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Abstract

Direct trophic links between aboveground and belowground animal communities are rarely considered in food web models.
Most invertebrate animals inhabiting aboveground space eventually become prey of soil predators and scavengers forming
a gravity-driven spatial subsidy to detrital food webs, but its importance remains unquantified. We used laboratory-grown
I5N-labeled Collembola to trace the incorporation of arthropod rain into soil food webs. Live or euthanized Collembola
were supplemented once to field mesocosms in the amount equivalent to the mean daily input of the arthropod rain (19 mg
d.w. m~2). After the addition of live Collembola, the isotopic label was found most often in predatory Trombidiformes (83%
of samples) and Mesostigmata mites (85%), followed by Araneae (58%), Chilopoda (45%), and Coleoptera (29%). Among
non-predatory groups, the isotopic label was recorded in Thysanoptera (27%), Collembola (24%), and Oribatida (18%). The
I5N-label was also detected in Symphyla, Formicidae, Diplura, Diplopoda, Opiliones, Diptera, Hemiptera, Oligochaeta, and
Nematoda. There was a positive correlation between natural '>’N abundance and the frequency of the isotopic label among
predators, but not among decomposers. In the non-replicated treatment, in which dead collembolans were added, the label
was found in predators and decomposers in approximately equal proportions (21-25%). Unlike other forms of the above-
ground subsidy (such as leaf litter, frass, or honeydew) that are primarily processed by microorganisms, arthropod rain is
assimilated directly by the animals. The high frequency of consumption of the aboveground subsidy suggests that it plays a
significant role in maintaining the abundance of soil predators.
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Introduction functional unity (Wardle 2004). However, direct trophic

links between aboveground and belowground communi-

Interactions between above- and below-ground animal com-
munities have important implications for ecosystem func-
tioning (Van der Putten et al. 2009). Soil detrital food webs
(based on dead organic matter) and aboveground grazing
food webs (based on green plants) make up an inextricable
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ties are rarely considered in food web models (Jochum and
Eisenhauer 2022). Interactions between aboveground and
belowground biota are usually regarded through the prism
of plant-mediated interactions or the activity of aboveground
generalist predators that can receive a detrital subsidy from
the soil (Bardgett et al. 1998; Scheu 2001; Halaj and Wise
2002). Direct links between belowground and aboveground
food webs are, however, much more diverse and include
many types of feedbacks, such as emerging insects with soil-
associated larvae (Wallwork 1970), feeding of specialized
aboveground predators on soil animals (Macdonald 1983;
Martay and Pearce-Higgins 2020), consumption of honey-
dew and frass produced by herbivores (Seeger and Filser
2008; Milcu et al. 2015; Ritzenthaler et al. 2018), and also
the flux of animals inhabiting aboveground space that fall on
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the soil surface, forming the so-called arthropod rain (Chan
et al. 2008; Rozanova et al. 2019).

The multidimensional structure of the forest canopy and
the variety of available resources (including those produced
by epiphytes) support a great diversity and density of inver-
tebrates (Miiller et al. 2018) that eventually become prey
of soil predators and scavengers forming a gravity-driven
spatial subsidy to soil food webs (Pringle and Fox-Dobbs
2008). While this input of energy and nutrients (Schowalter
and Crossley 1983) has been shown to play a crucial role in
maintaining fish populations in small forest creeks (Kawa-
guchi and Nakano 2001; Baxter et al. 2005), its importance
for the soil food webs has yet to be quantified.

The contribution of the arthropod rain in the diet of
soil predators was suggested in several recent studies but
received only indirect experimental support (Potapov et al.
2016; Goncharov et al. 2016), although allochthonous
subsidy of soil predators is likely a widespread phenom-
enon (Polis and Strong 1996; Hodkinson et al. 2002). Our
previous studies have shown the potential importance of
arthropod rain in the functioning of forest ecosystems. In
a mixed-temperate forest, the flux of invertebrates from the
tree crowns to the soil in the summer averaged 19 mg d.w.
m? day~! (Rozanova et al. 2019), with about one-third con-
sisting of dead animals and their derivatives. The arthropod
rain is composed of animals dwelling in the tree crowns
(mainly wingless invertebrates and larvae of insects), but
also of winged animals partly originating from the soil
(Rozanova et al. 2022).

