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ABSTRACT

The below- and aboveground communities of fungal entomopathogens (Ascomycota: Hypocreales) were
investigated in an experimental conventional and organic vegetable cropping system over two seasons in
Denmark. The experimental design allowed for evaluating differences between farming practices in the
occurrence of soil-borne fungal entomopathogens and as natural infections aboveground in arthropod
hosts. Belowground, Metarhizium anisopliae dominated the agricultural field with Beauveria bassiana,
Metarhizium flavoviride, and Isaria fumosorosea being present at lower frequencies. Abundances of M. ani-
sopliae were not different between conventional and organic soils. Aboveground, B. bassiana was the most
common fungal entomopathogen in arthropod host cadavers. Infections of M. flavoviride, Isaria farinosa,
and Gibellula spp. were also recorded. Most mycosed cadavers were recovered in August and September
from conventionally farmed plots. Cadaver sizes ranged from 1.9 to 23.6 mm with means of 3.7-4.1 mm.
Among host functional groups, predators dominated (47-63%) over herbivores, parasitoids, and nectar-
feeders. No occurrence of M. anisopliae was recorded among >200 mycosed cadavers aboveground. The
results therefore suggest that M. anisopliae is not involved in direct below- and aboveground interactions
in the investigated agroecosystem. Conservation biological control strategies targeting M. anisopliae
should thus be solely for controlling soil-dwelling pests in temperate regions as this fungus is unlikely
naturally to infect aboveground hosts in the agroecosytem.

© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

It is increasingly realized that below- and aboveground interac-
tions are important for community structure and functioning of
terrestrial ecosystems (van der Putten et al., 2001, 2009). Under-
standing these interactions in agricultural systems may improve
crop protection but very few studies have integrated such ap-
proaches (van der Putten et al., 2009). Microbial communities
decomposing organic matter in soil alter available nutrients for
plants thereby affecting herbivore populations aboveground (van
der Putten et al., 2009), and belowground decomposing communi-
ties can also negatively affect aboveground pest populations by
enhancing natural enemy abundance (Birkhofer et al., 2008).
Among natural enemies of pests, soil-borne fungal entomopatho-
gens are widespread in temperate agroecosystems and semi-natu-
ral habitats (Hesketh et al., 2010; Vega et al., 2009; Meyling and
Eilenberg, 2006, 2007). Additionally, many of the same fungal taxa
are recovered aboveground in terrestrial ecosystems (Hesketh
et al,, 2010) indicating that below- and aboveground interactions
may also include fungal entomopathogens. This knowledge is
important for understanding the impact of the fungi in regulating
host populations and for epizootic development (Hesketh et al.,
2010; Vega et al., 2009), but it is necessary to study local spatio-
temporal abundance and distribution of fungal entomopathogens
to evaluate below- and aboveground interactions of these
microorganisms.

Surveys of soil-borne fungal entomopathogens (Ascomycota:
Hypocreales) have shown that some fungal taxa, particularly Meta-
rhizium anisopliae (Metschnikoff) Sorokin, are abundant in agricul-
tural field soils, but infrequent in soils of more natural habitats
(Bidochka et al., 1998; Chandler et al., 1997; Meyling and Eilen-
berg, 2007; Vega et al., 2009). Whether the taxa locally abundant
belowground reflect the range of fungal entomopathogens infect-
ing aboveground hosts in the same ecosystem remains unclear
since studies investigating fungal communities simultaneously be-
low- and aboveground in individual ecosystems are limited. Beau-
veria bassiana (Balsamo) Vuillemin was shown to be soil-borne and
to occur on plant surfaces and as latent infections in insect hosts
aboveground within a hedgerow habitat (Meyling et al., 2009)
indicating below- and aboveground interactions. Similarly, Or-
mond et al. (2010) reported B. bassiana to be present in soil and
on foliage in the same forest ecosystem. In agricultural fields, spa-
tio-temporal occurrence of below- and aboveground fungal ento-
mopathogens has not been studied. Such knowledge is important
for identifying the ecological niches occupied by the fungi within
the agroecosystem and for evaluating the potential of particular
fungal taxa in regulating arthropod pests.

