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Abstract
Background and aims Herbivorous insects are impor-
tant nutrient cyclers that produce nutrient-rich frass. The
impact of elevated atmospheric [CO2] on insect-
mediated nutrient cycling, and its potential interaction
with precipitation and temperature, is poorly understood
and rarely quantified. We tested these climatic effects on
frass deposition in a nutrient-limited mature woodland.
Methods Frass deposition by leaf-chewing insects and
its chemical composition was quantified monthly over
the first 2 years at the Eucalyptus free-air CO2 enrich-
ment experiment and contrasted with leaf nitrogen con-
centration, rainfall and temperature.
Results Leaf-chewing insects produced yearly between
160 and 270 kg ha−1 of frass depositing 2 to 4 kg ha−1 of
nitrogen. Frass quantity and quality were influenced by
rainfall and average maximum temperatures. In contrast,
elevated CO2 did not impact nitrogen concentrations in

fully expanded leaves and frass deposition to the wood-
land floor.
Conclusions Two years of elevated CO2 did not alter
nutrient transfer by leaf-chewing insects. This may be
due to the low nutrient status of this ecosystem, duration
of CO2 fumigation or climatic conditions. However,
rainfall co-occurring with seasonally higher tempera-
tures exerted strong effects on nutrient cycling, poten-
tially through shifts in leaf phenology with conse-
quences for insect population dynamics and insect-
mediated nutrient transfer.
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Introduction

Insect herbivores living within forest canopies play ma-
jor roles in terrestrial ecosystems; they can shape com-
munity structure and link above- and belowground pro-
cesses via their roles in forest nutrient dynamics
(Schowalter 2000; Bardgett and Wardle 2003; Frost
and Hunter 2004). Insect herbivores can directly affect
soil nitrogen (N) availability by the deposition of frass
(insect excrement), transferring N from leaf tissue to the
forest floor within the same season and prior to leaf
senescence (Frost and Hunter 2007). Herbivores also
indirectly impact nutrient transfer through alterations
in plant community composition that can change leaf
decomposition rates and nutrient release (Schweitzer
et al. 2005; Chapman et al. 2006).
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It is well established that elevated atmospheric CO2

concentrations, hereafter e[CO2], alter leaf chemistry
and physical properties of plants (Ainsworth and
Rogers 2007). e[CO2] often leads to a decrease in foliar
[N] (Ellsworth et al. 2012) and increases in carbohydrate
concentrations resulting in an increased C:N ratio
(Stiling and Cornelissen 2007; Duval et al. 2012;
Sardans et al. 2012; Sistla and Schimel 2012). Some
secondary compounds, such as phenolics, are also ex-
pected to increase under e[CO2] (Ryan et al. 2010).
Alterations to foliar chemistry at e[CO2] generally have
negative impacts on insect herbivore performance, such
as increased developmental time and reduced pupal
weights (Robinson et al. 2012; Murray et al. 2013a;
Gherlenda et al. 2015). Leaf consumption is also ex-
pected to increase, potentially via compensatory feeding
in response to reduced foliar nutrient concentrations
(Stiling and Cornelissen 2007). Changing patterns of
leaf consumption or varied insect herbivore abundance
as a result of plant-mediated e[CO2] effects may there-
fore have implications for forest nutrient transfer medi-
ated by frass deposition.

Leaf consumption by insects results in the production
of frass which contains nutrients such as N and phos-
phorus (P) in higher concentrations and in a more labile
form than in leaf litter (Lovett et al. 2002;Madritch et al.
2007). Nutrients contained within frass, particularly N,
can quickly be re-assimilated by forest plants (Frost and
Hunter 2007), transported from the forest via water
runoff (Townsend et al. 2004; Frost and Hunter 2007)
or immobilised by the microbial community (Hillstrom
et al. 2010; Kaukonen et al. 2013). It has been suggested
that the role of frass deposition within forest nutrient
cycling is most pronounced during insect outbreaks
(Hollinger 1986; Reynolds et al. 2000). Recent studies,
however, have shown that insect herbivores at normal
population levels also significantly impact nutrient cy-
cling and soil processes (Hunter et al. 2003; Meehan
et al. 2014).

Changes in leaf chemistry mediated by environmen-
tal factors such as e[CO2], precipitation and temperature
may result in altered frass chemistry, including the
amount of phenolic compounds and C:N ratio. This
may have implications on forest processes utilising frass
as a nutrient source. For example altered frass C:N ratios
may influence plant associations with microbial symbi-
onts (Katayama et al. 2010; Kagata and Ohgushi 2012).
Incomplete understanding of the intricate relationship
between insect-mediated nutrient cycling and

environmental factors such as rainfall and seasonal tem-
perature variations, adds further uncertainty to how
forest nutrient cycling will be impacted by climate
change.