To trace the assimilation pathways of the aboveground
subsidy into detrital food webs, we used isotopic labeling
of the simulated arthropod rain in a field experiment. Stud-
ies using isotope enrichment have long shown their con-
venience and effectiveness in a wide range of environmental
experiments (Hood-Nowotny and Knols 2007). Collembola
makes up a significant proportion of the arthropod rain in
the studied forest, about 10% of the total biomass (Rozanova
et al. 2019), thus the simulated arthropod rain was repre-
sented by '*N-labeled Folsomia candida grown in laboratory
conditions.

Thus, the purpose of this work was to determine the path-
ways and intensity of the incorporation of the animals fall-
ing from tree crowns in the soil detrital food web using an
isotope-labeled analogue of the arthropod rain. We expected,
that according to the “size channels hypothesis” (Potapov
et al. 2021; Potapov 2022), Collembola will be consumed
mainly by mesofauna, rather than macrofauna. Furthermore,
we assumed that living and nonliving subsidies would be
consumed at different rates by distinct trophic groups of
soil fauna. We hypothesized that (1) Collembola, admin-
istrated at the daily amount typical of the arthropod rain
flux, will be quickly consumed by various soil invertebrates,
especially mesofauna, thus confirming that the arthropod
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rain subsidizes detrital food webs; (2) the consumption
of the living Collembola should be more intense and/or
frequent in predatory animals compared to saprophagous
animals, whereas decomposers will actively consume dead
collembolans.

Methods
Study site and experimental design

The experiment was conducted near Malinky Biological Sta-
tion (Moscow region, Russia, 55°27'41" N, 37°1029” E) in
a mixed forest with spruce (Picea abies L.) and lime (Tilia
cordata Mill.) forming the upper canopy. The soil is sandy
loam sod podzolic (Folic Retisol Loamic, according to IUSS
WRB 2014); ground vegetation is sparce and represented
mainly by Lamium galeobdolon, Asarum europaeum, and
Pyrola minor. Three experimental blocks were established
in June, located at a distance of at least 20 m from each other
(Supplementary Fig. S1). Each block included two or three
1 m? experimental plots subjected to different treatments,
separated by a distance of 3—4 m. The plots were fenced
with transparent polyethylene film on a light frame extend-
ing 5 cm below and 30 cm above the ground and covered
with a mesh cloth (2 X2 mm mesh size). Four pitfall traps
were installed in the corners of each fenced plot. The traps
were covered with lids, which were removed during sam-
pling events.

At the beginning of the experiment, 19 mg d.w. (about
1200 specimens of different sizes) of alive '°N-labeled
springtails Folsomia candida Willem 1902 were added in
one plot in each block (+ Coll treatment) while the second
plot served as the control. Collembolans were evenly dis-
tributed over the soil surface. The amount of collembolans
added was equivalent to the mean daily input of arthro-
pods in the arthropod rain (19 mg dry weight m~2 day~';
Rozanova et al. 2019). The dry mass of collembolans was
estimated in a series of measurements of individuals of dif-
ferent ages. In addition, one experimental plot was estab-
lished, in which frost-euthanatized '’N-labeled F. candida
were added in the same quantity (+dColl treatment). This
treatment was not replicated due to insufficient amounts of
labeled collembolans. Thus, the experiment included three
control plots without the addition of Collembola, three plots
with the addition of living collembolans (+ Coll), and one
plot with the addition of dead collembolans (+ dColl).

The >N-labeled collembolans were obtained from a
laboratory culture, in which F. candida was kept in plastic
containers on the peat substrate at room temperature and fed
with an artificial food mixture containing >N ammonium
chloride over 30 days. To prepare the food mixture, 10 g pec-
tin, 5 g glucose, and 0.2 g ammonium chloride (98 at.% N,
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Merck, Germany) were dissolved in 200 ml of distilled water
and autoclaved. After cooling, the mixture was stored at
5 °C. Collembola were fed with the labeled mixture twice a
week. The mixture was seemingly palatable and nutritious,
as the number of collembolans increased during the incuba-
tion. The isotopic labeling of collembolans was successful,
with mean 8'°N values of 6730%o (SE 788, n=17).