Management practices enhancing the effect of indigenous natu-
ral enemies for pest control are particularly important in organic
farming (Lammerts van Bueren et al.,, 2002; Birkhofer et al.,
2008). Conversion from conventional to organic farming generally
increases the diversity and activity of soil microorganisms over
time (Mdder et al., 2002; Birkhofer et al., 2008), but the effects of
organic farming on fungal entomopathogens in the soil are not
clear. Communities of soil-borne fungal entomopathogens may
be unaltered during transition to organic farming (Jabbour and
Barbercheck, 2009), but some fungal taxa were shown to occur
more frequently in organically farmed fields than in conventional
fields (Klingen et al., 2002). Organic farming includes amendments
of organic fertilizers and often the use of legumes as green man-
ures (Axelsen and Kristensen, 2001). Conservation of green manure
strips may provide a refuge for soil-borne fungal entomopathogens
comparable to the benefits provided of flower strips or beetle
banks within fields for arthropod natural enemies (Griffiths et al.,
2008). Reduced soil disturbance has been shown to benefit below-

ground communities of entomopathogens (Bing and Lewis, 1993;
Hummel et al., 2002). However, little is known about the effects
of permanent habitats within the cropping system on the popula-
tions of fungal entomopathogens.

In the present study, we investigated the spatio-temporal abun-
dance and distribution of fungal entomopathogens in the soil envi-
ronment and as natural infections in aboveground arthropod hosts
in a single agroecosystem. The investigations were carried out
within a vegetable cropping system including one conventional
and two organic farming practices. Both organic farming systems
included green manures, and in one of the systems strips of green
manure were maintained between crop rows in the following sea-
son. The specific aims were: (1) to evaluate whether the organic
farming systems, including the conserved strips of green manure,
harbored different soil-borne communities of fungal entomopath-
ogens than the conventionally farmed system, (2) to investigate
the spatio-temporal abundance and distribution of fungal entomo-
pathogens in the aboveground arthropod host communities and
relate this to the farming practice, and (3) to clarify if the compo-
sition of belowground communities of fungal entomopathogens re-
flected infections of arthropods aboveground.

2. Materials and methods
2.1. Design of the cropping system

The field site was the experimental cropping system ‘VegQure’
located at a research farm in Arslev (10°27E, 55°18'N), Denmark.
The soil of the cropping system is characterized as a sandy loam
Agrudalf soil (Thorup-Kristensen et al., 2009). White cabbage and
carrots were grown as a part of a vegetable crop rotation system,
cabbage always followed rye and carrots followed oat. The experi-
ment consisted of three replicated fields (80 m x 150 m each) ori-
ented North-South (75 m between fields). Each field contained
four experimental farming systems, and each system included eight
plots. Each experimental plot had the dimensions 10 m x 12.5 m.
The present study included three of the four experimental farming
systems: (1) a conventional system (C1), (2) an organic system with
green manure (02),and (3) an organic system comparable to 02, but
conserved strips of green manure alternated with vegetable
crop rows (03) (see Table 1 for details). In C1 and 02, each plot con-
tained 21 crop rows while O3 contained 14 crop rows as every third
row consisted of the conserved strip of green manure.

2.2. Collection of soil samples and isolation of fungi

Soil samples were collected in May 2006-2008 before the crops
were planted, and in September 2007 and 2008 when vegetables

Table 1
Main management practices of the three experimental farming systems.

Treatment Farming system

Conventional
(C1)

Undersowing -
Soil management

Organic (02) Organic (03)

Green manure Green manure

Ploughing November March -

Rotovation® - - November

Fertilizer® NPK Pig slurry Pig slurry
149 kg N ha™! 28 kgNha! 28 kg Nha™!

2 Green manure was sown across the whole area of the plot. In November most of
it was incorporated into the soil, leaving rows of green manure alternating for every
two Crop rows.

b Average fertilization per season.
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were fully grown. One soil sample consisted of three cylindrical
soil cores (4.5 cm diameter) taken to a depth of 10cm and 5-
7 cm apart along a straight line, and afterward pooled in a polyeth-
ylene bag.