This study assessed frass deposition by leaf-
chewing insect herbivores from the canopy to the
woodland floor of the Eucalyptus free-air CO2 enrich-
ment (EucFACE) experiment. We aimed to assess the
impact of e[CO2] on aspects of nutrient cycling driven
by leaf-chewing insects within this nutrient-limited
woodland ecosystem described by Crous et al. (2015)
and Nielsen et al. (2015). It was hypothesised that
frass deposition in this mature Eucalyptus woodland
would increase at e[CO2] due to compensatory feeding
by leaf-chewing insects in response to plant-mediated
e[CO2] effects (if any were detected). Such compensa-
tory feeding was observed in most laboratory studies
(Stiling and Cornelissen 2007; Robinson et al. 2012),
including two key Eucalyptus herbivore species found
at EucFACE, Paropsis atomaria (Coleoptera:
Chrysomelidae) and Doratifera quadriguttata
(Lepidoptera: Limacodidae) (Murray et al. 2013a;
Murray et al. 2013b; Gherlenda et al. 2015).
However, potential compensatory feeding responses
have so far only been tested in few field studies
(Meehan et al. 2014; Couture et al. 2015).

As a secondary aim, we investigated the effect of
environmental variation in rainfall and temperature on
seasonal and annual variability in insect herbivore frass
production in this mature and evergreen Eucalyptus
woodland over a 2 year period. Previous studies have
assessed frass and associated nutrient deposition in
Eucalyptus woodlands mostly as individual time snap-
shots, resulting in considerable variation in the frass
production reported for these ecosystems (Ohmart
et al. 1983; Ohmart 1984; Lowman and Heatwole
1992). However frass deposition may depend on rainfall
that drives production of new foliage in evergreen
Eucalyptus, and on temperature, a key factor for insect
development and activity (Gherlenda et al. 2015).
Previous research demonstrated that the production of
new foliage (flush growth) in Eucalyptus due to rain-
fall (Pook 1984) can stimulate herbivory while insect
activity is highest in the summer (Ohmart et al. 1983;
Heatwole et al. 1997). Therefore, we hypothesised that
precipitation during periods with higher average max-
imum temperatures would also increase frass deposi-
tion as a function of new leaf production and increased
insect activity.
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Methods

This study was conducted at the EucFACE experiment
which is located in a remnant of native Cumberland
Plain Woodland in Richmond, NSW, Australia. The
EucFACE experiment comprises six 25 m diameter
FACE rings which extend above the tree canopy.
Three rings were supplied with ambient CO2 and the
other three rings received e[CO2]; CO2 was supplied to
all rings via a proportional-integral-derivative control
algorithm (Lewin et al. 2009), and without changing
airflow in rings so that it would not impact insect mo-
bility (Hamilton et al. 2012). CO2 enrichment began in
September 2012 and was gradually increased at a rate of
30 μmol mol−1 per month until the maximum concen-
tration of 150 μmol mol−1 above ambient [CO2] was
reached in February 2013; it was then kept at this diurnal
[CO2] target within the elevated rings. Except for the
fumigation and experimental set up, the study site has
remained undisturbed for at least 75 years and is dom-
inated by mature Eucalyptus tereticornis trees forming
an open tree canopy with a grassy understory character-
istic for the Shale PlainsWoodland community, the most
widely distributed vegetation community of
Cumberland Plain Woodland (Tozer 2003; see Crous
et al. 2015 for detailed site description).

Eight plastic baskets with a collection surface area of
0.1979 m2 (an ellipsoid with lengths of 0.56×0.45 m)
and with a depth of 0.40 m were randomly allocated
within each treatment and control ring, and staked ap-
proximately 20 cm above the woodland floor. Each
basket was lined with a fine nylon mesh (200 μm aper-
ture) weighted down in the centre. This allowed collec-
tion of material deposited from the E. tereticornis can-
opy while allowing precipitation to freely pass through.
Five baskets were initially installed in each ring in mid
September 2012 and additional three baskets were
added to each ring in mid October 2012. Frass was
collected monthly for 2 years from all eight traps per
ring starting from mid November 2012 until mid
October 2014. Therefore, year 1 was defined as from
November 2012 to October 2013; year 2 as from
November 2013 to October 2014. Frass was oven-
dried at 40 °C for 72 h. Frass of leaf-chewing herbivores
was identified by shape, texture and colour, and sorted
from other material collected (e.g., litterfall, bark) under
a dissecting microscope (Couture et al. 2015). For the
purpose of this study we have excluded lerps, starchy
excretions by plant-sucking psyllids commonly found

on Eucalyptus (Hall et al. 2015). This is consistent with
other frass studies that have quantified frass exclusively
from leaf-chewing insects (Ohmart et al. 1983; Couture
et al. 2015). After sorting, frass samples were weighed
and then pooled per ring before being ground to a fine
powder for chemical analysis.

For each month, [C] and [N] of frass samples were
measured with a CHN elemental analyser after combus-
tion (TruSpec micro, LECO Corp., St. Joseph, MI,
USA; and FLASH EA 1112 Series CHN analyser,
Thermo-Finnigan, Waltham, MA USA). Monthly [P]
were determined by placing 50 mg of each sample in a
muffle furnace (550 °C) for 8 h. The resulting ash was
dissolved in 5 mL of 1 % perchloric acid and total [P]
quantified by ascorbic acid-molybdate reaction
(Murphy and Riley 1962) that was run in technical
triplicates. Monthly total phenolics (TP) content was
determined as described in Salminen and Karonen
(2011), in technical triplicates, using a Folin-Ciocalteu
assay with gallic acid monohydrate (Sigma-Aldrich, St.
Louis, MO, USA) as the quantification standard.