One day before the start of the experiment, collembolans
intended to be used in the 4+ Coll treatment plots were col-
lected and kept on moistened filter paper until the release.
Collembola used in the 4+ dColl treatment were extracted
from the remaining peat substrate using Tullgren funnels,
and subsequently frozen at— 18 °C.

Soil fauna

Sampling of the soil fauna was carried out on days 8 and
22 after the addition of labeled collembolans. Aboveground
macrofauna were caught manually and using pitfall traps.
The traps were filled with water and left open for 24 h.
Mesofauna were extracted from the 100 cm?, 5 cm deep soil
samples using Tullgren funnels. Three soil samples for the
mesofauna extraction were taken from each experimental
plot at each sampling event. Nematodes were extracted on
Baermann funnels from the 19.6 ¢cm?, 5 cm deep soil sam-
ples, using three samples per plot. As we tried to minimize
soil disturbance during intermediate sampling, earthworms
were collected during the destructive sampling only on day
22. Large invertebrates were hand-sorted from the 25 % 25,
25 cm deep soil samples. The sampled animals were pre-
served in 75% ethanol and subjected to isotopic analysis
after taxonomical identification.

Based on the taxonomic identity, morphological and
behavioral traits, and isotopic studies (Striganova 1980;
Potapov et al. 2022), all collected animals were attributed
to five trophic groups: predators, decomposers, herbivores,
parasitoids, and other/mixed feeders. All these groups
were represented by at least three families. Parasitoids
were sparce and represented by Hymenoptera and Diptera
(Bombyliidae, Pipunculidae, Tachinidae). Decomposers
included 15 families of Oribatida, Collembola (Isotomidae,
Tomoceridae, Entomobryidae, Symphypleona), Diplopoda,
Symphyla, imagoes and larvae of Coleoptera (Corylophi-
dae, Cryptophagidae, Lathridiidae, Leiodidae, Ptiliidae),
Diptera (Sphaeroceridae, Tipulidae, some Cecidomyiidae
and Sciaridae), Oligochaeta (Enchytraeidae and Lumbrici-
dae), and Nematoda (Plectidae). Predators were represented
mainly by Araneae (Linyphiidae, Liocranidae, Lycosidae,
Theridiidae, Thomisidae), Opiliones (Nemastomatidae,
Phalangiidae), Chilopoda (Geophilidae and Lithobiidae),
Coleoptera (Cantharidae, Carabidae, Staphylinidae), Dip-
tera (Dolichopodidae, Empididae, Rhagionidae), Hymenop-
tera (Formicidae), Neuroptera, Mesostigmata (Gamasina,

Uropodina), Trombidiformes, and Nematoda (Mononchi-
dae). Herbivores were not numerous and included Hemiptera
(Coccoidea, Aphidoidea, some Heteroptera), Thysanoptera,
larval Coleoptera (Curculionidae, Nitidulidae, Scarabaeidae)
and Diptera (some Cecidomyiidae), and Gastropoda. The
group of other/mixed feeders included taxa with mixed or
undefined feeding, e.g. larvae of Coleoptera (Elateridae),
Diptera (Ceratopogonidae, some Sciaridae), Diplura, and
Nematoda (Qudsianematidae).

Furthermore, we divided all invertebrates into two con-
ventional size classes, i.e. meso- and macrofauna (Gongal-
sky 2021). As the number of analyzed samples of nematodes
was small, they were excluded from this analysis.

Stable isotope analysis

All materials were dried at 50 °C for at least 72 h. For the
isotope analysis, an aliquot of the homogenized individual
(earthworms) or the abdomen of large arthropods was used.
Smaller animals (d.w. less than 500 pg) were analyzed indi-
vidually, while the smallest ones (less than 50 pg) were
analyzed in a group of several individuals of the same taxo-
nomic group. Mixed samples of the plant litter were ground
to the powder using an MM200 ball mill (Retsch, Germany).
Stable isotope analysis was performed using a Thermo Flash
1112 Elemental Analyzer and a Thermo Delta V Plus iso-
tope ratio mass spectrometer (Thermo Scientific, USA) in
the Joint Usage Center “Instrumental Methods in Ecology”
at the A.N. Severtsov Institute of Ecology and Evolution,
Russian Academy of Sciences, Moscow.