At the beginning of the experiment in May 2006, four such soil
samples were collected from each of the 96 experimental plots
covering all experimental fields to initially characterize the entire
area, yielding 384 samples in total. In early June 2006, 97 soil sam-
ples were collected from the hedgerows bordering the experimen-
tal field to assess the diversity of fungal entomopathogens in the
immediate non-agricultural surroundings. In 2007 and 2008, soil
samples were collected from the experimental plots grown with
cabbage and carrots (see Table 2). Fifteen soil samples were col-
lected per plot, five soil samples adjacent to each of three crop
rows in C1 and 02. In O3, five soil samples were taken at the edge
of each of three conserved strips of green manure. Over 2 years,
1080 soil samples in total were collected and processed.

All bags of soil were stored at 5 °C for 4 months on average until
processing. Fungal entomopathogens were isolated using larvae of
the wax moth Galleria mellonella L. (Lepidoptera: Pyralidae) as bait
insects applying the methodology described by Meyling and Eilen-
berg (2006). Ten larvae were used to bait each soil sample from the
field and eight larvae were used in each soil sample from the
hedgerow. Each soil sample was baited for four weeks and incu-
bated in the dark in a climate controlled room at 21 (+1) °C. Once
a week soil samples were inspected, dead larvae were removed and
rinsed with demineralized water and incubated under humid con-
ditions to encourage fungal growth. Emerging fungi were identified
to species in the broad sense by morphological characteristics
using dissection microscope (x40) and light microscopy (x400).
In the present study, this applies to B. bassiana and M. anisopliae
which both are defined in the broad sense (sensu lato) throughout.

2.3. Collection of mycosed cadavers in the field

The soil surface in the cabbage plots was systematically
searched for arthropod cadavers showing external signs of fungal
infections. Once a month from May to September (2007 and
2008), three transects of 10 m x 0.25 m per plot were searched
by the same person, checking each dead arthropod recovered.
Transects in three conserved strips of green manure in O3 were
searched per plot in all months. In August and September 2007,
and in July, August and September 2008, three transects of similar
dimensions between rows of cabbage were searched per plot in C1
and O2. Thus nine transects were searched at each occasion per
farming system in the three replicated experimental fields. In Sep-
tember 2007 and 2008, three additional transects were searched
per plot in C1 and O2 1 week later between other rows than the
previous week. Arthropod cadavers were placed separately in
30 ml medicine cups which were sealed with a lid. In the labora-
tory, the fungal infection of each host was identified. The host
was identified as detailed to taxon as possible. The length of each

Table 2
Number of soil samples in the three replicated experimental fields of the three
farming systems collected at four occasions over two seasons.

Farming system Total
a 02 03 ()
Date/Crop Cabbage Carrots Cabbage Carrots Cabbage Carrots
May 2007 45 45 45 45 45 45 270
September 45 45 45 45 45 45 270
2007
May 2008 45 45 45 45 45 45 270
September 45 45 45 45 45 45 270
2008

cadaver was measured, and the infected hosts were assigned to
one of four functional feeding groups; herbivore (H), nectar-feeder
(N), predator (Pr), or parasitoid (Pa). If this assignment was not
possible, functional group was defined as unknown (U).

2.4. Data analysis

Data were analyzed by mixed models in PROC MIXED in SAS
with random effect of experimental field adjusting degrees of free-
dom by Satterthwaite formulae (Littell et al., 1996). When possible,
models tested for effects of year, month, crop, and farming system,
including all potential interactions on respective response vari-
ables. Non-significant (P> 0.10) higher order interactions were
successively removed from the models until final models were ob-
tained. A mixed model was used to analyze the proportion of soil
samples positive for M. anisopliae in each experimental plot (x/
15) calculated for data collected in 2007 and 2008 including stor-
age time (days) of soil samples as a covariate. These proportions
were arc-sin transformed prior to analysis. Cadaver numbers were
analyzed by a mixed model for collections in 2008 only. The num-
ber of cadavers (+1) recovered per experimental plot was log-
transformed prior to analysis. The model tested for effects of farm-
ing system and month, including their interaction. Cadaver sizes
were log-transformed and analyzed for effects of farming system,
the fungal taxon infecting them and the interaction of the two fac-
tors. In some cases pairs of data were analyzed by standard para-
metric and non-parametric tests.