Two fully expanded and mature leaves from each of
three trees per ring were collected in October 2012 (during
ramp-up), and February (after ramp-up), May and
September 2013 (constituting year 1 of frass collection)
and in November 2013, February, May and November
2014 (constituting year 2 of frass collection). A single
collection of flush leaves was also conducted in February
2014 for comparison with mature leaves collected at the
same time. Throughout the study, leaf flushing periods
were observed starting in late January 2013 (minor
flushing in year 1) and December 2013 (major
flushing in year 2; D.S. Ellsworth, personal communica-
tion). Leaves from each ring were freeze-dried and ground
to a fine powder with a ball mill (MM400 Retsch, Haan,
Germany). Foliar N was determined with a CHN elemen-
tal analyser after combustion (TruSpec micro, LECO
Corp., St. Joseph, MI, USA; and FLASH EA 1112
Series CHN analyser, Thermo-Finnigan, Waltham, MA,
USA). Data of leaf [N] were analysed for elevated CO2

effects in JMP (JMP v. 11, SAS Institute, Cary, NC, USA)
with a repeated measurements ANOVA.

For each monthly frass sample, the dry weight was
divided by the duration in days between monthly col-
lections and multiplied by 30 to obtain the monthly frass
deposition. Annual amounts of C, N, P and TP trans-
ferred to the woodland floor by herbivorous insects were
calculated as the mass of frass in a given month multi-
plied by the concentration as determined by chemical
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analysis for each respective month. Linear mixed effects
models fitted by restricted maximum likelihood were
used to determine the effect of e[CO2], time, rainfall and
average maximum temperature on frass deposition and
chemistry in R (v3.2.0, R Development Core Team
2015) using the nlme package (v3.1-118, Pinheiro
et al. 2015). Ring identity and month were included as
random factors in order to account for repeated mea-
sures. An autocorrelation function was used in order to
test for temporal autocorrelation and model residuals.
Monthly rainfall values (starting with the 15th day of
each month and ending with the 14th day of the follow-
ing month, in order to match the mid-monthly periodic-
ity of the frass collection) were obtained from automated
tipping buckets (Tipping Bucket Rain gauge TB4,
Hydrological Services Pty Ltd, Liverpool, NSW,
Australia) located 23.5 m high on the central tower in
three rings, while average monthly maximum tempera-
tures were obtained from a HUMICAP sensor (HMP
155 Vaisala, Vantaa, Finland) located 23.5m high on the
central tower in all six rings. Data obtained from both
sensors were logged every 15 min using CR3000 data
loggers (Campbell Scientific, Townsville, Australia).
Average monthly and minimum temperatures did not
significantly affect frass deposition, thus only maximum
temperatures were modelled. Rainfall occurring 30 days
prior to the frass collection period and average maxi-
mum temperature was modelled, and R2 values were
obtained using the r.squaredGLMM function in the
MuMIn R package (Johnson 2014; Barton 2015).

Results

The quantity of insect herbivore frass falling to the
woodland floor was not influenced by the e[CO2] treat-
ment (P=0.698; Fig. 1a). In year 1, frass deposition
peaked in November and from March to May, with a
smaller third peak in September, while in year 2 frass
deposition peaked in January and March (Fig. 1a). No
significant difference in total yearly rainfall was ob-
served between the two years (P=0.873) but the distri-
bution of rainfall differed between years (Fig. 1b). In
year 1, rainfall peaked in February and March, while in
year 2, it peaked in December with a smaller peak in
April. Monthly frass deposition was positively correlat-
ed with rainfall 30 days prior to the collection period
(P<0.001, R2=0.080; Fig. 2a). Higher monthly average
maximum temperatures also significantly stimulated

frass deposition (P<0.001, R2=0.155, Fig. 2b) up
to about 30 °C. Above 30 °C frass production dropped .

For both years, monthly frass deposition to the wood-
land floor ranged between 10 and 40 kg ha−1 (Fig. 1a).
In year 1, average monthly frass deposition was 22.3±
2.6 kg ha−1 and this significantly decreased to 13.5±
2.2 kg ha−1 in year 2, regardless of CO2 treatment

a

b

Fig. 1 Mean (± S.E.) monthly frass deposition by leaf-chewing
canopy insects (a) and monthly rainfall (b) in the first and second
year of the Eucalyptus free-air CO2 enrichment experiment at
ambient or elevated [CO2]

32 Plant Soil (2016) 399:29–39



(Fig. 3a; Table 1). Similarly, frass [N] and [P] were 44
and 45 % lower in year 2 (P=0.002; P=0.009, respec-
tively; Fig. 4) while the C:N ratio increased by 16 %
(Table 2); no other frass chemical characteristic was
altered between the years (Table 2). Frass [N] and [P]
were also not significantly altered by e[CO2] (P=0.809;

P=0.709, respectively; Fig. 4, Table 2), however, they
fluctuated throughout both years. Frass [N] was highest
in February of year 1 while in year 2, [N] was highest in
December (Fig. 4a); this seasonal pattern was also con-
sistent for frass [P] (Fig. 4b). Based on these concentra-
tion values and total frass deposition, annual deposition
of frass components (C, P, N and TP) were significantly
reduced in year 2 (Fig. 3b-e, Table 1), while e[CO2] did
not significantly alter the total quantity of N, P, C and TP
transferred from the canopy to the soil via frass deposi-
tion (Fig. 3b-e; Table 1).