The nitrogen isotopic composition was measured as devi-
ations from the international standards (atmospheric N,) and
expressed in conventional 8 values (%0): 8N = [(Rgampie/
Ryundara)—11 * 1000, where Ry, .. is the ’N/'N ratio in the
sample and R, .rq is the ’N/'N ratio in the air N,. The
8!3C values were measured relative to vPDB. An internal
laboratory standard (protein B2155) was run every ten sam-
ples. The standard deviation of the 8'°N and §'*C values in
the laboratory standard was less than 0.15%eo.

Data analysis

The natural stable isotope composition of non-labeled
arthropods in the control treatment as well as of the litter
collected on experimental plots before the experiment did
not differ among the three blocks. Therefore, we did not
use any data normalization or correction. Mean 8'*C and
8'°N values of the litter collected before the addition of the
labeled collembolans were — 28.8 +0.2 and — 0.7 +£0.1 %o,
respectively (n =20, Supplementary Table S1).

The 8'°N values of soil animals vary in relatively
wide limits due to their trophic position and other rea-
sons (Potapov et al. 2019b, Supplementary Table S1).
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Therefore, animals (or groups of animals combined in one
sample) were assumed to be “labeled”, i.e. to have con-
sumed the '°N-enriched collembolans or their derivatives,
if their 8'°N values exceeded a certain threshold, which
was set individually for each taxonomic group. For indi-
vidual animals, the threshold was set as Q3 + 1.5*IQR of
the 85N values of the corresponding taxon in the control
treatment (family or genus, but occasionally order if the
family has not been collected in the control treatment). For
combined samples, the threshold was set as the maximum
8!°N value of the corresponding taxonomic group (family
or genus) in the control treatment + 1%eo.

Two main parameters were used to describe the occur-
rence and intensity of the label: (1) median 8'°N values
of labeled samples, hereafter denoted as 615NL (median
[min—max], %c), and (2) the proportion of labeled sam-
ples Py of the total number of samples of a certain trophic
or taxonomic group collected in experimental plots after
labeling (mean value + 1 SE, %, n=13). To facilitate com-
parisons with other studies, central tendencies of natural
8'3C and 8'°N values were presented as means + 1 SE.

Results (4 Coll treatment only) were analyzed using a
series of one-way non-parametric Kruskal-Wallis analyses
of variance with factors ‘Trophic Group’ (Decomposers,
Predators, Herbivores, Others / mixed feeders, and Parasi-
toids), and ‘Time’ (day 8, day 22). Pairwise comparisons
between macro- and mesofauna groups were performed
using the Mann—Whitney U test. P <0.05 was consid-
ered statistically significant. The relationships between
natural 8N signatures of animal taxa and the proportion
of labeled samples were assessed using Pearson correla-
tion. Considering the trophic consistency of supraspecific
taxa of soil animals (Potapov et al. 2019a), this analysis
was performed at the family level. The calculations were

performed using STATISTICA 10 (StatSoft, Tulsa, USA)
and R 4.2.1 (R Core Team 2022) packages.

Results

8'°N values and the proportion of labeled samples
in soil consumers

Among five trophic groups, decomposers and predators were
the most abundant, whereas parasitoids were collected only
occasionally, although all trophic groups were present in
all treatments. Isotope analysis was carried out for 1251
macro- and mesofauna samples, of which 444, 582, and
225 were obtained from the control, + Coll, and + dColl
treatments, respectively. The natural (before labeling) !N
values of animals ranged from — 4.3 to 11.1%o (Table S1).
After the labeling, the maximum 89N values of the animals
from the + Coll and + dColl treatments reached 628.6%o and
194.5%o, respectively.

