications
were scaled 1–3 in order of deciduousness for analyses below.

To determine the drivers of patterns in seasonality, we used correlation analysis and
best subset linear regressions on the SL values. Environmental input data for this is the20

same as in Parsons et al. (2014): mean annual temperature (MAT); mean annual pre-
cipitation (MAP); mean annual radiation (MAR), rainfall seasonality; moisture seasonal-
ity (mean dry season leaf wetness value from on site sensors); soil total N; total P; total
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Ca; total organic C, total Na and N : P (see Table S1 for all raw input data). Also, com-
munity composition was included as: deciduousness, plant species richness and plant
density as estimated on transects through the litter traps, as in Parsons et al. (2014).
Disturbance has been shown to be a factor in determining spatial variability in litterfall
rates at these plots (Parsons et al., 2014). We therefore included the proportion of dis-5

turbance species, i.e. listed as components of rainforest regrowth or early secondary
species (here termed “early secondary species”) in Hyland et al. (2002) as in Parsons
et al. (2014), in model building. Any models that included this community data con-
tained 30 of the 32 plots due to missing data (Table S1). We also included total litterfall
rate and leaf decomposability (mean value per plot) in this analysis. Preliminary anal-10

yses showed that soil N : P increased in the dataset with increased rainfall seasonality
(Pearson correlation= 0.496, p = 0.004). This was not an artefact of our wet sites be-
ing on richer soils, as other studies in the region have noted (Parsons, 2011), because
the majority of sites with this pattern were removed due to cyclone damage (Parsons
et al., 2014). It was more likely due to greater prevalence of N fixating species, lead-15

ing to higher soil N, in the more seasonal sites (Parsons, 2011). This phenomenon is
considered in analyses.

If a wet-dry seasonal difference in litter decomposability was present, we were also
interested in what determined the extent of this difference among plots (i.e. using the
environmental and community data from above). To understand this, we used best-20

subset regression with environmental variables, in this case run on the difference be-
tween the dry and wet season mean decomposability for each plot:

i.e. decomposability seasonal difference =
µdry −µwet

µwd
(%) (3)

where µdry is the dry season mean for the plot, µwet is the wet season mean and µwd
is the annual mean for the plot.25
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3 Results

3.1 Seasonal litterfall dynamics

Peak litterfall times in the Australian rainforest region were all between October and
April, with the largest peaks occurring in the early wet season i.e. November to January
(Fig. 1a for regional mean and Table S1 and Fig. S1 for individual plots). Other peaks5

also occurred in the dry for some plots (July–October), and in some cases bimodal
peaks occurred around December and then February–March (Fig. S1). Regardless,
the regional mean (peak date) for total litterfall was in December, and for leaf litterfall
in November (Tables 1 and S1).

Total litterfall seasonality index varied from 0.14 (Carbine Uplands 100 m elevation,10

semi-deciduous complex mesophyll vine forest) to 0.51 (Spec Uplands 1000 m ele-
vation, evergreen Acacia closed forest) (Tables 1 and S1). Generally higher SLtot oc-
curred in the evergreen and quasi-evergreen plots, compared to the semi-evergreen
plots (Fig. 2a, mean evergreen= 0.30; quasi-evergreen= 0.26; semi-deciduous= 0.14;
ANOVA, F = 12.91, df= 31; LSD post-hoc: p < 0.003 for both comparisons). Leaf lit-15

terfall seasonality varied from 0.03 (Atherton Uplands 200 m, quasi-evergreen com-
plex mesophyll vine forest) to 0.48 (Carbine Uplands, evergreen 600 m notophyll vine
forest) (Table S1). Despite higher mean seasonality in the evergreen group (Fig. 2b,
mean evergreen= 0.36; quasi evergreen= 0.24; semi-deciduous= 0.24); there were
no significant differences between groups for SLleaf, ANOVA, F = 2.831, p = 0.52). De-20

ciduousness was explained best by: MAT (Pearson, 0.731), MAR (0.517) and MAP
(−0.419) (p < 0.05).