The average [N] in leaves of E. tereticornis was 16.6
±0.4 mg g−1 at ambient and 15.9±0.4 mg g−1 at e[CO2]
in year 1, while in year 2 average foliar [N] was 16.6±
0.9 mg g−1 at ambient and 16.4±0.9 mg g−1 at e[CO2]
(Fig. 3f). Overall, foliar [N] was not impacted by e[CO2]
(P=0.681), and no significant difference was observed
between years (P=0.808; Fig. 3f); however, a signifi-
cant monthly effect was observed (P<0.001; Fig. 5).
The single collection of flush foliage in February 2014
revealed higher foliar [N] when compared to mature
leaves collected at the same time point (P=0.003;
Fig. 5), and after a significant amount of rainfall in
December 2013 (Fig. 1b) that had stimulated the pro-
duction of new flush foliage (D.S. Ellsworth, personal
communication).

Discussion

Over a 2 year period, and at the start of the EucFACE
experiment, significant temporal variations were ob-
served both in the total amount of frass deposited and
its nutrient composition while CO2 treatment itself did
not impact frass quantity or composition in this mature
Eucalyptus woodland. Within each year, at least two
peaks in frass deposition and therefore nutrient transfer
to the woodland floor were apparent between September
to May (spring to autumn) with lowest frass production
in winter. Peaks in frass deposition were a function of
rainfall in the month prior to the frass peak and average
monthly maximum temperature; the frass deposition
peaks were also linked with the observed production
of new foliage with higher [N] than mature leaves
measured at the same time point. Furthermore, frass
deposition and frass nutrient content was lower in the
second year, possibly due to a shift of rainfall events in
the second year. Overall our results are in strong support
of our second hypothesis regarding rainfall and

a

b

Fig. 2 Relationship between frass deposition by leaf-chewing
canopy insects and rainfall occurring 30 days prior to the frass
collection period (a) and average monthly maximum temperatures
(b) over a 2 year period. Solid line indicates regression curve with
dashed lines indicating predicted 95 % confidence intervals from
the statistical model (mean ring monthly frass deposition values
displayed). Filled circles represent ambient [CO2], and open cir-
cles represent elevated [CO2]
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temperature as key drivers of frass deposition in the
mature and evergreen Eucalyptus woodland of the
EucFACE site, while we did not find support for our
first hypothesis of e[CO2] effects on leaf [N], frass
quantity and composition 2 years into the EucFACE
experiment.

Many Eucalyptus-feeding insects are known to pref-
erentially feed on young expanding leaves because of
their higher [N] (Lowman 1985; Steinbauer et al. 1998;
Nahrung et al. 2008; Gherlenda et al. 2015). The pro-
duction of Eucalyptus flush foliage can occur anytime
throughout the year and is mostly driven by water
availability and temperature (Davison and Tay 1989;
Pook et al. 1997; Myers et al. 1998). Therefore, rainfall
and temperature stimulating flush production may indi-
rectly impact herbivorous insect population dynamics
(and with it, frass deposition and nutrient cycling) while
insect activity will also be directly stimulated by higher
temperatures. Shifts in the timing of leaf productionmay
thus impact insect populations and community compo-
sition (Heatwole et al. 1997), and with it frass
production.

Frass deposition at the EucFACE experiment de-
creased in the second year, and this may have been
due to several factors acting independently or interac-
tively on insect abundance or composition; (1) the func-
tional relationship between plant growth and herbivo-
rous insect development may have been disrupted be-
cause of a shift in rainfall and leaf phenology; (2) less
frass may have been produced because of a shift to a
different insect community composition. For example,
the herbivore community composition may have
changed towards senescence leaf-chewers (White

2015), or alternatively there may have been a shift from
leaf-chewing (therefore frass-producing) to plant-sap
feeding herbivores; or a population increase at higher
trophic levels may have suppressed insect herbivores via
increased predation or parasitism (Hamilton et al. 2012).
However, detailed characterisation of the insect herbi-
vore community is not yet available for the EucFACE
site to address this question.

Frass nutrient concentrations, including frass [N],
significantly decreased in the second year, while foliar
[N] was not different between both years. While in
principle an interesting disparity, any functional inter-
pretation of this difference needs to be made with ex-
treme caution. The frass collection effort was far more
comprehensive than leaf collection throughout our
study. Furthermore, leaf samples represent a single plant
species response while frass samples (albeit from the
same single plant species) are derived from an insect
species community response. For example, the ability of
insects to extract foliar nutrients from the same plant
species may differ and vary in time depending on insect
species, and this may result in diverging chemistry of
frass from leaves (Knepp et al. 2007; Couture and
Lindroth 2014; Meehan et al. 2014). Similar to the
reduction of frass mass deposited, the reduction in frass
[N] may be due to nutrient shifts away from leaf-
chewing insects towards other functional herbivore
groups (i.e., plant sap feeding insects) for which our
frass collection approach was not appropriate.

