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Abstract Apart from the forest floor, the canopy of
forested ecosystems functions as the second most
important source for dissolved and particulate frac-
tions of organic and inorganic C and N compounds.
However, under mass outbreak situations of insect
herbivores this flux path of organic matter is
considerably intensified clearly exceeding C and N
fluxes from the forest floor. In this paper we report on
herbivore-altered C and N fluxes from the canopy to
the forest floor and effects on forest floor nutrient
fluxes during severe defoliating herbivory of the
winter moth (Operophtera brumata) and the mottled
umber moth (Eranis defoliaria) in an oak forest in
Germany. Over the course of 6.5 months we followed
the C and N fluxes with bulk deposition, throughfall
solution, insect frass deposits (green-fall together with
insect faeces) and with forest floor solution in an 117-
yr-old oak (Quercus petraea) forest. Compared to the
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control, herbivore defoliation significantly enhanced
throughfall inputs of total and dissolved organic
carbon and nitrogen by a factor of 3 and 2.5 (for
TOC and DOC), and by 1.4 and 1.3 times (for TNb
and DNDb), respectively. Frass plus green-fall C and N
fluxes peaked in May with 592 kg Cha ' and
33.5 kg Nha ' representing 79.6% (for C) and
78.3% (for N) of the total C and N input over
2.5 months. The quantitative and qualitative C and N
input via faeces and litter deposition significantly
differ between the insect affected and non-affected
site. However, the C and N fluxes with throughfall
did not significantly correlate with forest floor
leachates. In this context, forest floor fluxes of TOC,
DOC and NO3-N were significantly lower at the
infested site compared to the control, whereas fluxes
of NH4-N together with DON were significantly
higher. The study demonstrates the importance of
linking the population and associated frass dynamics
of herbivorous insects with the cycling of nutrients
and organic matter in forest ecosystems, highlighting
the remarkable alterations in the timing, amounts and
nature of organic matter dynamics on the ecosystem
level. Consequently, the ecology of phytophagous
insects allows partly to explain temporal-spatial
alterations in nutrient cycling and thus ecosystem
functioning.

Keywords Insect mass outbreaks - Organic matter
fluxes - Oak forest
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Introduction

Natural disturbances like insect mass outbreaks are
regarded as important drivers for ecosystem process-
es, and furthermore for the development and mainte-
nance of forested landscapes. As biotic agent, insect
pests can achieve a far-reaching importance for forest
functioning and ecosystem services especially under
epidemic conditions. For example, herbivorous
insects can function as a regulator of forest primary
productivity and may lead to an increase in above-
ground biodiversity after defoliation (Fonte and
Schowalter 2004; Hartley and Jones 2004).

On the other hand, severe defoliation caused by
insect pests can have a considerable impact on the
forestry sector by reducing tree growth and timber
quality leading to an economic loss of woody
products (Jactel et al. 2009; Dale et al. 2001,
Langstrom et al. 2001). Heavy mass outbreaks can
have the potential to alter natural forested landscapes
and habitat structure by extinguishing tree species and
associated fauna and flora (Parmesan and Yohe 2003;
Brindle and Brandl 2001). Hence, insect pests can
influence the health of forests positively or negatively
through direct and indirect effects mainly driven by
the frequency, severity and spatial extent of the mass
outbreak events.

To maintain ecosystem services and functions,
which are seriously pertubated by insect mass out-
breaks, many efforts have been made to understand
the interplay between host tree, insect ecology and
biotic and abiotic drivers (Schwenke 1962; Cedervind
et al. 2003; Huberty and Denno 2004; Mattson and
Haack 1987; Langstrom and Hellqvist 1993; Annila et
al. 1999; Larsson and Tenow 1984).

Hence, various studies have demonstrated that
mass outbreaks of insects can also have strong effects
on the organism and biogeochemical scale. Hunter
(2001) determined seven broad mechanisms by which
insect herbivores activity has the potential to alter
nutrient cycling and availability in soils. For example,
insect herbivores affect the recycling of nutrients
directly by their deposits (faecces) and cadavers.
Indirectly by the enhanced nutrient content within
the throughfall solution of infested trees, by altered
chemical composition of infested leaf deposition onto
the soil, altered composition of herbaceous soil
vegetation and plant community, and by frass induced
changes of root exudates which consequently affect
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soil microbial activity and community patterns.
Finally, insect pests can shift the soil microclimate
due to changes in the canopy cover creating increased
light penetration and differences in water cycling.