3.2 Drivers of litterfall seasonality

Total litterfall seasonality was most strongly correlated with deciduousness (negative),
soil N (positive correlation), the proportion of early secondary species and MAT (nega-25

tive correlations), (p < 0.05, Table 2). Our best model explaining SLtot contained decid-
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uousness (higher seasonality with less deciduousness, p < 0.0001), soil N : P (higher
seasonality with higher N : P, p = 0.0003) and the proportion of early secondary species
(p = 0.047, lower seasonality with more early secondary species), (Fig. 3a, model
r2 = 0.63, p < 0.0001, Table 3). As deciduousness and MAT were significantly cross
correlated (Table 2), we produced another model excluding deciduousness from the5

best-subset analysis. The best model without deciduousness explained SLtot with MAT,
the proportion of early secondary species and soil N : P (Fig. 3b, model r2 = 0.54,
p = 0.0001, Table 3). For SLleaf the strongest correlations were with plant species rich-
ness (positive), deciduousness, MAT, soil Ca and rainfall seasonality (negative) (Ta-
ble 2, p < 0.05). Our best model explaining SLleaf included MAT (p = 0.005), the pro-10

portion of early secondary species (p = 0.008), with rainfall seasonality explaining the
residual variance (p = 0.06) (Fig. 3c).

3.3 Seasonality of leaf decomposability and litter quality

Leaf litter decomposability was generally more even throughout the year than litterfall
(SLdecomp regional mean= 0.13, Table 1), although some locations showed higher sea-15

sonality, with the regional seasonality index ranging from 0.03 (Spec Uplands 1000 m,
evergreen Acacia closed forest) to 0.25 (Spec Uplands, 350 m, semi-deciduous no-
tophyll vine forest) (Fig. 1b, Tables 1 and S1). Higher SLdecomp was present in the
semi-deciduous plots (mean= 0.16) compared to the quasi-evergreen (mean= 0.09)
(Fig. 2c, ANOVA, F = 5.35, p = 0.01; post-hoc test p = 0.002). There were no differ-20

ences between the evergreen and quasi-evergreen, and semi-deciduous and ever-
green SLdecomp means (Fig. 2c, p = 0.45 and 0.43 respectively).

Regional mean litter decomposability was significantly higher in the wet season
(mean date in January, mean= 1.20 yr−1) than the dry season (mean= 1.08 yr−1), (ef-
fect of season p < 0.001, Table 4), however a large peak in decomposability also oc-25

curred in the dry season around August (Fig. 1b).
Comparing the level of SLdecomp between plots showed higher seasonality with

higher MAR, and lower SLdecomp with higher soil N and P (Pearson correlation p < 0.05
7910
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for all, Table 2). The best model explaining SLdecomp contained MAT (p = 0.02, higher
seasonality with higher MAT), dry season moisture (p = 0.004, lower seasonality with
more moisture) and soil N (p = 0.0001, lower seasonality with higher soil N), (model
r2 = 0.55, p < 0.0001, Table 3).

Mean leaf litter N and total phenolic concentrations were both higher the dry season5

(Table 4, p = 0.02 and < 0.001 respectively). Higher means in the wet season were
present for α-cellulose, lignin and Ca (p < 0.01 for all, Table 4).

Most plots showed higher mean wet season leaf litter decomposability compared to
dry season means (Table S1). The extent of the difference between dry season and
wet season mean decomposability values correlated best with dry season moisture,10

suggesting increased seasonal differences (i.e. lower decomposability in the dry sea-
son) at plots with higher moisture seasonality (Table 2). Similarly, our best linear model
explaining the seasonal differences in leaf decomposability contained only dry season
moisture (r2 = 0.2, p = 0.010, Table 4 and Fig. 4).