Research of another forest FACE site, Aspen FACE,
has demonstrated that e[CO2] can enhance nutrient
transfer by leaf-chewing herbivorous insects (Hillstrom
et al. 2010; Meehan et al. 2014; Couture et al. 2015).
Frass deposition analyses in Aspen FACE were started
10 years after CO2 fumigation began, and were under-
taken over 2 years between late May to early September
each year (Couture et al. 2015) because of their decid-
uous nature. In contrast, frass by leaf-chewing insects at
EucFACE was collected from evergreen Eucalyptus
trees during the first 2 years of elevated CO2 fumigation.

�Fig. 3 Mean (± S.E.) dry mass of frass (a), carbon (b), phosphorus
(c), nitrogen (d), and total phenolics (e) transferred to the forest
floor by leaf-chewing canopy insects and yearly average foliar [N]
(f) of Eucalyptus tereticornis in the first and second year of the
Eucalyptus free-air CO

2

enrichment experiment under ambient
(shaded bars) and elevated (open bars) [CO2]

Table 1 Linear mixed effect model results (P values) on total frass, carbon, nitrogen, phosphorus and total phenolics deposition at the
EucFACE site. d.f. represents degrees of freedom and bold values indicate significance at P<0.05

d.f. Frass Carbon Nitrogen Phosphorus Total phenolics

CO2 1,4 0.750 0.742 0.694 0.651 0.723

Year 1,4 0.017 0.016 0.012 0.011 0.019

CO2 x year 1,4 0.708 0.682 0.659 0.691 0.762
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There is evidence to suggest that the age of trees and the
total length of exposure influences tree responses to
e[CO2] (Gunderson and Wullschleger 1994; Curtis
1996). Moreover, trees at Aspen FACE have been ex-
posed to e[CO2] from the seedling stage throughout the
establishment phase (Dickson et al. 2000) while in
EucFACE fumigation occurred on already established
and mature trees. Furthermore, and in contrast to Aspen

Face, the EucFACE site is P-limited (Crous et al. 2015)
and this may limit the e[CO2] response of E. tereticornis
in growth, photosynthetic rates or leaf chemistry, with
consequences for the insect community and insect-
mediated nutrient transfer. P limitations at the
EucFACE site has also been observed to define soil
biota (Nielsen et al. 2015). The overall difference in tree
ontogeny and duration of fumigation between both
FACE experiments may be responsible for the contrast-
ing responses; E. tereticornis trees at EucFACE may
have had the ability to offset short-term e[CO2] expo-
sure by accessing nutrient reserves. Given that there was
no effect of e[CO2] on leaf [N] and therefore no basis for
an expectation of compensatory feeding, our hypothesis
of increased frass production at e[CO2] within the first
2 years of EucFACE was rejected. Future analyses of
leaf [N] and frass deposition after prolonged CO2 expo-
sure may show significant differences between ambient
and elevated CO2 treatments, in particular as there was a
trend towards lower leaf [N] at e[CO2] for somemonths.
Previous studies at other FACE sites such as Duke
FACE have also reported delayed onset of reduced leaf
[N] at e[CO2] (Ellsworth et al. 2012). In the future it will
also be important to consider the effects of e[CO2] on
different developmental stages of leaves because herbi-
vore species have different preferences for either flush,
mature or senescent foliage (Gherlenda et al. 2015;
White 2015).

There are several limitations which constrain the
interpretation of results when reporting frass inputs from
herbivorous insects to the forest floor: FACE rings and
CO2 fumigation do not prevent insect movement
allowing insects to freely move between treatments
(Hamilton et al. 2012). However, insects may respond
behaviourally to plant-meditated effects of CO2 treat-
ments such as changes in the emitted volatile carbon
profile. This could impact adult insects in their choice of
diet, or adult female insects in their choice of oviposition
sites, but is unlikely to impact larval stages that are
restricted in their movement. Frass collected within our
study was more likely from the larval stages that prob-
ably completed their development within a single treat-
ment ring. Excretions from phloem-feeding insects were
not measured yet are known to also impact nutrient
transfer (Stadler et al. 2001) and this may be significant
if at high abundance such as observed for psyllids on
Eucalyptus (Steinbauer et al. 2014; Hall et al. 2015).
High numbers of psyllid lerps were observed in frass
traps throughout our study, and psyllid populations

a

b

Fig. 4 Mean (± S.E.) monthly [N] (a) and [P] (b) containedwithin
frass deposited by leaf-chewing canopy insects at ambient (filled
circles) or elevated (open circles) [CO2] at the Eucalyptus free-air
CO2 enrichment experiment
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culminated into large numbers causing considerable
canopy defoliation after frass collections ceased
(A.N.G. and M.R., personal observation), and this will
require further investigation in the future. Finally, pre-
cipitation may have leached out collected frass mass and
its nutrient content. Estimates of reductions in the mass
of frass as a result of precipitation can be as high as 34%
depending on the producer of frass and the intensity of
precipitation events (Mizutani and Hijii 2001).
Therefore, the values reported in our study should be
considered as an under-estimate of frass deposition and
nutrient content.