Herbivorous insects are able to transform needle
biomass or leaf constituents into more easily degrad-
able secondary products (e.g. insect pellets, honey-
dew) (Chapman et al. 2003; Hunter 2001; Schowalter
et al. 1991; Stadler et al. 2001). Through this
transformation, herbivorous insects may promote
mineralisation activity, leading to accelerated decom-
position rates and hence to an intensified release of
nutrients and carbon (Ritchie et al. 1998; Chapman et
al. 2003; Lovett and Ruesink 1995; Stadler et al.
2001; le Mellec et al. 2009). How strongly insect
mass attacks can impact forest stands on the ecosys-
tem level was demonstrated by the study of Kurz et
al. (2008), where the devastation of millions of
hectares by a bark beetle infestation led to an
enormous increase of CO, emissions during the
growing season.

Regarding the tree canopy as a habitat for insects
and microorganism (food source, livelihood) at the
interface between the atmosphere (external) and the
plant biosphere (internal tree metabolism), the canopy
can be considered as the second largest source for
dissolved organic matter. Annual inputs of DOC by
throughfall amounted to 40—-160 kg Cha ' (Bergvist
and Folkeson 1992; Qualls and Haines 1991).
Corresponding inputs of N species range between
1.2-11.5 kg DON ha ', 0.5-16.8 kg NO5-N ha ' and
0.3-46 kg NH4-N ha ', respectively (Piirainen et al.
1998; Qualls and Haines 1991; Michalzik et al. 2001;
Gauger et al. 2008). Nevertheless, organic matter
input with throughfall has been often neglected in
element cycling as it contributes only to a smaller
proportion to the vertical transport of matter and
energy as compared for example to the input of C and
N by leaf litter (900—2,600 kg Cha ' a™!, 20-55 kg N
ha' a') (Michalzik et al. 2001).

However, under insect mass outbreak situation the
function of tree canopies as source for organic matter
and nutrients increases considerably. In this context, a
previous study in a pine forest stand in Germany
demonstrated remarkable effects of the defoliation
activity of the pine lappet moth (Dendrolimus pini)
causing a magnified transfer of organic matter from
the canopy to the soil. Inputs of organic carbon to the
forest floor amounted to 180 kg Cha ' 6 months '
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(by throughfall) and up to 520 kg Cha ' 6 months ™!
(by frass and green-leaf deposition) during the
growing season (le Mellec and Michalzik 2008).

In general, it appeared that herbivorous activities
under epidemic conditions lead to alterations in
nutrient cycling through quantitatively and qualita-
tively changed organic matter fluxes to the forest floor
(le Mellec and Michalzik 2008; le Mellec et al. 2009).
In this context, it is suggested that DOM input with
throughfall is a leading promoter for decomposition
processes in the forest floor, significantly affecting the
C partitioning of the litter input into CO,, DOC and
humic material and its fate in the mineral soil
(Madritch and Hunter 2003; Chapman et al. 2003:
Frost and Hunter 2004).

Only a few field studies followed the pathway and
composition of insect-mediated organic matter fluxes
from the canopy into the mineral soil and the effects
on organic matter cycling in the soil. However, the
determination of driving factors—like biological
agents—governing nutrient fluxes and fluctuations in
different ecosystem strata, might partly explain the
sudden occurrence of temporal-spatial alterations in
nutrient cycling and thus ecosystem functioning
(Schowalter 2000; Wardle et al. 2000; Michalzik and
Stadler 2005).

Addressing this aspect, we investigated the short-
term effects of a mass outbreak of the winter moth
(Operophtera brumata) and the mottled umber moth
(Eranis defoliaria) in an oak forest on the above and
belowground fluxes of organic matter and associated
fractions of C and N. In detail, three hypotheses were
tested: mass outbreak situations affect (a) the above
and belowground C and N matter release, where the
canopy is more directly and more intensively affected
than the forest floor, (b) the production and proportion
of the particulate C and N fractions in the two
compartments, and (c) the production of residual-N
(NH4-N and DON) in canopy and forest floor
solutions.

