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Abstract Habitat fragmentation can have a high impact on parasitoid–ant interactions. Phorid flies are among

the most important groups of natural enemies of leaf-cutting ants. We studied the effects of loss in

forest cover upon phorids of the leaf-cutting ant Acromyrmex niger Smith (Hymenoptera: Formici-

dae: Attini) in a fragmented area in the Southeastern Atlantic Forest, Brazil. We sampled 10 forest

fragments, five large (>75 ha) and five small (<20 ha), as well as three areas of continuous forest

(>1 000 ha). We marked 1–5 colonies of A. niger in the interior of each forest location. At each nest,
we collected all of the phorids in interaction with the worker ants for a period of 15 min. We then

collected ca. 200 worker ants, which we maintained in the laboratory for rearing phorids from them.

We identified three phorid genera – Apocephalus, Myrmosicarius, and Neodohrniphora – which we

both observed in the field and reared in the laboratory. The abundance and parasitism percentage

were significantly greater in continuous forest sites than in forest fragments, whereas there were no

significant differences between fragments of different sizes. These results provide further evidence for

the effects of habitat size on the phorid-Acromyrmex system in a tropical rain forest, based on

the abundance of parasitoids both as adults in the field and as reared immature phorids in the

laboratory.

Introduction

The process of habitat fragmentation affects biodiversity

and ecosystem functioning (Fahrig, 2003). The conse-

quences depend upon the size and shape of the frag-

ments, the degree of isolation, edge effects, and the type

of land use of the surrounding matrix (Harris, 1984; Cer-

queira et al., 2003). Fragment size is one of the most

important variables to consider (Barbosa & Marquet,

2002; Fahrig, 2003; Ewers & Didham, 2006). The species–
area relationship indicates that larger habitats support

more diverse communities – smaller fragments can have

reduced habitat heterogeneity, lower abundance of indi-

viduals (Kruess & Tscharntke, 2000), altered interspecific

interactions (Sabatino & Maceira, 2010; Kaartinen &

Roslin, 2011), and increased edge effects (Murcia, 1995).

Habitat fragmentation can have different effects on dif-

ferent organisms, with some being strongly negatively

affected, whereas others are unaffected or even benefited

(Fahrig, 2003).

Organisms that occupy higher trophic levels may be

more severely affected by habitat fragmentation (Kruess

& Tscharntke, 2000; Montoya et al., 2006); the same can

occur to organisms with narrow ecological niches (Henle

et al., 2004; Cagnolo et al., 2009). In ecological special-

ization, the degree of environmental specialization as

well as specialization in interactions with other species

explain the responses of organisms to perturbation

(V�azquez & Simberloff, 2002; Gomes et al., 2013). An

empirical study evaluating the effects of area loss on

trophic (plant–herbivore–parasitoid) interactions found

that organisms were indeed affected according to their

degree of specialization and trophic level, with specialist

secondary consumers being the most affected (Cagnolo

et al., 2009).
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Herbivore populations can be regulated by the abun-

dance of predators and parasitoids (Kruess & Tscharn-

tke, 1994). As an example of this type of control, in

disturbed areas and forest edges a reduction in the abun-

dance and effectiveness of parasitoids (Almeida et al.,

2008) and other predators (Wirth et al., 2008) favors the

increase in density of leaf-cutting ant colonies. Thus,

community structure, interspecific interactions, and eco-

logical functions can be affected, and the magnitude and

direction of the changes are often substantial (Tscharn-

tke et al., 2002).

Leaf-cutting ants in the genera Atta and Acromyrmex

(Hymenoptera: Formicidae: Attini) are endemic to the

American continent and considered the dominant herbi-

vores in the Neotropics (H€olldobler &Wilson, 1990). Fur-

thermore, due to their great capacity to modify the

environment, leaf-cutting ants are considered ‘ecosystem

engineers’ (Jones et al., 1994; Leal et al., 2014). Aside from

their relevance to conservation, these ants can be major

agricultural pests, especially in Brazil (Della Lucia, 2003).

Among the natural enemies of leaf-cutting ants are the

parasitoid flies of the family Phoridae (Diptera). Phorids

are considered important as population regulators of leaf-

cutting ants (Morrison & Porter, 2005), because they

deposit their eggs inside the body of worker ants, after

which the phorid larvae develop and feed on the tissue of

the host ant, eventually killing it (Godfray, 1994). Besides

the effect of host mortality, the presence of parasitoids can

produce important indirect effects, such as the reduction

in foraging activity, as the ants stop foraging to defend

themselves against phorid attacks (Orr, 1992; Braganc�a
et al., 1998; Elizalde & Folgarait, 2012; Guillade & Folgar-

ait, 2015).