3. Results
3.1. Belowground distribution of fungal entomopathogens

The initial characterization of the soil-borne community of fun-
gal entomopathogens in 2006 showed that M. anisopliae was dom-
inant in the agricultural field while it was rarely detected in the
hedgerow soil (Table 3). The most frequent fungal taxon in the
hedgerow was B. bassiana while this fungus was only detected in
9.6% of the soil samples from the agricultural field. Isaria farinosa
(Holmsk.) Fr. and Isaria fumosorosea Wize were mostly isolated
from the hedgerow soil. Metarhizium flavoviride Gams and Rozsypal
was found in 1.3% of the samples from agricultural field soil while
it was not detected in any soil samples from the hedgerow.

In 2007 and 2008 M. anisopliae continued to be the most fre-
quent fungus in soil samples from each of the three different farm-
ing systems, conventional (C1; 47.6-78.9%), organic (02; 50-
77.8%) and organic with conservation of green manure strips
(03; 37.8-62.2%). In both 2007 and 2008, B. bassiana occurred at
frequencies between 11.1% and 16.7% per system. None of the fre-
quencies of B. bassiana differed significantly among farming sys-
tems (y2-test; df=1; P>0.05). Species richness in the three

Table 3

Initial frequency of occurrence (%) of selected fungal entomopathogens in soil
samples from the area of the experimental fields (three replicated fields together) and
surrounding hedgerows in May and June 2006. Within each row, differences between
frequencies from field and hedgerow were tested with x? statistics unless 25% of
predicted values were less than 5.

Fungus® Field Hedgerow »? P
(n=384) (n=97)
Metarhizium 56.5 3.1 89.03 <0.0001
anisopliae
Beauveria bassiana 9.6 53.6 99.30 <0.0001
Isaria farinosa 1.6 103 N/A N/A
Isaria fumosorosea 0.0 19.6 N/A N/A

¢ Fungi were identified based on morphological characters.
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systems ranged from five fungal taxa in C1, six taxa in 02, and se-
ven taxa in O3. Besides M. anisopliae and B. bassiana, taxa included
M. flavoviride which was found in 2.2-6.7% of the soil samples in
C1,in 3.3-5.6% of the samples in 02, and in 4.4-6.7% of the samples
in 03. In all three systems I. fumosorosea was isolated at frequen-
cies of 1.1-2.2%, while I. farinosa was found at frequencies of
3.3-5.6% in C1, 1.1-2.2% in 02, and 2.2-6.7% in O3. Hirsutella nod-
ulosa Petch was only found in the two organic systems in 2008, but
at low frequencies ranging from 2.2% of the soil samples in O3 in
May 2008 to 1.1% of the samples in 02 in September 2008. Conid-
iobolus coronatus (Constantin) Batko (Entomophthoramycotina:
Entomophthorales) was also found, although only in O3 (in 2.2%
of the samples) in May 2008.

No interactions were significantly explaining transformed pro-
portions of M. anisopliae in the experimental plots (P> 0.10). The
final model thus showed that the occurrence of M. anisopliae in
the plots could be explained by the year of sampling
(F163.4=9.68; P=0.0028; proportions being higher in 2007 than
in 2008; Fig. 1) and farming system (F, 3 = 4.07; P=0.0217). Nei-
ther month in year (F;g33=0.79; P=0.3788), crop in the plot
(F163=0.13; P=0.7219), nor storage time of soil samples
(F1643=0.69; P=0.4087) significantly explained proportions of
M. anisopliae. Comparisons between farming systems showed that
a significantly higher proportion of M. anisopliae was found in 02
compared to O3 (Tukey-Kramer Adjustment: P=0.0183; Fig. 1).
However, no difference in occurrence of M. anisopliae was found
between the conventional C1 and organic 02 systems (Tukey-Kra-
mer Adjustment: P = 0.6294) or between C1 and the strip of green
manure in organic system O3 (Tukey-Kramer Adjustment:
P=0.1556).