Material and methods
Study area
The study was carried out from the beginning of April

to mid-October 2006 in the “Rotenburg” region
located in the north-eastern part of Germany in Lower

Saxony between Bremen, Hannover and Hamburg.
The study area is embedded in a moraine landscape,
with a mean annual precipitation of approximately
650-700 mm and mean annual temperatures of
approximately 8.6°C (German Federal Meteorological
Service, Frankfurt/Main).

We quantified the temporal dynamics of C and N
inputs with throughfall and with insect frass as well as
the amount and composition of soil leachates of two
oak forest sites (Quercus petraea) in the “Trocheler
Forst”, where one site was heavily infested by a mass
outbreak of the winter moth (Operophtera brumata)
and the mottled umber moth (Eranis defoliaria),
whereas the other one served as an un-infested control
stand.

The two sites covered similar areas of about 10.7
and 12.2 ha and exhibited resembling structural and
environmental factors. The soil type was classified as
a Stagnic Luvisol (FAO classification) derived from
glacial and aeolian sand and loess deposits, covered
by a moder-like humus type. Both sites exhibited an
approximately 117 year-old oak stand with a stand
density of 0.8 and 0.9, respectively.

The initial density of the female moths was
estimated by tree paste-ring analysis. This was done
within the pest-monitoring programme of the North-
west German Forest Research Station (NW-FVA).
The critical threshold value of >1 adult female per
cm? trunk size was clearly exceeded with seven to ten
individuals indicating a forthcoming heavy mass
outbreak. The level of defoliation in 2006 at the oak
site was classified between 60% to 70% loss of the
leaf biomass (NW-FVA). With regard to the popula-
tion ecology of the two moth species, our study was
conducted in the 3rd year of the progradation phase
which was followed by peaking insect numbers (for
both, the winter and the mottled umber moth) during
culmination in 2006 (NW-FVA). The frass activity of
the winter moth as well as the mottled umber moth
occurred within a short time frame starting with the
leave shoot in mid-May till the end of July. Our
observations were accompanied by the pest-
monitoring activities of the Northwest Forest Re-
search station (NW-FVA).

Field experiment

The experimental set-up at the two forest sites
consisted of ten randomly established throughfall
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samplers (20 cm diameter) each. For analysis, ten
throughfall samples per experimental plot and sam-
pling date were pooled to five mixed samples. To
quantify the atmospheric element deposition (bulk),
two rain samplers were installed at an open field
nearby.

Additionally, three zero-tension humus lysimeter
per site were installed underneath the Oa layer.
Sampling of the throughfall and forest floor solutions
was performed by 7 day and 14 day intervals during
emerging and peaking infestation levels from April to
mid-July and later on in 4-week intervals till mid-
October 2006.

The quantification of the amounts of (green) litter
fall and insect derived fragments (faeces, leaf debris)
were done with the help of six nylon tree nets with n=
3 per study site. The mesh size of the net material was
300 by 300 pm. One single net was stretched around
one oak tree and was individually adjusted to the
canopy diameter resulting in differing net areas of
13.56, 14.27 and 13.78 m? at the infested site and
13.89, 14.01 and 13.28 m? at the un-infested site. The
sampling of solid matter inputs were performed in
7 day and 14 day intervals from mid May till the end
of July, in correspondence to the frass activity of the
larvae.

Chemical analysis

One aliquot each of the bulk and throughfall solutions
and the soil leachates was 0.45-pum membrane-filtered
(Cellulose-acetate filters, Sartorius) representing the
dissolved fraction of organic matter. The chemical
analysis included the determination of dissolved
organic carbon (DOC) and dissolved nitrogen bound
(DNb) by thermal oxidation (Dimatoc 100, Dimatec,
Essen, Germany), and NO; by ion chromatography
(761 Compact IC, Metrohm). From the difference
between DNb and NO5-N we calculated “residual-N”
consisting of NH4-N and dissolved organic nitrogen
(DON).