Elizalde & Folgarait (2010, 2011) argue that the phorid

parasitoid-leafcutter ant system is highly specialized, and

the species that attack leaf-cutting ants are, as far as we

know, exclusive to them. Additionally, the species of

phorid parasitoids that attack one genus of leaf-cutting

ants do not attack other genera (Elizalde & Folgarait,

2011); therefore, our understanding of the phorid-Atta

system cannot be extrapolated to the phorid-Acromyrmex

system and vice versa. Evidence suggests that these para-

sitoids may be more negatively affected by habitat frag-

mentation than the ants (Almeida et al., 2008; Elizalde &

Queiroz, 2013). Given the strong specialization in this sys-

tem, it is very likely that any effects that fragmentation has

upon phorid parasitoids could end up indirectly affecting

the ants and thus the equilibrium of the entire forest com-

munity (Almeida et al., 2008). Thus, increasing our

knowledge of how these interactions are affected by habitat

fragmentation is highly relevant to forest conservation and

restoration.

The leaf-cutting ant Acromyrmex niger Smith is highly

abundant in Brazil and is considered a very harmful spe-

cies for crop plants (Gonc�alves, 1961; Elizalde &

Queiroz, 2013). Evaluating the interactions between

A. niger and parasitoid phorids is especially relevant for

the development of management techniques for conser-

vation biological control (Barbosa, 1998). In this study,

we evaluated the effects of forest cover loss on the

phorid parasitoids of A. niger in a fragmented landscape

in Southeastern Brazil. Specifically, we measured the

variation in parasitoid abundance and parasitism rates

of forest fragments of different sizes. This was done

through observing and collecting parasitoids attacking

ants in the field and by maintaining samples of live

worker ants in the laboratory under conditions that

allowed for the development and emergence of imma-

ture phorids that had already been deposited in the

worker ants’ bodies. This dual sampling approach

allowed us to gain a better understanding of the true

abundance and parasitism rates in the system.

Materials and methods

Study site and species

We conducted this study in the Ecological Reserve of

Guapiac�u (REGUA, www.regua.org) and neighboring

areas. REGUA is located 100 km northeast of the city

of Rio de Janeiro (22°22016″S, 42°44019″W). This

region contains remnants of the Atlantic Forest in var-

ious stages of succession, the majority of which are sit-

uated on hilltops and embedded within a matrix of

agricultural land use, including pastures and annual

and perennial crops. The forest is especially well-pre-

served above 400 m altitude, lower lying areas are

comprised of a mosaic of secondary forest surrounded

by agricultural landscape (Cabral et al., 2007). The for-

est type of this region can be characterized as lowland,

submontane, and montane ombrophilous forest (Oli-

veira-Filho & Fontes, 2000); the mean annual tempera-

ture is 20 °C and the annual precipitation is

2 010 mm (Massera da Hora & Gonc�alves Costa,

2010).

Acromyrmex niger is abundantly distributed throughout

the southern and southeastern regions of Brazil (Delabie

et al., 2011), found frequently in the mountains of the

states of Rio de Janeiro, S~ao Paulo, and Esp�ırito Santo

(Gonc�alves, 1961). The nests are difficult to locate because
of the underground chambers and long galleries with very

discrete entrances (simple openings in the soil). Workers

can be seen foraging on distinct trails, carrying leaves to

feed the symbiotic fungal culture they tend within the nest

(Elizalde &Queiroz, 2013).
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Study design

We selected a total of 13 study sites: 10 fragments (five

large: mean � SE = 279 � 119 ha; five small: 12 �
1.8 ha) and 3 areas of continuous forest (>1 000 ha) (Fig-

ure 1; Appendix S1). The selected locations were dis-

tributed across an area of 300 km2. Sites were chosen

between the months of August and December 2014, using

Google Earth to select fragments of different sizes that were

more or less regular in shape (e.g., not long and thin

because of stronger edge effects). Only sites where we were

able to locate A. niger nests were included in the study,

which was about one out of five small fragments we

searched and about one out of two large fragments. We

found A. niger in all of the continuous forest sites we

explored.

In each site, we conducted sampling in the interior of

the fragment starting from a minimum distance of 300 m

from the edge whenever possible. We marked a minimum

of one and a maximum of five nests per site; in total there

were 51 nests: 15 in continuous forest sites, 24 in large frag-

ments, and 12 in small fragments. We flagged all of the

selected nests with marking tape and recorded their coor-

dinates with a GPS so they could be located again when-

ever necessary.