4 Discussion15

The seasonality of litterfall shows diverse patterns globally; however in tropical forests
peaks most often occur in the dry season months, potentially as a response to moisture
stress (Zhang et al., 2014). Australian tropical forests show a divergent pattern in litter-
fall timing to most wet tropical locations, with the highest falls in the wettest, warmest
months with the highest annually insolation (Hopkins and Graham, 1989; Herbohn and20

Congdon, 1993; Stocker et al., 1995; Parsons et al., 2014). Peak litterfall from the end
of the dry into the wet occurs in other locations globally (Edwards, 1977; Herbohn and
Congdon, 1993), but is a less common pattern (Zhang et al., 2014). Our results also
support that notable intra-annual changes in litter chemical composition, with direct
impacts on decomposition and ecosystem processes, occur in seasonally wet tropical25

forests.
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In a comprehensive review of litterfall seasonality in a tropical region and using the
same circular seasonality calculations as us, Chave et al. (2010) showed lower season-
ality for South America rainforests (Australian mean= 0.28 compared to 0.17 in South
America). Higher rainfall seasonality in Australian rainforests, compared to much of the
new world, may explain this difference (Chave et al., 2010; Parsons, 2011). Increased5

rainfall seasonality also led to higher litterfall seasonality in the new world rainforests
(Chave et al., 2010), which is the general trend for tropical rainforests globally (Zhang
et al., 2014). However, in our region increased litterfall seasonality was best explained
by a combination of cooler temperatures (i.e. upland rainforests), lower abundances of
early successional species, and phosphorus limitation (i.e. higher soil N : P), with rain-10

fall secondary to these factors. Likewise, deciduousness was a primary driver of this
variance, as increasingly deciduous sites had more consistent monthly litterfall inputs.
Moisture contributed to the pattern as a driver of deciduousness and as a correlate
with N : P; however higher rainfall seasonality generally lead to lower litterfall season-
ality (SLleaf model Fig. 3c), which is contrary to the global trend (Chave et al., 2010;15

Zhang et al., 2014).
In most tropical forests, the timing of litterfall may be driven by water stress, especially

when peaks occur in the dry seasons (Wieder and Wright, 1995). Studies in the tropical
north Queensland region however, have shown that the bulk of litterfall is not primarily
triggered by annual drought (in the winter months), because increased litterfall co-20

occurs with periods of high water availability (at the start of the wet, and coinciding
with new leaf flushes) (Hopkins and Graham, 1989). Short-term moisture stress in the
warmer summer months (e.g. short periods of no rain and higher insolation) is however
likely to contribute to this pattern, for instance bimodal litterfall timing (Hopkins and
Graham, 1989). We saw that within our region, both this wet season pattern shown by25

previous authors, and earlier falls in the dry, do co-occur especially in locations with
a higher prevalence of deciduous species.

The level of deciduousness of our plots explained seasonality better than any other
variable, with greater deciduousness leading to more consistent monthly inputs. In-
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creased deciduousness in Australian rainforests is a function of higher temperatures,
lower rainfall/higher rainfall seasonality, and lower soil fertility (Webb, 1968), as was
generally supported in our study sites. This supports our pattern of generally lower lit-
terfall seasonality with lower moisture. That is, we found lower seasonality in the more
deciduous plots that are characteristically drier (Table 2; Webb, 1968). Also in our re-5

gion, the effects of temperature and soil fertility and their impacts on deciduousness
were generally more important than moisture in explaining variability in seasonality.
However, the albeit weak but significant relationship of higher soil N : P with increased
rainfall seasonality may have reduced the influence of moisture in our models. Regard-
less, evergreen forests, which were largely in the cooler uplands, had higher litterfall10

seasonality, while still covering a range of rainfall seasonality patterns. Thus, the level
of deciduousness as a driver of litterfall seasonality explains this contrasting trend.

The trend of more consistent monthly litterfall with increased deciduousness is
explained by the season of leaf shed being inconsistent across deciduous/semi-
deciduous rainforest species (Hyland et al., 2002). For instance, large litterfalls, e.g.15

complete leaf shedding, can occur from mid-late in the dry and continue throughout
the wet, depending on the species phenology (Hyland et al., 2002), and climatic con-
ditions on that year (Backer et al., 2003). Our study suggests that this is spatially het-
erogeneous, even within a relatively small bioregion. Moreover, we found that a higher
abundance of deciduous/semi-deciduous species brings a greater mix of litterfall char-20