In unfiltered aliquots, total organic carbon and total
nitrogen bound (TOC and TNb, particle size between
0.45 wm and 500 um) were also assessed by thermal
oxidation (Dimatoc 100, Dimatec, Essen, Germany),
where the upper particle size limit of 500 pm was
given operationally by the capillary diameter of the
TOC/TN-analyser. Particulate organic carbon (POC)
was calculated as difference between TOC and DOC,
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and particulate organic nitrogen (PNb) as difference
between TNb and DNb. Element fluxes were calcu-
lated from measured water volumes and element
concentrations.

For determining the solid matter input at the two
sites, tree net inputs were weighed, dried at 45°C, and
then analysed for C and N contents. In this context,
the solid matter input at the control site mainly
consisted of leaf litter material, whereas solid matter
input at the infested site was predominately insect
digested leaf material (insect faeces). C and N
analysis were done for leaf litter and insect faeces
by thermal oxidation (Leco CHN 1000). The input
fluxes of C and N with insect faeces and litter were
calculated from dry matter weights and corresponding
C and N contents.

Statistical analysis

Our statistical analyses obtained tests for significant
differences between infested and un-infested through-
fall and soil fluxes as well as for significant
correlations between above and belowground matter
fluxes.

1. Test for significant differences

We chose two statistical software programs to test
for differences in fluxes of throughfall as well as soil
percolates gathered from the infested and un-infested
site.

Due to the fact that we were not able to provide
spatial replications of the infested study area, we
tested the statistical differences of the same data by
two statistical approaches: First, by the randomized
intervention analysis (RIA) by the statistical software
R (The R Foundation for Statistical Computing),
which is a reliable method to test significant changes
in manipulated ecosystems before and after an impact
occurrence compared to an un-impacted control site.
Second, by the Mann-Whitney-U test for non-
normally distributed data from IBM SPSS statistics
(SPSS) including the tests for independent variables.
Both analyses achieved the same results. In the results
section, statistical data of the RIA test were presented.

2. Correlation analysis

The correlations were carried out by Spearman
correlation analysis for non-normally distributed data
with help of the software Statistika 9 (StatSoft).
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Results

In general, severe mass outbreaks of defoliating insects
turn the canopy into the biggest source for dissolved and
particulate C and N compounds distinctly exceeding the
organic matter release from the forest floor. With the
exception of NO3-N, throughfall fluxes of all observed
C and N fractions clearly surpassed those with forest
floor solutions (Table 1). Especially the input situation
of the “residual-“N complex consisting of DON and
ammonium appeared to be enhanced under pest
conditions compared to the control site. However,
under non-infestation, the forest floor exhibited higher
fluxes of nearly all C and N fractions, except for POC
and “residual-“N (Table 1).

Canopy-to-soil transfer

Compared to the control, the infested site exhibited
significantly higher fluxes of C and N fractions with
throughfall solution, with the exception of NO3-N being
significantly higher at the un-infested site (Table 1).
Table 1 shows the accumulated TOC fluxes over
6.5 months at the infested site and at the control site
(Table 1) and corresponding fluxes of total N fluxes.
Peak fluxes of DOC, POC, DNb and PNb were
observed during mid/end of May, with the dissolved

fractions yielding the highest flux amounts exhibiting
approximately 7,000 mg m 2 or 70 kg DOC ha ! and
600 mg m 2 or 6 kg DNb ha ' (Figs. 1 and 2). In
general, herbivore defoliation significantly enhanced
throughfall inputs of total, dissolved and particulate
organic carbon and nitrogen by a factor of 3, 2.5 and
5.2 (for TOC, DOC, POC), and by 1.4, 1.3 and 1.9
times (for TNb, DNb, PNb) compared to the control.
However, NO;-N in throughfall solution was signif-
icantly diminished under insect infestation (Table 1).
Regarding the composition of dissolved N, fluxes of
residual-N encompassing NH4-N and DON repre-
sented 92% of DNb under infestation, compared to
87% at the control site.

Herbivory also magnified the flux proportions of
the particulate fractions relative to the total fluxes of
elements. In this context, the amount of PNb relative
to TNb was 30.4% at the infested and 23% at the un-
infested site. Corresponding values for POC and TOC
were 30.1% and 17.4%, respectively. In general,
differences between the infested and control site
differed significantly (p<0.05) from each other.