3.2. Aboveground fungal infections in arthropods

Mycosed cadavers with fungal entomopathogens were mostly
found in the latter part of both 2007 and 2008 (Fig. 2a and b). Anal-
ysis of these data was conducted for season 2008 by a mixed model
with experimental field as random factor. There were significant
effects of farming system (F»,,=5.66; P=0.0104), month
(F322=26.14; P<0.0001) and their interaction (Fgo;=6.47;
P =0.0005). Post hoc tests were therefore performed for each farm-
ing system per month. Within individual months, differences
among farming systems were only found in August 2008, with sig-
nificantly more mycosed cadavers in the conventional system (C1)
than in the organic system (02) (Tukey-Kramer Adjustment:
P=0.0105) and in September 2008, where more cadavers were col-
lected in C1 than in the conserved strip of green manure (03) (Tu-
key-Kramer Adjustment: P=0.0095; Fig. 2b). The remaining
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Fig. 1. Mean frequencies (+S.E.) of M. anisopliae in soil samples from experimental
plots under three different farming practices (n = 180 per farming system per year);
C1 (conventional farming), 02 (organic farming), and O3 (conserved strips of green
manure in organic farming) over 2 years.
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Fig. 2. Observed means (+S.E.) of mycosed cadavers on the soil surface of
experimental plots under three different farming practices; C1 (conventional
farming), 02 (organic farming), and O3 (conserved strips of green manure in organic
farming) in two seasons (n = 3 per farming practice per year). Different letters above
bars indicate significant differences in cadaver numbers in 2008 (b).

differences were found among farming systems in different
months (Fig. 2b). Additional sampling of cadavers in September
2007 and 2008 in C1 and 02 revealed significantly more cadavers
in C1 than in 02 at comparable search efforts (Table 4).

Four taxa, B. bassiana, L. farinosa, and M. flavoviride and Gibellula
spp., were found on mycosed cadavers, the latter taxon only on spi-
ders (Aranae). In total, 212 mycosed arthropods were recorded
during the study period. In August and September 2007, the mean
size (£SE) of 49 mycosed arthropod cadavers collected was 3.7 mm
(0.3 mm) (range: 0.9-13.3 mm). Size distributions of cadavers
(Tables 5 and 6) were not explained by farming system
(Fo387=1.00; P=0.3767), but by fungal taxon (F33g1=>5.29;
P=0.0038) and host functional group (Fs3s2=6.91; P=0.0003).
Cadavers mycosed by B. bassiana were significantly larger than spi-
der cadavers with Gibellula spp. (Table 5). Mycosed arthropod hosts
of unknown functional groups were significantly smaller than

Table 4

Number of mycosed cadavers recovered during additional samplings in September
2007 and 2008 in between rows of white cabbage in conventional (C1) and organic
(02) farming systems. For each year pairwise comparisons were made by y? tests
using Yates’ correction for one degree of freedom.

C1 02 %2 P
September 2007 14 1 9.6 <0.01
September 2008 24 11 4114 <0.05

Table 5

Numbers and size distributions (mean + S.E.) of mycosed cadavers among fungal taxa
in all three experimental systems in August and September 2007. Sizes followed by
different letters are significantly different.

B. bassiana Gibellula spp. I. farinosa M. flavoviride
n 25 22 1 1
Size (+S.E) 41mm+05a 32mm+02b 19mmab 52mmab
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Table 6

Numbers and size distributions (mean + S.E.) of mycosed cadavers among host functional groups in all three experimental systems in August and September

2007. Sizes followed by different letters are significantly different.

Herbivore Parasitoid Predator Nectar-feeder Unknown
n 8 2 33 1 5
Size (+S.E.) 39mm+06a 3.2mm+0.7 ab 39mm+04a 4.1 mm ab 1.6 mm+0.2 b

predator and herbivores (Table 6). None of the possible interac-
tions were found to be significant.