acteristics, e.g. some species shedding at the start of the wet (like the general trend
in our region), while other co-occurring deciduous/semi-deciduous species shed large
amounts of litter in drier times (Fig. S1; Hyland et al., 2002; S. A. Parsons, personal ob-
servations). In evergreen forests, the seasonal litterfall response appears more consis-
tent across species. The blend of litterfall patterns in more deciduous/semi-deciduous25

rainforest plots, leading to more consistent litter inputs annually, is an important consid-
eration for those modelling seasonality in forest processes and biogeochemical cycles
(De Weirdt et al., 2012).
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Our models suggest that the seasonality of litterfall increased with greater P limita-
tion. As is characteristic of tropical rainforests, our sites had relatively high soil N, but
very low soil P (Parsons et al., 2014). Thus, when N is higher in soils, the N : P imbal-
ance leads to limitation of P to plants and microbes (Sardans et al., 2012). Although
we found no direct relationship between deciduousness and soil nutrients (inc. N : P,5

Table 2), it is likely that a combination of P limitation (i.e. higher soil N : P) and mois-
ture limitation (co-occurring with higher N : P), works to increase litterfall seasonality in
our region as a function of deciduousness. Litterfall quantities can also be constrained
by nutrient availability, particularly P, in humid tropical forests (Silver, 1994; Tanner
et al., 1998). The causes of lower rates and more seasonal litter inputs when nutri-10

ent availability is low are a combination of slower growth, longer-lived tissues and less
tissue production (e.g. less material shed) (Vitousek, 1984; Silver, 1994), and as our
results suggest, the environmental/physiological triggers of litterfall being more consis-
tent across species. Importantly, the triggers of litterfall may be inherent physiological
traits of the species (e.g. fully deciduous species that drop leaves due to moisture15

stress/new growth at one time of the year), or driven by environmental factors that
may vary in their timing (e.g. semi-deciduous species that lose leaves as a response
to new growth driven by the onset of rain or increased solar radiation). The latter of
these drivers may cause litter to fall more evenly throughout the year in many tropical
forests, due to more consistent growth/productivity. This mix of characteristics leads to20

varying litterfall patterns both between and within rainforest sites. As we showed here
this can be traced back to an understanding of the characteristics/classification of the
vegetation, soil fertility and climate.

Notably, plant species composition and disturbance histories, were important drivers
of litterfall seasonality here. Secondary rainforests generally have altered litterfall, faster25

growth and leaf turnover rates (Laurance et al., 2002; Xuluc-Tolosa et al., 2003), and
can have more decomposable litter (Vasconcelos and Laurance, 2005), although not
always (Parsons and Congdon, 2008), compared to primary rainforest. Generally how-
ever, increased resource use efficiency in rainforest secondary species may explain the
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more consistent litter inputs (Kuijk and Anten, 2009). This is probably related to more
consistent growth in harsher times at sites with higher proliferation of species favoured
by disturbance and species characteristic of regrowth (Kuijk and Anten, 2009; Poorter
and Bongers, 2006).

Our study suggests that moisture effects, and the coupled changes in solar radia-5

tion, were generally more important in determining seasonal shifts in litter chemical
compositions and quality than litterfall quantities, e.g. for decomposition. Townsend
et al. (2007) found higher litter P in the dry season in Costa Rican sites, lowering N : P
in litter inputs. In contrast, we did not find a significant seasonal effect for litter P. In-
stead, we found an effect for N, being slightly lower in the wet season. The reasons10

for this are unclear, however could be due to more N rich green litter falling in the dry
(e.g. from wind inputs). Similarly, the peak in litter decomposability seen around Au-
gust may have been partially due to increased inputs of green leafy material brought
down by the sometimes stronger trade winds around this time (Australian Bureau of
Meteorology and Wang, 2001). That is, green leaves generally have high P contents15

due to reabsorption prior to senescence (Herbohn, 1993; Vera et al., 1999), likely in-
creasing decomposability (Parsons et al., 2011, 2012). Although, the true cause of this
pattern is somewhat unclear, because the peak in decomposability did not co-occur
with a spike in leaf litterfall, and winds can also be elevated in the wetter months bring
down similarly large amounts of green leaves.20