Our study demonstrated in monthly accumulative
sampling over 2 years that leaf-chewing herbivorous
insects, even at non-outbreak levels, can transfer signif-
icant amounts of frass mass (160–270 kg ha−1 per year)
and nutrients (e.g., 2–4 kg N ha−1 per year) from the
canopy to the floor of a Eucalyptus woodland. This
comprehensive measurement allowed correlation of
frass deposition by leaf-chewing insects with the tem-
poral and seasonal variation of precipitation and tem-
perature. The most likely link between rainfall, temper-
ature and frass deposition is the production of new
canopy foliage, with higher [N] content that then drives

Fig. 5 Average monthly foliar
[N] of Eucalyptus tereticornis
from mature leaves (circles) and a
single collection event of flushing
leaves (triangles) under ambient
(filled symbols) or elevated (open
symbols) [CO2] at the EucFACE
site between October 2012 and
November 2014. Increased leaf
[N] over the seasons represents a
new leaf cohort (i.e., May 2013
and Feb 2014)

Table 2 Mean (± S.E.) yearly concentrations (% dry weight) of
carbon, nitrogen, phosphorus, and total phenolics as well as C:N
and N:P ratios of frass falling from the canopy under ambient

(a[CO2]) or elevated (e[CO2]) concentrations, with analysis results
of the linear mixed effects model

Carbon Nitrogen Phosphorus Total phenolics C:N N:P

Year 1

a[CO2] 52.71 (0.14) 1.55 (0.08) 0.12 (0.001) 6.01 (0.55) 35.66 (0.94) 13.05 (0.65)

e[CO2] 52.79 (0.21) 1.53 (0.04) 0.12 (0.007) 6.15 (0.21) 35.41 (1.03) 12.6 (0.45)

Year 2

a[CO2] 52.99 (0.29) 1.32 (0.04) 0.10 (0.006) 5.84 (0.20) 41.21 (1.22) 13.76 (0.70)

e[CO2] 52.96 (0.24) 1.32 (0.06) 0.10 (0.007) 5.86 (0.22) 41.30 (1.85) 13.50 (1.04)

d.f. P-value

CO2 1,4 0.832 0.824 0.691 0.781 0.899 0.690

Year 1,4 0.176 0.050 0.026 0.626 0.038 0.413

CO2×year 1,4 0.663 0.873 0.906 0.824 0.903 0.870
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insect herbivore abundance and population dynamics
when they are most active during the warmer parts of
the year. The interactions of environmental variables such
as rainfall and temperature, with e[CO2] is still rarely
addressed (Murray et al. 2013a; Murray et al. 2013b;
Gherlenda et al. 2015) yet may be an important aspect in
modelling climate change responses of insect herbivores
specifically, but also of forest ecosystems more widely. In
nutrient-poor ecosystems, the effects of e[CO2] on frass
deposition and composition may be masked by abiotic
factors such as rainfall and temperature which drive leaf
phenology and insect population dynamics.

Acknowledgments We thankGoran Lopaticki, David Ellsworth
and Jeff Powell for their help in emptying baskets. We also thank
Jeff Powell, David Ellsworth, Jeffrey Walck and three reviewers
for comments. EucFACE is supported by the Australian Common-
wealth Government in collaboration with Western Sydney Uni-
versity. EucFACE was built as an initiative of the Australian
Government as part of the Nation-building Economic Stimulus
Package. Furthermore, this research was supported by an Austra-
lian Postgraduate Award toA.N.G. andAustralian ResearchCoun-
cil Discovery Projects granted to M.R. (DP1095972) and David
Ellsworth (DP110105102).

References

Ainsworth EA, Rogers A (2007) The response of photosynthesis
and stomatal conductance to rising [CO2]: mechanisms and
environmental interactions. Plant Cell Environ 30:258–270

Bardgett RD, Wardle DA (2003) Herbivore-mediated linkages
between aboveground and belowground communities.
Ecology 84:2258–2268

Barton K (2015) MuMIn: multi-model inference. R package ver-
sion 1.15.1.

Chapman SK, Whitham TG, Powell M (2006) Herbivory differ-
entially alters plant litter dynamics of evergreen and decidu-
ous trees. Oikos 114:566–574

Couture JJ, Lindroth RL (2014) Atmospheric change alters frass
quality of forest canopy herbivores. Arthropod-Plant
Interections 8:33–47

Couture JJ, Meehan TD, Kruger EL, Lindroth RL (2015) Insect
herbivory alters impact of atmospheric change on northern
temperate forests. Nat Plants 1:150–160

Crous KY, Ósvaldsson A, Ellsworth DS (2015) Is phosphorus
limiting in a mature Eucalyptus woodland? Phosphorus
fertilisation stimulates stem growth. Plant Soil 391:293–305

Curtis PS (1996) A meta-analysis of leaf gas exchange and nitro-
gen in trees grown under elevated carbon dioxide. Plant Cell
Environ 19:127–137

Davison EM, Tay FCS (1989) Phenology of Eucalyptus
marginata on sites infested with Phytophthora cinnamomi.
Aust J Bot 37:193–206

Development Core Team R (2015) R: a language and environment
for statistical computing. R Foundation for Statistical
Computing, Vienna

Dickson RE, Lewin KF, Isebrands JG, Coleman MD, Heilman
WE, Riemenschneider DE, Sober J, Host GE, Zak DR,
Hendrey GR (2000) Forest atmosphere carbon transfer and
storage (FACTS-II) the aspen Free-air CO2 and O3