Collections at three dates in all the experimental fields in 2008
yielded 104 mycosed cadavers with mean size (+SE) of 4.1 mm
(£0.3 mm) (range: 1.3-23.6 mm). Analysis with a mixed model as
described above showed that cadaver size distributions in 2008
were explained by interactions between farming system and fun-
gal taxon (F4g5=2.85; P=0.0286; Table 7) and between farming
system and host functional group (Fs g5 = 4.39; P=0.0013; Table 8).
No other interactions were significant. The largest cadaver
(23.6 mm) was a noctuid moth mycosed by B. bassiana found in
the organic system 02 (Table 8). Overall, mean sizes of cadavers
in the plots were not different between the two years of collection
(z-test: z=1.667; P> 0.05).

Seventy-one cadavers were collected in 2007 in total. Of these,
63% (n=45) were predators, 4% (n=3) parasitoids, 17% (n=12)
herbivores and 4% (n = 3) nectar-feeders. Eight mycosed cadavers
(11%) could not be identified to either of the functional groups.
Of the total of 141 mycosed cadavers recovered from the experi-
mental plots during all collections in 2008, 47% (n = 66) were pre-
dators, 8% (n=11) were parasitoids, 28% (n = 39) were herbivores
while nectar-feeders constituted 4% (n = 6). Nineteen (13%) of the
cadavers were not possible to assign to functional group. The her-
bivores were dominated by coleopterans (7/12 in 2007 and 35/39
in 2008), mostly cabbage weevils (Ceutorhynchus pallidactylus Mar-
sham). The remaining herbivores were hemipterans. In 2008, eight
of the 24 cabbage weevils were infected by M. flavoviride while this
fungus was recorded from a single cereal leaf beetle, Oulema mel-
anopus (L.), in 2007. Of the predators (totally 45 in 2007 and 66
in 2008), 28 (62%) and 24 (36%) were money spiders (Linyphiidae)
in 2007 and 2008, respectively. Of these all were infected by Gibell-
ula spp. except one in 2007 which was infected by B. bassiana. Six-
teen (36%) and 35 (53%) of the predators were staphylinid beetles
in 2007 and 2008, respectively, all of which were infected by B. bas-
siana. The remaining mycosed predators were seven spot ladybirds
(Coccinella septempunctata L.; one in 2007 and three in 2008), a
flower bug, Anthocoris nemorum (L.), and an unidentified ant, both

Table 7

in 2008. In 2007, all three mycosed parasitoids were Trybliographa
rapae (Westwood) (Hymenoptera: Figitidae) while this species
constituted 45% (5/11) of mycosed parasitoids in 2008. The fre-
quencies of cadavers in the five different functional categories
were not significantly different between the 2 years (= 5.8439;
df=4; P=0.2111).

Comparable below- and aboveground abundance and distribu-
tion of hypocrealean fungal entomopathogens in 2007 and 2008
were found in the experimental agricultural field, but there were
clear differences between below- and aboveground environments
(Fig. 3). M. anisopliae and I. fumosorosea were only detected in
the soil environment, while B. bassiana, 1. farinosa, and M. flavovi-
ride were recovered both below- and aboveground. Only above-
ground occurrence of Gibelulla spp. was documented.

4. Discussion

Our results document that communities of hypocrealean fungal
entomopathogens were differently structured below- and above-
ground in the investigated agroecosystem. Specifically, M. anisop-
liae dominated belowground while B. bassiana was most often
recovered among mycosed cadavers aboveground thus indicating
that M. anisopliae is not involved in direct below- and aboveground
interactions in this agricultural field. Our data support the view
that M. anisopliae predominantly cycles belowground while B. bas-
siana occurs both below- and aboveground in temperate agroeco-
systems (Meyling and Eilenberg, 2007).

Overall belowground diversity of fungal entomopathogens and
frequencies of occurrence of M. anisopliae were similar in agricul-
tural field soils of experimental conventional (C1) and organic
(02) systems. Belowground communities of fungal entomopatho-
gens have been reported to be similar between conventional and
organic farming practices (Goble et al., 2010; Jabbour and Barber-
check, 2009) although Klingen et al. (2002) found higher occur-
rences of some fungal entomopathogens in soil samples collected
at organic vs. conventional fields. Conventional farming practices

Numbers and size distributions (mean * S.E.) of mycosed cadavers among fungal taxa in each of the three experimental systems in July, August and September 2008.