Moreover, our data shows that decreased litter decomposability in the dry season is
driven mostly by decreases in total phenolic contents. Phenolics are strong limiters of
litter decay in our region (Parsons et al., 2012), similar to other tropical rainforest sites
(Hättenschwiler et al., 2011). We showed here that in the north Queensland region
these components of litter quality are more important in affecting seasonal changes in25

litter decomposability than other litter variables (i.e. higher lignin and lower nutrients
Ca and N in dry season litter). Phenolics are known to increase in concentrations in
forested sites prone to higher solar radiation and nutrient stress (Close and McArthur,
2002; Read et al., 2009), a dynamic that occurs in the north Queensland region (Par-
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sons, 2011; Parsons et al., 2014). These changes were exacerbated by climate (i.e.
moisture availability in the dry and higher annual temperatures), while also being me-
diated by higher soil N (Fig. 3d). Of these however, moisture was more important in
explaining increased litter recalcitrance in the dry (Fig. 4), compared to the overall dif-
ference. What is notable about the seasonal effect for phenolics and decomposability5

in this work is that changes in these factors occurred over the short term. Our coarse
quantification of total phenolics here does not allude to the true chemical causes of
this phenomenon. In a temperate ecosystem, Riipi et al. (2002) found that seasonal
changes in plant secondary metabolites differed greatly depending on the compound
in question. However, it is unclear how short-term changes in green, photosynthesising10

leaves, carried on into albeit mixed, but mostly senesced litter of varying ages. This war-
rants further enquiry, because short term changes moisture seasonality and increased
solar radiation, along with higher overall temperatures, under future climates (Suppiah
et al., 2007) may impact on litter quality in this way, thus altering decomposition and
biogeochemical cycles.15
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Table 1. Descriptive statistics of litterfall seasonality indices (annual distribution) from 32 rain-
forest plots in the Australian wet tropics.

Seasonality Mean (peak) Mean Max Min Sd
variable month

Total litterfall Dec 0.28 0.51 0.14 0.10
Leaf litterfall Nov 0.25 0.48 0.03 0.13
Leaf decomposability Jan 0.13 0.25 0.03 0.06
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Table 2. Correlations of climate, soil, litter dynamics and community composition with season-
ality from the Australian rainforest region (n = 32 plots).

Variable SL SL SL Decomp. Deciduous-
(total) (leaf) Decomp. (seasonal diff) nessa

µdry−µwet

µwd
(%)

Climate MAP −0.042 −0.05 −0.294 0.018 −0.419∗

Rainfall seasonality 0.188 −0.334 0.074 −0.217 0.331
Dry season moisture −0.233 0.051 −0.319∗ 0.449∗∗ 0.105
MAR −0.026 0.045 0.354∗ −0.043 0.517∗∗

MAT −0.449∗∗ −0.405∗ 0.344 −0.345 0.731∗∗∗

Soil Soil Ca −0.197 −0.421∗ −0.131 0.101 0.215
Soil Na −0.136 0.073 −0.085 0.328 0.061
Soil N 0.517∗∗ −0.142 −0.531∗∗ 0.308 −0.066
Soil P 0.058 0.126 −0.391∗ 0.044 −0.112
Soil N : P 0.251 −0.281 −0.224 −0.105 0.130
Soil TOC 0.204 0.035 −0.002 0.094 0.104

Litter Litterfall rate −0.095 −0.286 0.104 −0.130 0.079
Leaf decomposability −0.329 −0.192 −0.292 −0.031 −0.085

Community Plant species richness 0.097 0.449∗ 0.045 0.302 −0.193
Plant density 0.12 0.337 0.187 0.275 −0.158
Early secondary species −0.387∗ −0.312 0.055 −0.030 0.245
Deciduousness −0.602∗∗∗ −0.384∗ 0.309 −0.398∗ –

a Deciduousness contained three levels – 1 =evergreen; 2 =quasi-evergreen; 3 = semi-deciduous (see text for definitions); ∗:
p < 0.05, ∗∗: p < 0.01, ∗∗∗: p < 0.001.
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Table 3. Best sub-set linear model results explaining the seasonality in total litterfall (SLtotal,
two models), leaf litterfall (SLleaf), leaf decomposability (SLdecomp) and the difference between
dry season and wet season decomposability, from plots in Australian tropical rainforest. n = 32
except for models that included early secondary species where n = 30 due to missing data
(Table S1).