Enrichment (FACE) project: an overview. US Department
of Agriculture, St Paul

Duval BD, Blankinship JC, Dijkstra P, Hungate BA (2012) CO2

effects on plant nutrient concentration depend on plant func-
tional group and available nitrogen: a meta-analysis. Plant
Ecol 213:505–521

Ellsworth DS, Thomas R, Crous KY, Palmroth S, Ward E, Maier
C, DeLucia E, Oren R (2012) Elevated CO2 affects photo-
synthetic responses in canopy pine and subcanopy deciduous
trees over 10 years: a synthesis from Duke FACE. Glob
Chang Biol 18:223–242

Frost CJ, Hunter MD (2004) Insect canopy herbivory and frass
deposition affect soil nutrient dynamics and export in oak
mesocosms. Ecology 85:3335–3347

Frost CJ, Hunter MD (2007) Recycling of nitrogen in herbivore
feces: plant recovery, herbivore assimilation, soil retention,
and leaching losses. Oecologia 151:42–53

Gherlenda AN, Haigh AM, Moore BD, Johnson SN, Riegler M
(2015) Responses of leaf beetle larvae to elevated [CO2] and
temperature depend on Eucalyptus species. Oecologia 177:
607–617

Gunderson CA, Wullschleger SD (1994) Photosynthetic acclima-
tion in trees to rising atmospheric CO2: a broader perspective.
Photosynth Res 39:369–388

Hall AAG, Gherlenda AN, Hasegawa S, Johnson SN, Cook JM,
Riegler M (2015) Anatomy of an outbreak: the biology and
population dynamics of a Cardiaspina psyllid species in an
endangered woodland ecosystem. Agric For Entomol 17:
292–301

Hamilton JG, Zangerl AR, Berenbaum MR, Sparks JP, Elich L,
Eisenstein A, DeLucia EH (2012) Elevated atmospheric CO2

alters the arthropod community in a forest understory. Acta
Oecol 43:80–85

Heatwole H, Lowman MD, Donovan C, McCoy M (1997)
Phenology of leaf-flushing and macroarthropod abundances
in canopies of Eucalyptus saplings. Selbyana 18:200–214

Hillstrom M, Meehan TD, Kelly K, Lindroth RL (2010) Soil
carbon and nitrogen mineralization following deposition of
insect frass and greenfall from forests under elevated CO2

and O3. Plant Soil 336:75–85
Hollinger DY (1986) Herbivory and the cycling of nitrogen and

phosphorus in isolated California oak trees. Oecologia 70:
291–297

Hunter MD, Linnen CR, Reynolds BC (2003) Effects of endemic
densities of canopy herbivores on nutrient dynamics along a
gradient in elevation in the southern appalachians.
Pedobiologia 47:231–244

Johnson PCD (2014) Extension of Nakagawa & Schielzeth’s R2

GLMM to random slopesmodels.Methods Ecol Evol 5:944–
946

Kagata H, Ohgushi T (2012) Positive and negative impacts of
insect frass quality on soil nitrogen availability and plant
growth. Popul Ecol 54:75–82

38 Plant Soil (2016) 399:29–39



Katayama N, Nishida T, Zhang ZQ, Ohgushi T (2010)
Belowground microbial symbiont enhances plant suscepti-
bility to a spider mite through change in soybean leaf quality.
Popul Ecol 52:499–506

Kaukonen M, Ruotsalainen AL, Wäli PR, Männistö MK, Setälä
H, Saravesi K, Huusko K, Markkola A (2013) Moth herbiv-
ory enhances resource turnover in subarctic mountain birch
forests? Ecology 94:267–272

Knepp RG, Hamilton JG, Zangerl AR, Berenbaum MR, DeLucia
EH (2007) Foliage of oaks grown under elevated CO2 re-
duces performance of Antheraea polyphemus (Lepidoptera:
Saturniidae). Environ Entomol 36:609–617

Lewin KF, Nagy J, Nettles WR, Cooley DM, Rogers A (2009)
Comparison of gas use efficiency and treatment uniformity in
a forest ecosystem exposed to elevated [CO2] using pure and
prediluted free-air CO2 enrichment technology. Glob Chang
Biol 15:388–395

Lovett GM, Christenson LM, Groffman PM, Jones CG, Hart JE,
Mitchell MJ (2002) Insect defoliation and nitrogen cycling in
forests. BioScience 52:335–341

Lowman MD (1985) Temporal and spatial variability in insect
grazing of the canopies of five Australian rainforest tree
species. Aust J Ecol 10:7–24

LowmanMD, Heatwole H (1992) Spatial and temporal variability
in defoliation of Australian eucalypts. Ecology 73:129–142

MadritchMD,Donaldson JR, Lindroth RL (2007) Canopy herbivory
can mediate the influence of plant genotype on soil processes
through frass deposition. Soil Biol Biochem 39:1192–1201

Meehan TD, Couture JJ, Bennett AE, Lindroth RL (2014)
Herbivore-mediated material fluxes in a northern deciduous
forest under elevated carbon dioxide and ozone concentra-
tions. New Phytol 204:397–407

Mizutani M, Hijii N (2001) Mensuration of frass drop for evalu-
ating arthropod biomass in canopies: a comparison among
Cryptomeria japonica, Larix kaempferi, and deciduous
broad-leaved trees. Forest Ecol Manag 154:327–335