In the + Coll treatment, the proportion of labeled sam-
ples (P;) depended strongly on the trophic group (H=15.9,
P=0.003). The isotopic label was received mainly by preda-
tors (nearly 55.6% of the samples) which were followed by
mixed feeders (25.6%) and decomposers (16.3%) (Fig. 1,
Table S2). In the non-replicated + dColl treatment, the label
was found in predators and decomposers in approximately
equal proportions (21-25%).

The proportion of labeled samples did not depend sig-
nificantly on the time of sampling, but on day 8 mean Py
value across all treatments and trophic groups was higher
(29.3 £1.9%) than on day 22 (21.28 +1.0%).

Among predators and decomposers in the + Coll treat-
ment, mesofauna (P, =82.5 and 18.5%, respectively)
received the label more often than macrofauna (P; =44.3

£N Day 8 il Day 22

R
7100+
” * 1
g "
o 757
kS
2 50 I
© ’ | ==
5 '\
2
5 % = A X A A
: . -
g o A A
& Decomposers Herbivores Other/mixed feeders Predators

Fig. 1 Proportion of labeled samples of soil animals (P;) on days
8 and 22 after the addition of '"N-labeled collembolans. Boxplots
show median value, interquartile range, and minimum and maxi-
mum values for the+ Coll treatment (n=3); x-symbols show mean
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values. There were no differences between days in all groups. Preda-
tors differed from decomposers (P=0.03) and other/mixed feeders
(P=0.03). Triangles show P; values for the +dColl treatment (n=1).
Parasitoids did not receive the isotopic label (P; =0)
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and 4.8%, respectively). This tendency was much less pro-
nounced in herbivores and mixed feeders (Supplementary
Fig. S2).

Consumption of living and dead Collembola
by individual taxa of soil animals

Across two sampling events, the isotopic label in the + Coll
treatment was found most often in the mesopredators Trom-
bidiformes (P; =83.3+16.7%; 8'°N; 165 [115.2-628.6]%0)
and Mesostigmata mites (P, =85+8.9%; 8'°N; 79.5
[9.2-624.9]1%0), followed by macropredators Araneae
(P.=57.8+9.2%; 8"°N; 79.3 [7.0-223.9]%0), Chilopoda
(PL=45.2+4.8%; 8'°N| 38.6 [7.9-552.7]%0), and Coleop-
tera (P; =29.4+0.4%; 8'°N, 33.2 [7.6-475.11%0) (Fig. 2,
Supplementary Table S3). Among non-predatory groups
the isotopic label was most often recorded in herbivorous
Thysanoptera (P; =26.7 +26.7%; 8'5N; 9.4 [3.9-43.5]%o),
and decomposer Collembola (P, =23.8 +13.4%; §'°N; 12.8
[5.7-33.9]%o) and Oribatida (P, =18 +0.9%; 8"°N; 15.5
[2.7-81.11%0). The '"N-label was also detected in Symphyla,
Formicidae, Diplura, Diplopoda, Opiliones, Diptera, Hemip-
tera, Oligochaeta, and Nematoda.

In the + dColl treatment, the proportion of '°N-labeled
samples was lower. The label was found most often in
Mesostigmata (P, =35.7%; 8Ny 21.7 [8.7-194.5]%0),
Oribatida (P, =25.2%; 8'°N; 15.3 [2.5-111.7]%o0), Ara-
neae (P; =31.3%; 615NL 21.3 [7.9-81.2]), and Coleoptera
(P, =18.2%; 8'°N; 9.3 [8.6-12.2]%0). In Collembola, the

Fig.2 Distribution of the §'°N

label was detected only in one out of 8 samples (815NL:
27.2%0), while four labeled earthworms (out of 11 meas-
ured) were found in the +dColl treatment. A complete list
of 1’N-labeled samples is given in Supplementary Table S3.

The proportion of labeled samples in different taxa of
soil animals in the 4+ Coll treatment was positively corre-
lated with the mean natural 8N values of the corresponding
family, indicating that the probability of consuming labeled
collembolans increased with the increase in the trophic
level. This correlation was significant in predators, but not
in decomposers (Fig. 3).