Variable Est. p (var.) r2 n Model p

SLtotal (1) (Intercept) 0.406 < 0.0001 0.63 30 < 0.0001
Soil N : P 0.004 0.0003
Early secondary species −0.002 0.047
Deciduousness −0.071 < 0.0001

SLtotal (2) (Intercept) 0.72 < 0.0001 0.54 30 0.0001
MAT −0.02 0.001
Early secondary species −0.003 0.005
Soil N : P 0.004 0.001

SLleaf (Intercept) 0.501 0.009 0.39 30 0.004
MAT −0.024 0.005
Early secondary species −0.002 0.008
Rainfall seasonality 0.003 0.06

SLdecomp (Intercept) 0.237 0.02 0.55 32 < 0.0001
MAT 0.009 0.01
Dry season moisture −0.003 0.004
Soil N −0.23 0.0001

Decomposability (Intercept) −56.82 0.002 0.20 32 0.010
µdry−µwet

µwd
(%) Dry season moisture 0.590 0.010
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Table 4. Results of 2-way repeated measures ANOVA for seasonal concentrations, wet (31
October–1 April) and dry season, of leaf litter chemical components, from sites in Australian
tropical rainforests (n = 32 plots, number of samples per treatment is shown in parenthesis).

Variable Effect df F Wet mean Dry mean p

Decomposability Season 1 58.891 1.20±0.01 1.08±0.01 < 0.001
Season*plot 31 1.777 (781) (993) 0.005

N Season 1 5.613 1.21±0.01 1.23±0.01 0.024
Season*plot 31 1.450 (801) (1018) 0.053

P Season 1 0.398 0.03±0.001 0.03±0.001 0.533
Season*plot 31 1.829 (809) (1018) 0.004

Ca Season 1 6.901 0.97±0.01 0.91±0.01 0.013
Season*plot 31 1.814 (801) (1018) 0.004

C Season 1 0.107 48.8±0.05 48.9±0.05 0.746
Season*plot 31 1.975 (801) (1018) 0.001

lignin Season 1 74.72 36.5±0.14 34.1±0.12 < 0.001
Season*plot 31 2.322 (801) (1017) < 0.001

α-cellulose Season 1 23.76 20.3±0.07 19.6±0.06 < 0.001
Season*plot 31 2.882 (800) (1017) < 0.001

Phenolics Season 1 191.3 0.44±0.01 0.63±0.01 < 0.001
Season*plot 31 2.680 (801) (1018) < 0.001
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Figure 1. The mean monthly distribution of leaf (inside solid line) and total (outside) litterfall
(±95 % CI dotted lines) (a) and leaf litter decomposability (b) from 32 plots in Australian wet
tropical rainforest. The centroid (mean date) of total litterfall and leaf decomposability is show
by the filled triangle (total and decomposability) and open triangle (leaf). Scales are: (a) 0–
13 t ha−1 yr−1 and (b) 0–1.7 yr−1.
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Figure 2. Seasonality by deciduousness based on the classifications in Webb (1968): (a) total
litterfall; (b) leaf litterfall; (c) leaf decomposability.

7927

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/7901/2014/bgd-11-7901-2014-print.pdf
http://www.biogeosciences-discuss.net/11/7901/2014/bgd-11-7901-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 7901–7929, 2014

Contrasting patterns
of litterfall

seasonality

S. A. Parsons et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 3. Partial regression plots from linear models explaining litter seasonality in Australian
tropical rainforests (a) total litterfall model 1; (b) total litterfall model 2; (c) leaf litterfall; (d) leaf
decomposability.
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Figure 4. Linear model representing the difference between dry season and wet season leaf
decomposability for 32 plots in Australian tropical rainforest. Negative values for the seasonal
difference show lower decomposability in the dry for the plots (y-axis=dry season minus wet
season value, as % of the plot mean).
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