C1 (Conventional farming)

02 (Organic farming)

03 (Strip of green manure in organic farming)

Fungus® B. b. Gib. I far. M. fla. B. b. Gib. L. far. M. fla. B. b. Gib. L. far. M. fla.
n 39 3 13 4 11 5 0 2 16 10 0 1

Size 4.2 mm 4.7 mm 3.5mm 3.4 mm 5.1 mm 4.3 mm - 3.3 mm 4.9 mm 3.1 mm - 3.6 mm
S.E. +0.3 +1.1 +0.4 +0.2 +1.9 0.5 - +0.4 +0.8 0.2 - -

2 Fungal taxa include B. b., Beavueria bassiana; Gib., Gibellula spp.; I. far., Isaria farinosa; M. fla., Metarhizium flavoviride.

Table 8

Numbers and size distributions (mean # S.E.) of mycosed cadavers among host functional groups in each of the three experimental systems in July, August and September 2008.

C1 (Conventional farming)

02 (Organic farming)

03 (Strip of green manure in organic farming)

Func.? H Pa Pr N u H Pa Pr N 8] H Pa Pr N 8]

n 20 3 23 0 13 6 3 8 1 0 4 0 18 2 3

Size 3.6 mm 3.9 mm 4.7 mm - 3.3 mm 3.2 mm 3.4 mm 3.9 mm 23.6 mm - 3.1 mm - 4.5 mm 5.3 mm 2.5 mm
S.E. 0.2 +0.5 0.5 - +0.3 +0.1 +0.8 +0.4 - - +0.3 - +0.7 +0.9 +1.1

2 Func. = functional group. These include H, herbivore; Pa, parasitoid; Pr, predator; N, nectar-feeder; U, unknown.
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Fig. 3. Frequencies of different fungal entomopathogens among all mycosed
cadavers recovered aboveground (above; n=71 in 2007, 3a, n =141 in 2008, 3b)
and among all fungi recovered belowground by baiting soil samples with Galleria
mellonella larvae (below; n =491 in 2007, 3a, n =400 in 2008, 3b).

often include use of chemical pesticides. Specifically M. anisopliae
is considered to be tolerant to pesticides (Klingen and Haukeland,
2006), and presumably pesticides do not have detrimental effects
on this fungus in soils.

Structural habitat architecture and disturbance levels may be
more important than conventional and organic practices for com-
position of belowground communities of fungal entomopathogens.
Most taxa were isolated from the soil of the strips of green manure
in 03 and the abundance of M. anisopliae in the conserved strips
was lower than in the soil of the otherwise similarly farmed O2.
This indicates that other conditions prevailed in the soil of the con-
served strip than in the soil of the agricultural field. Reduced soil
disturbance was reported to be associated with decreased frequen-
cies of M. anisopliae in soil samples by Jabbour and Barbercheck
(2009), who suggested that higher organic matter contents of
low tilled soils would not favor M. anisopliae due to antagonistic
activity of other soil organisms. Such belowground interactions
may also occur in the conserved strip of green manure in 03
explaining reductions in M. anisopliae occurrence.

Spatio-temporal variation in abundance and distribution of fun-
gal entomopathogens was observed aboveground while no signifi-
cant variation during the season was evident belowground.
Aboveground, fungal entomopathogens are inactivated within
days or weeks by solar radiation (Daoust and Pereira, 1986a; Inglis
et al., 2001) and rainfall (Daoust and Pereira, 1986b). In contrast,
the soil environment provides a stabile habitat for high persistence
of fungal spores thus buffering population fluctuations (van der
Putten et al., 2001). Our results further indicate that fungal infec-
tions aboveground were detected earlier in the conserved strip of
green manure in O3 than in between crop rows in C1 and 02. A
permanent plant cover is expected to provide a refuge for the
arthropod community in the field (Griffiths et al., 2008) and may