Discussion
Consumption of live Collembola by soil animals

Our results suggest that the flux of invertebrates falling
from the canopy to the soil surface can significantly con-
tribute to the energy budget of soil animals. Collembola
species Folsomia candida which represented arthropod
rain in our experiment was chosen because this species
could be easily maintained on the '°N-labelled artificial
diet. However, it should be noted that this species is not
typical of the soil or canopy fauna at the study site. Moreo-
ver, F. candida contains toxins that may be poisonous to
predators. Several experiments demonstrated that feeding
on F. candida reduced the survival and growth rate of spi-
ders (Toft and Wise 1999; Oelbermann and Scheu 2002),
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(red and green dots), smaller ST en e e
and larger symbols show indi-
vidual non-labeled and labeled Coleoptera
samples, respectively. The Sihers X3
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or genus (see Table S3). Note
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ments ('582 and 225 samples, JRranten! T e e & -
respectively)

others
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Fig. 3 Proportion of labeled Decomposers

Predators Total

samples after the addition of
I5N-labeled living collembolans
(+ Coll treatment) as related to
the mean natural 5N values
of the corresponding taxon
(family). In the left panels,
decomposers and predators are
shown separately for clarity.
Two samplings (days 8 and 22)
are combined. Only the most
abundant (n>4) groups of soil
animals are shown

-
o
o
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although spiders are seemingly unable to develop an aver-
sion against this prey (Fisker and Toft 2004). Thus, our
model collembolan species represented low-quality prey
and were likely not more attractive to soil predators than
other soil invertebrates.

As we suggested in Hypothesis 1, the simulated arthropod
rain was readily consumed by a wide range of soil inver-
tebrates. The 'N-label was detected in about 24% of the
tissue samples of soil invertebrates belonging to all major
trophic groups, except for parasitoids, and to more than 30
taxonomic groups (family level) of soil meso- and macro-
fauna. The proportion of the labeled samples was higher at
the first sampling (Supplementary Table S2) indicating the
rapid consumption of living Collembola both by predators
and decomposers.

Overall, the distribution of the label among soil organ-
isms of different taxonomic and trophic groups followed an
expected pattern (Potapov et al. 2022). The label was found
in all main groups of predators, including mites, spiders,
centipedes, and predatory beetles. Collembolans are regu-
lar prey for litter- and aboveground-dwelling spiders and
carabids serving as a “detrital subsidy” that supports above-
ground food webs (Johnston 2000; Halaj and Wise 2002;
Zuev et al. 2020). Chilopods in our samples were repre-
sented mainly by Lithobiidae which are among the most
active hunters of springtails in the soil and litter layer (Lewis
2006). This is confirmed by the high P; values and occasion-
ally very high 8"°N values of labeled specimens. Notably,
Chilopoda did not seem to consume dead springtails (Fig. 2,
Fig. 4; Table S3).

Less anticipated was a relatively frequent consumption
of live collembolans by several decomposer taxa, especially
Oribatida mites, but also Collembola and Symphyla. The
label was also found in Thysanoptera, herbivores with suck-
ing mouthparts. Moreover, the label sporadically occurred in
millipedes and enchytraeids. Omnivory is widespread in soil
food webs (Chernova et al. 2007; Wang et al. 2022), thus the
appearance of the '°N-label in these groups is not surprising.
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Still, it indicates that some trophic connections in the detrital
food webs can be underestimated.

The size channels hypothesis

The size channels hypothesis suggests that soil food webs
are compartmentalized according to the body size of the
organisms with the interaction within each size group (e.g.
mesofauna) being more intense than between size groups
(e.g. between mesofauna and macrofauna) (Potapov et al.
2021; Potapov 2022). We, therefore, expected that meso-
predators having a body size comparable to collembolans
would receive the label more often than larger macropreda-
tors. Indeed, the highest 8N values (exceeding 600%o) and
a high frequency of label was observed in Mesostigmata and
Trombidiformes. Overall, in the + Coll treatment mesofauna
predators were more often labelled than macropredators, and
the same pattern was observed in decomposers (Fig. S2).