Murphy J, Riley JP (1962) A modified single solution method for
the determination of phosphate in natural waters. Anal Chim
Acta 27:31–36

Murray TJ, Ellsworth DS, Tissue DT, Riegler M (2013a)
Interactive direct and plant-mediated effects of elevated at-
mospheric [CO2] and temperature on a eucalypt-feeding
insect herbivore. Glob Chang Biol 19:1407–1416

Murray TJ, Tissue DT, Ellsworth DS, Riegler M (2013b)
Interactive effects of pre-industrial, current and future [CO2]
and temperature on an insect herbivore of Eucalyptus.
Oecologia 171:1025–1035

Myers BA, Williams RJ, Fordyce I, Duff GA, Eamus D (1998)
Does irrigation affect leaf phenology in deciduous and ever-
green trees of the savannas of northern Australia? Aust J Ecol
23:329–339

Nahrung HF, Duffy MP, Lawson SA, Clarke AR (2008) Natural
enemies of Paropsis atomaria Olivier (Coleoptera:
Chrysomelidae) in south-eastern Queensland eucalypt plan-
tations. Aust J Ecol 47:188–194

Nielsen UN, Prior S, Delroy B, Walker JKM, Ellsworth DS,
Powell JR (2015) Response of belowground communities
to short-term phosphorus addition in a phosphorus-limited
woodland. Plant Soil 391:321–331

Ohmart CP (1984) Is insect defoliation in eucalypt forests greater
than that in other temperate forests? Aust J Ecol 9:413–418

Ohmart CP, Stewart LG, Thomas JR (1983) Leaf consumption by
insects in three Eucalyptus forest types in southeastern
Australia and their role in short-term nutrient cycling.
Oecologia 59:322–330

Pinheiro J, Bates D, DebRoy S, Sarkar D (2015) nlme: linear and
nonlinear mixed effects models. R Package Version 3.1-122.

Pook EW (1984) Canopy dynamics of Eucalyptus maculata
Hook. I. Distribution and dynamics of leaf populations.
Aust J Bot 32:387–403

Pook EW, Gill AM, Moore PHR (1997) Long-term variation of
litter fall, canopy leaf area and flowering in a Eucalyptus
maculata forest on the south coast of New SouthWales. Aust
J Bot 45:737–755

Reynolds BC, Hunter MD, Crossley DA Jr (2000) Effects of
canopy herbivory on nutrient cycling in a northern hardwood
forest in western North Carolina. Selbyana 21:74–78

Robinson EA, Ryan GD, Newman JA (2012) A meta-analytical
review of the effects of elevated CO2 on plant–arthropod
interactions highlights the importance of interacting environ-
mental and biological variables. New Phytol 194:321–336

Ryan GD, Rasmussen S, Newman JA (2010) Global atmospheric
change and trophic interactions: are there any general responses?
In: Baluska F, Ninkovic V (eds) Plant Communication from an
Ecological Perspective. Springer, Berlin

Salminen JP, Karonen M (2011) Chemical ecology of tannins and
other phenolics: we need a change in approach. Funct Ecol
25:325–338

Sardans J, Rivas-Ubach A, Peñuelas J (2012) The C: N: P stoi-
chiometry of organisms and ecosystems in a changing world:
a review and perspectives. Perspect Plant Ecol 14:33–47

Schowalter TD (2000) Insect ecology: an ecosystem approach.
Academic, San Diego

Schweitzer JA, Bailey JK, Hart SC, Wimp GM, Chapman SK,
Whitham TG (2005) The interaction of plant genotype and
herbivory decelerate leaf litter decomposition and alter nutri-
ent dynamics. Oikos 110:133–145

Sistla SA, Schimel JP (2012) Stoichiometric flexibility as a regu-
lator of carbon and nutrient cycling in terrestrial ecosystems
under change. New Phytol 196:68–78

Stadler B, Solinger S, Michalzik B (2001) Insect herbivores and
the nutrient flow from the canopy to the soil in coniferous and
deciduous forests. Oecologia 126:104–113

Steinbauer MJ, Clarke AR, Madden JL (1998) Oviposition pref-
erence of a Eucalyptus herbivore and the importance of leaf
age on interspecific host choice. Ecol Entomol 23:201–206

Steinbauer MJ, Burns AE, Hall A, Riegler M, Taylor GS (2014)
Nutritional enhancement of leaves by a psyllid through
senescence-like processes: insect manipulation or plant de-
fence? Oecologia 176:1061–1074

Stiling P, Cornelissen T (2007) How does elevated carbon dioxide
(CO2) affect plant–herbivore interactions? A field experiment
andmeta-analysis of CO2-mediated changes on plant chemistry
and herbivore performance. Glob Chang Biol 13:1823–1842

Townsend PA, Eshleman KN, Welcker C (2004) Remote sensing
of gypsy moth defoliation to assess variations in stream
nitrogen concentrations. Ecol Appl 14:504–516

Tozer M (2003) The native vegetation of the Cumberland plain,
western Sydney: systematic classification and field identifi-
cation of communities. Cunninghamia 8:1–75

White TCR (2015) Senescence-feeders: a new trophic sub-guild of
insect herbivores. J Appl Entomol 139:11–22

Plant Soil (2016) 399:29–39 39


	Precipitation,...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References