Forest floor percolates

Aboveground fluxes of C and N fractions (DOC,
POC, DNb, PNb) appeared to be decoupled from C

Table 1 Accumulated
fluxes (kg ha ') over

C and N fractions Infested kg ha ' time~

1 1 1

Un-infested kg ha ' time'  Open field kg ha ' time~

6.5 months of different C

and N fractions in through- Throughfall
fall solution and forest floor TOC 238.1%%*
leaghates at the 1r}fested and DOC 166.4%%%
un-infested oak site
POC T1.7%%%
TNb 32.5%
DNb 22.7*
PNb 9.9%
ToC toFal organic carbon, Nitrate-N 18
DOC dissolved organic car- .
Residual-N 20.9%

bon, POC particulate or-
ganic carbon, TNb total Forest floor (Oa)

nitrogen bound, DNb dis- TOC 105.1
solved nitrogen bound, PNb

particulate nitrogen bound; DOC 939
Residual-N = dissolved or- POC 9.2%
ganic nitrogen + ammoni- TNb 294
um. Level of significance DNb 282
(*p<0.05/%*p<0.01, ***p<

0.001), indicating differen- PNb 1.2
ces between infested vs. un- Nitrate-N 14.8
infested tested by random Residual-N 13.4%

intervention analysis (RIA)

79.5 32.5
65.7 26.7
13.8 5.8
22.6 13.6
17.5 12.9

52 0.7

2.2% 22
15.3 10.7

no sampling

117.1%* -
111.9* -
5.1 -
27.9 -
26.7 -
1.3 -
17.0* -
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Fig. 1 Fluxes of dissolved and particulate carbon with
throughfall (grey columns) and forest floor (black columns)
solution at the infested (a) and un-infested (b) oak site. The

and N dynamics in the forest floor, since there was no
significant correspondence between the temporal flux
dynamics of C and N in throughfall and forest floor
percolates notable, neither at the infested nor at the
control site (Figs. 1 and 2). However, high output
fluxes of dissolved C and N from the Oa layer were
reported 4 months later for September 21st amounting
to 60 kg DOC ha ' and 23 kg DNb ha ' at the
infested site. Those peak fluxes did not occur in case
of the particulate fractions of C and N (Figs. 1 and 2).

At both sites, DNb was dominantly represented by
NO;-N (52% of DNb at the infested and 64% un-
infested site, Table 1). Nitrate-N fluxes from the un-
infested forest floor were significantly higher (by 13%)
compared to the infested site, whereas fluxes of
residual-N were significantly lower (by 27%) (Table 1).
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Particulate organic C in forest floor percolates amounted
to 9% of TOC at the infested compared to 4% at the
control site (Table 1). Proportions of PNb in TNb were
similar at both sites exhibiting values of about 4%.

With regard to C and N composition, canopy-
derived fractions of C and N consisted of remarkably
higher proportions of particulate compounds in total
C and N than solutions from the forest floor. For
POC, these effects were found to be most amplified
under insect herbivory (Table 1). The same was
shown for the fraction of residual-N in DNb (48%
and 36%, respectively).

At both sites, there were no significant correlations
between the precipitation amounts and the C and N
fluxes with throughfall found (data not shown) exhibit-
ing element dynamics independent from flux hydrology.
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Fig. 2 Fluxes of dissolved and particulate nitrogen with
throughfall (grey columns) and forest floor (black columns)
solution at the infested (a) and un-infested (b) oak site. The

However, the volumes of soil percolates were slightly
significantly correlated with TOC and TNb fluxes from
the forest floor at both study sites (#=0.763, P=0.05 for
TOC and TNb)

Solid matter input

Table 2 shows the C and N input by dry deposits
encompassing insect faeces and litter. The total frass
input of 742 kg Cha ' was mainly composed by
insect faeces (71%) and to a minor extend by leaf
litter (29%). Corresponding values for N were 76.6%
by insect faeces and the rest by litter. At the control
site with endemic levels of infestation, the total C
input was 9 kg ha™' with a contribution of faeces-
derived C of 3.4 kg ha' (or 38%) and the mayor
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arrow indicates the strongest defoliating activity. Blank
columns indicate dates, where no soil solutions were available

proportion presented by litter (5.6 kg Cha™") (Table 2).
The input fluxes of N were 0.4 kg Nha ' with half of
the N originating from faeces and half from litter
material.