This conclusion, however, is not robust. The P, values of
the small-sized mesopredators, such as mesostigmatid mites,
could be overestimated because each sample analyzed usu-
ally contained several individuals. The label threshold was
set quite low, thus the whole sample was considered labeled
if it contained a single strongly labeled individual. On the
other hand, the isotopic label could be diluted in the large
bodies of macrofauna species. As a result, the distribution
of the 8'°N values in labeled mesopredators (e.g. Mesostig-
mata) and macropredators (e.g. Chilopoda) was similar
(Fig. 2).

Consumption of live and dead Collembola
by predators and decomposers

According to our Hypothesis 2, live Collembola were con-
sumed mainly by predators, thereby acting as an above-
ground subsidy that primarily supports organisms of the
higher trophic levels. In this respect, arthropod rain is very
different from other types of organic matter inputs from the
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Fig.4 Proportion of labeled
samples (P; values) in separate
taxa (usually families) of soil
animals after the addition of
I5N-labeled collembolans (n=3
for+ Coll, n=1 for+dColl).
Data from two sampling events
(days 8 and 22) are combined.
Colors show mean natural
8N values from the control
treatment. Numbers in brackets
show the total amount of
samples analyzed in the + Coll
and 4+ dColl treatments, respec-

+ Coll +dColl

Coleoptera:Lathridiidae (0/1)
Araneae:Lycosidae (0/2)
Symphyla (2/0) 1

Oribatida: Suctobelbidae (1/3) 1
Araneae:Thomisidae (1/0)
Araneae:Liocranidae (1/0)
Mesostigmata:Gamasina (25/10) 1
Trombidiformes (5/1)
Opiliones:Phalangiidae (3/2)
Araneae:Linyphiidae (23/13) 1
Nematoda:Mononchidae (3/2) 1
Formicidae (5/2) 1
Oribatida:Tectocepheidae (2/1) 1
Diplura (4/2) 1

Diplopoda (3/2) 1

tively. Whiskers show 1 SE ) :
Oribatida:Galumnidae (17/6) 1

Coleoptera:Staphylinidae (28/9)
Chilopoda:Lithobiidae (31/8)
Coleoptera:Cantharidae (8/4) 1
Oribatida:Damaeidae (6/6)
Collembola:Isotomidae (12/2) 1
Mesostigmata:Uropodina (5/4) 1
Coleoptera:Carabidae (5/1) 1
Araneae:Theridiidae (4/1) 1
Oribatida:Ceratozetidae (64/25) 1
Collembola:Entomobryidae (24/5)
Thysanoptera (13/5) 1
Oligochaeta:Enchytraeidae (15/0)
Oribatida:Liacaridae (12/6) 1
Diptera:Rhagionidae (4/0)
Coleoptera:Elateridae (8/1) 1
Oribatida:Chamobatidae (8/5) 1

Oligochaeta:Lumbricidae (48/11)

HHH.HM%HM

-
Oribatida:Camisiidae (20/12)1 @
]
0

forest canopy, such as leaf litter or honeydew, that end up at
the base of the detrital food web.

It is not known to what extent the support of soil preda-
tors may affect key functions and parameters of the soil food
web, such as the abundance of decomposers and the rate of
litter decomposition. It is usually assumed that soil arthro-
pod communities are rarely top-down controlled (Kajak
1995; Wardle 2002; Goncharov and Tiunov 2014). However,
our experiment confirmed a high predation pressure on col-
lembolans, which was suggested (Johnston 2000) but rarely
shown experimentally in field conditions (e.g. Lawrence and
Wise 2000; Wise 2004).

We previously suggested that arthropod rain is sufficient
to cover most of the food requirements of spiders at the
study site (Rozanova et al. 2019). However, field experi-
ments with spiders and other predators showed both a posi-
tive (Lawrence and Wise 2004; Melguizo-Ruiz et al. 2020)
and negative (Lawrence and Wise 2000; Liu et al. 2014) or
neutral (Miyashita and Niwa 2006) relationship between the
abundance of predators and the rate of litter decomposition.
Moreover, arthropod rain is also consumed by saprophages,
making its impact on decomposition even more difficult to
predict. However, in general, arthropod rain can be consid-
ered as an addition of animal protein to the soil system. This

25 50 75 100 0 25 50 75 100
Proportion of labeled samples, %

should accelerate litter decomposition and nutrient cycling
(Hawlena et al. 2012).