therefore also provide hosts for fungal entomopathogens early in
the season. In addition, most mycosed cadavers were recovered
from the conventionally farmed system C1. Activity-density esti-
mates of ground dwelling arthropods in the same plots did not
indicate higher abundance of these in C1 compared to the organic
systems (Navntoft, unpublished data) thus the higher occurrence
of infected hosts may be attributed to other factors than host den-
sity. In the conventional system, the crop canopy of white cabbages
had closed to the greatest extend late in the growth season when
most cadavers were collected (Meyling, pers. obs.). Microclimatic
conditions such as humidity could favor infections under the crop
canopy resulting in higher occurrence in the conventional system.
Indeed, Yaginuma (2007) showed correlation between rainfall
intensity and cadaver occurrence. Persistence of mycosed cadavers
on the soil surface after host death remains unknown, but conidia
on sporulating insect cadavers can be entirely removed after
2 weeks under field conditions (Daoust and Pereira, 1986b).

Few studies have evaluated spatio-temporal abundance and
distribution of mycosed cadavers. In an apple orchard in Japan, B.
bassiana dominated aboveground (87.7% out of 10,411 cadavers
over 6 years of collections) with cadaver numbers mostly peaking
in September (Yaginuma, 2007). Furthermore, low occurrences of
M. anisopliae (1.0% of all cadavers) were documented, thus sup-
porting our data indicating that M. anisopliae is rare as infections
in aboveground hosts in temperate regions. Likewise, Steenberg
et al. (1995) reported of occurrences of M. anisopliae infections in
predatory ground and rove beetles of 1.6-2.0%. A survey of myco-
sed cadavers in Poland revealed 37 taxa of fungal entomopatho-
gens in forest and meadow habitats (Sosnowska et al., 2004). In
these habitats, B. bassiana was also found to be most common
among the mycosed cadavers while no infections by M. anisopliae
were reported (Sosnowska et al., 2004).

The largest proportion of mycosed cadavers in the present study
was identified as predators, predominantly staphylinid beetles.
This proportion among functional host groups appears representa-
tive as cadavers of predators were no larger than those from other
groups and therefore unlikely to be more conspicuous. Predatory
insects often exhibit low susceptibility to fungal entomopathogens
in laboratory bioassays (Dunkel and Jaronski, 2003; Riedel and
Steenberg, 1998; Traugott et al., 2005), but other studies have
shown that predatory beetles may succumb to fungal infections
in the field (Steenberg et al., 1995; Yaginuma, 2007). Among preda-
tors, we recorded frequent infections in spiders by Gibellula spp. in
the strip of green manure in O3 (50% in 2007; 85% in 2008). Sos-
nowska et al. (2004) also reported that Gibellula spp. co-dominated
with B. bassiana in aboveground arthropods of grasslands. It is so
far unknown how fungal entomopathogens affect spider popula-
tions, but Gibellula spp. may be a significant mortality factor to spi-
ders. Indeed, mortality caused by fungal infections may contribute
significantly to population regulation of predatory arthropods in
managed ecosystems. Potentially such mortality factors may nega-
tively affect natural regulation of pests by predatory arthropods,
but future studies must evaluate how fungal entomopathogens
conflict with effects of predators. Recent studies suggest that
belowground entomopathogens and predators aboveground can
complement each other in regulation of pests (Ramirez and Snyder,
2009; Crowder et al., 2010).

In conclusion, observations of spatio-temporal abundance and
distribution of fungal entomopathogens have provided new in-
sights to the population dynamics and ecological niches of specific
fungal taxa. Belowground, M. anisopliae was dominating the agri-
cultural fields but conservation of strips of green manure reduced
the frequency of M. anisopliae while other fungal taxa seemed to be
added to the belowground community. Future conservation bio-
logical control strategies targeting M. anisopliae in the soil for con-
trol of pests attacking plant parts aboveground may therefore be
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unsuccessful and should only aim at controlling soil dwelling pests.
In contrast, below- and aboveground interactions involving B. bas-
siana and M. flavoviride were indicated in the agroecosystem. Thus
these fungal entomopathogens are expected to contribute to natu-
ral regulation of aboveground arthropod hosts.
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