The temporal development of frass amount and
composition is given in Fig. 3a and b. Under
herbivory, the largest increase in faeces and litter-
derived C and N input became notable in mid-May.
Within 1 week 40.2 gm > or 400 kg Cha ' and
24.4 kg Nha ' were deposited with facces material
and 188.9 kg Cha ' and 9.1 kg Nha ™' with leaf litter.
During this short time period, 79.6% and 78.3% of
the C and N input with solid matter already entered
the ground.

Subsequent to the peaking frass activity in mid/end
of May, the C/N ratio between the litter and the faeces
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Table 2 Insect-derived total C and N input (litter vs. insect faeces) (kg ha ") over 2.5 months at the infested and un-infested (control)

oak site

Infested site

Control site

Litter C Litter N Faeces C Faeces N Litter C Litter N Faeces C Faeces N
kg ha! kg ha ! kg ha ! kg ha! kg ha! kg ha ! kg ha ! kg ha!
214 4% 10.0%** 528.4%kk 32 Qkk 5.6 0.2 34 0.2

Level of significance (¥p<0.05, **p<0.01, ***p<0.001), indicating differences between infested vs. uninfested C and N input by

insect faces and litter tested by random intervention analysis (RIA)
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Fig. 3 a Cumulative fluxes of insect faeces and litter C under
insect outbreak and control conditions. b Cumulative fluxes of
insect faeces and litter N under insect outbreak and control
conditions
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material appeared to differ significantly with lower
values between 16 and 18 in the faeces material and
significantly higher values of around 23 in fallen leaf
litter (Fig. 4).

Discussion

In this study we investigated the effects of mass
outbreaks of herbivorous insects on the C and N
release from above (canopy) and belowground (forest
floor) compartments in a Central European oak stand
in Germany.

We hypothesised that insect mass outbreak situa-
tions affect (a) the above and belowground C and N
matter release, where the canopy is more directly and
more intensively affected than the forest floor, (b) the
production and proportion of the particulate C and N
fractions in the two compartments, and (c) the

25~

20 A

-
w
2

CIN ratio

10

16.5 235 76 12.6 13.7 297

I litter [] insectfaeces

Fig. 4 C/N ratio of leaf-litter and insect faeces at the infested
site, Level of significance (*p<0.05, **p<0.01, ***p<0.001),
indicating differences between litter and faeces C/N ratios
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production of residual-N (NH4-N and DON) in
canopy and forest floor solutions.

Our results elucidated that the canopy of forested
ecosystems plays an important role for the release of
dissolved and particulate C and N compounds even
under endemic levels of infestation. However, under
heavy infestation of defoliating insects, the canopy
temporarily became the biggest source for all C and N
compounds (Figs. 1 und 2) within the ecosystem,
except for nitrate pointing to a temporal sink for
inorganic N species within the phyllosphere. This
corroborates findings by Stadler et al. (1998 and
2001), who hypothesised that changes in the quality
of throughfall chemistry under canopy herbivory
supply evidence for the trophic interaction with
phyllosphere micro-organisms immobilizing N in the
canopy. In this case, the lowered proportions of NO;-
N in DNb during highest feeding activity relative to
the control site can probably be attributed to an
enhanced biomass growth of phyllosphere micro-
organisms (filamentous fungi, bacteria, yeasts) immo-
bilizing inorganic N in the presence of easily
available C compounds released from frass-damaged
leaves.

In this context, we assume that the role of canopies
with regard to N immobilization and transformation is
not fully understood. With respect to the direct annual
uptake of 4 kg Nha™' by gaseous N-species in form of
NH; and NO, (Kreutzer et al. 2009), canopies seem
to play a more important role than supposed by acting
as a N sink and transformer of inorganic N (NOs-N,
NH4-N) into organic N-species through microbial N
immobilization, transformation and release. Hence,
the enhanced growth and likely accelerated turn-over
of phyllosphere microbial biomass promoted by easily
available C and inorganic N under herbivore infesta-
tion (Lovett et al. 2002), likely contribute to the
intensified release of “residual-N”” (DON and NHy-N)
and of POC and PNb (>0.45 pum) as well. Hence,
beside a direct quantitative alteration in organic matter
fluxes, the insect-induced frass activity also creates
qualitative changes from inorganic to more organic N
dominated matter fluxes.