Natural arthropod rain includes not only live animals
but also dead animals and their derivates like exuviae. This
dead component makes up about 28% of the total biomass
of the arthropod rain and can be easily consumed by vari-
ous trophic groups of soil fauna, including saprophages and
herbivores. To this end, we included the +dColl treatment
in our experiment. Even though this treatment was not rep-
licated, the data obtained confirm that dead collembolans
are directly or indirectly consumed by a wide range of soil
saprophages, including Collembola, Coleoptera, Lumbrici-
dae, and especially oribatid mites.

Due to the high intensity of the consumption of the dead
springtails by oribatids (Fig. 2), the proportion of labeled
samples in detritivores was higher in the + dColl than in
the + Coll treatment, being comparable to the consumption
of the dead collembolans by predators (Fig. 1). Oribatid
mites are trophic generalists that occupy several trophic
levels and include predators and scavengers (Rockett and
Woodring 1966; Schneider et al. 2004). The '*N-label was
especially often found in Ceratozetidae and Galumnidae;
about half of the samples were labeled, with the P; values
higher when dead Collembola were added (Fig. 4).
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On the other hand, the 8'°N values in the labeled ori-
batids did not exceed 90%o (versus 600+ %o in predatory
mites of comparable size) indicating another feeding mode.
The isotopic label could enter soil food webs in many ways.
Very high 8'°N values in some predators obviously indicated
direct predation (Fig. 2), but the consumption of exuviae,
or feces of predators could also take place. In particular,
we found several labeled earthworms, which is consistent
with the idea that large saprophages are “ecosystemivores”
consuming indiscriminately the whole soil matrix and its
small-sized inhabitants (Pokarzhevskii et al. 1997). Moreo-
ver, the consumption of labeled collembolans (P} values)
correlated with the 8'°N values in the predatory animals,
but not in the decomposers (Figs. 3, 4). This pattern suggests
that specialized scavengers or opportunistic predators are
rare among decomposers.

Thus, we showed that in addition to the detrital subsidy
that supports aboveground generalist predators (Halaj and
Wise 2002; Miyashita et al. 2003), herbivores and sap-
rophages falling from the crowns form “aboveground sub-
sidy” that can support a wide range of animals in the for-
est soil. This phenomenon is well known only for the soil
animal communities inhabiting habitats poor in indigenous
resources, such as glacier forelands or volcanic ashes (Hod-
kinson et al. 2001, 2002). Our results suggest that the above-
ground subsidy is a much more widespread phenomenon.

In our analysis, the isotopic threshold separating labeled
and non-labeled animals was deliberately set low enough to
detect the label in decomposers that received it indirectly,
e.g. feeding on the feces of predators. Thus, the proportion
of labeled animals could have been slightly overestimated,
which, however, does not affect our main conclusions. On
the other hand, in this experiment we added only a tiny
amount of live or dead biomass, equivalent to the daily dose
of the arthropod rain (19 mg d.w. m~ day™'), while the total
flux across the whole season averaged about 3.8 g d.w. m™2.
Moreover, we added a single prey of uncertain trophic qual-
ity, while the arthropod rain consists of many taxa, includ-
ing seemingly palatable prey such as aphids and dipteran
larvae (Rozanova et al. 2019). In more natural settings, the
contribution of the arthropod rain to the diet of soil animals
can be much larger.

Conclusions

Our study contributes to an emerging view that soil food
webs are not entirely “detrital” but receive a large part of
their energy from green plants. Unlike other forms of above-
ground subsidy of the soil food webs, including leaf litter,
root exudates, mycorrhiza, frass, honeydew, etc., that are
primarily processed by microorganisms, arthropod rain is
assimilated directly by the animals, supporting especially

@ Springer

high-order consumers. We found an unexpectedly high fre-
quency of the inclusion of the aboveground subsidy in a for-
est soil food web, suggesting that this source of energy and
nutrients can make a major contribution to maintaining the
abundance (and possibly diversity) of soil predators.
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