Throughfall composition at the infested sites
clearly revealed patterns of associated herbivore
excretion activity in both, the dissolved and total
(particulate) C and N fractions, whereas the control
sites remained mostly unaffected, always exhibiting
smaller fluxes. In this context, le Mellec and

Michalzik (2008) report on a significant contribution
of particulate organic N and C providing an extra
input of up to 60% to the dissolved N and up to 30%
to the dissolved C fluxes with throughfall during a
mass outbreak of the pine lappet. Furthermore, it
appears, that POM fluxes with throughfall likely serve
as an early indicator for leaf feeding activity in forest
canopies (le Mellec et al. 2009).

Herbivory affected the amount and composition of
C and N in throughfall more directly and distinctly
than in forest floor solutions. While the temporal
variability of frass-induced C and N deposition was
directly echoed by the element fluxes with through-
fall, opposite flux pattern were notable in forest floor
solutions. The C and N fluxes with throughfall did not
significantly correlate with forest floor leachate
fluxes. Consequently, it appeared that the biotically
mediated above-ground fluxes of C and N were
mostly decoupled from the belowground C and N
dynamics. In this context, forest floor fluxes of TOC,
DOC and NO3-N were significantly lower at the
infested site compared to the control, whereas fluxes
of NH4-N together with DON were significantly
higher. Nevertheless, the reasons behind the observed
diverting response patterns of the soil system are not
clear, likely encompassing altered soil microbial
activity resulting in an immobilisation of NO5-N and
the formation of organic N accompanied by a possibly
higher production of CO, and thus a lower production
of DOC in solution. This suggestion corroborates
findings by Dighton (1978) who observed in incuba-
tion studies on the basis of daily CO, measurements a
positive relationship between the input of different
amounts of honeydew sugars (saccharose and glu-
cose) and the carbon mineralisation rate of organic
material in soils. This phenomenon of a “priming
action” describes an increase in rates of soil organic
matter mineralisation due to an addition of fresh
organic components.

The remarkable high DOC and DNb outputs
from the Oa layer on September 21st at both forest
sites, might be attributed to an extreme climatic
event exhibiting high precipitation amounts and
consequently higher fluxes of soil percolates (140
to 144 Im 2 time ' of rain corresponding to 75 to
78 Im 2 time ' of soil water fluxes), thus causing
dilution effects of C and N in throughfall solutions
and high mobilisation rates and thus fluxes in soil
leachates. This observation might point to the fact,
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that extreme abiotic (hydrological) conditions may
mask the effects of biotically-mediated processes
among different ecosystem strata.

Conclusion

Our results indicated, that canopy herbivory signifi-
cantly affect the (organic) matter release from and the
transformation of C and N compounds within the
canopy by their intensive but short-term defoliating
activity. Under epidemic conditions, the source
function of the canopy alters remarkably with respect
to the qualitatively and quantitatively modified
release of all C and N fractions. However, espe-
cially under mass outbreak situations the canopy
appears rather as a sink for inorganic N species and
presumably as a source for DON due to microbial-
mediated transformation processes. In conclusion,
the population ecology of phytophagous insects
allows partly to explain temporal-spatial alterations
in nutrient cycling and thus ecosystem functioning
(Schowalter 2000; Wardle, et al. 2000; Michalzik
and Stadler 2005).

With regard to insect-mediated processes in both
above- and belowground compartments of ecosystems
the reasons for the observed soil flux pattern are not
fully understood. Under extreme hydrological con-
ditions, it seems, as if abiotic rather than biotic
driving factors were responsible for the diverting flux
pattern observed in the soil.

The study demonstrates the importance of linking
the population and associated frass dynamics of
herbivorous insects with the cycling of nutrients and
organic matter in forest ecosystems, pinpointing the
remarkable alterations in the timing, amounts and
nature of organic matter dynamics on the ecosystem
level.
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