Sampling of phorid parasitoids

We returned to the marked nests to conduct the sampling

of phorid parasitoids – in cases when the nest was no

longer active due to colony death or migration, we used

neighboring colonies (Elizalde & Folgarait, 2011). During

Figure 1 Study area location and sites

selected in the Guapiassu Ecological

Reserve (REGUA) and surrounding areas,

Rio de Janeiro State, Brazil. ‘REGUA’

indicates the REGUA headquarters,

cf = continuous forest site, lf = large

forest fragment, sf = small forest

fragment. Numbers indicate the labels

given to each site. See Appendix S1 for a

description of site details (latitude,

longitude, altitude, and area).
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a 15-min period, we used an aspirator to collect all the

detected phorid parasitoids interacting with the foraging

worker ants. This sampling was conducted at the entrance

and along ca. 2 m of the main foraging trails (Elizalde &

Folgarait, 2012). Sampling was done in the daytime,

between 10:00 and 16:00 hours, during periods when the

ants were found actively foraging and, therefore, when the

parasitoids would be the most active (Orr, 1992; Braganc�a
et al., 2008; Elizalde & Queiroz, 2013). After collection,

parasitoids were preserved in alcohol and later identified

in the laboratory using a 909 dissecting microscope and

with the available identification keys (Brown, 1997; Disney

et al., 2006, 2008, 2009; Brown et al., 2010).

We also collected a ‘Larval Parasitoid Collection’ (LPC)

of phorids from each nest as outlined in Elizalde & Folgar-

ait (2011). This sampling involved collecting worker ants

over a fixed point on the trail for 15 min or until we col-

lected ca. 200 individuals, frommedium to large body size,

to minimize the possible influence of worker size on para-

sitism rate (Orr, 1992; but see also Folgarait, 2013). Never-

theless, we measured head width of 10 randomly selected

workers of each nest in the laboratory afterwards. Head

width is considered a precise standard measurement of

body size (H€olldobler & Wilson, 1990). The LPC allowed

us to assess the parasitism rate of ants over a larger period

of time, as ants containing fly larvae may have been

attacked any time in the previous several weeks. Workers

were then transported to the laboratory where they were

maintained in a BOD (bio-oxygen demand) chamber.

Temperature and relative humidity were kept at 28 °C
and 80%, as these were the conditions that Guillade & Fol-

garait (2014) found to produce the shortest developmental

period.

As the ants died, the dead ants were separated from the

live ones and kept in a separate container. Dead ants were

examined under a dissecting microscope to look for signs

that larvae had entered the pupal stage, which were detect-

able as one ormore oval masses in the ant head or as pupae

protruding from the thorax. When pupae were found, we

separated each of these into its own individual container.

Dead ants were checked for pupae for 10 days before dis-

carding and ants containing pupae weremaintained for up

to 60 days or until adults emerged. When adult flies

emerged, they were captured with an aspirator and placed

in alcohol for later identification (Elizalde & Folgarait,

2011).

Collections were made on a rotational basis by habitat

type during four consecutive months from January to

April 2015. This period corresponds to the summer/fall

season in this region (Dereczynski et al., 2009), and we

assumed that the environmental conditions were similar

throughout the geographical area encompassed by our

study and throughout the sampling period. We decided to

conduct the sampling during this time of the year given

the higher abundance of phorids seen by other researchers

when the temperature and humidity are higher (Morrison

et al., 2000;Wuellner & Saunders, 2003).

Statistical analysis

We obtained the genus abundance of parasitoids from the

identification of the phorids collected in the field. Later,

upon deeper analysis of the specimens, we were able to

identify the phorids to the species level; however, we did

not consider this in the data analysis because the number

of individuals was very low (Appendix S2). Nevertheless,

we consider the genus-level analysis valid because it is

known that phorid species within the same genus have

similar natural histories (Elizalde & Folgarait, 2011, 2012).

To estimate the percentage of parasitized ants (i.e., para-

sitism rate), we counted the collected worker ants hosting

parasitoid larvae and divided this number by the total

number of ants collected per nest. The parasitism rates

obtained from the laboratory rearing allowed for compar-

ison with the adult parasitoids observed in the field. We

performed the analysis at the genus level as the phorids in

the larval stage were identifiable to the genus level but not

the species level – the morphology of the pupae is genus-

specific (Elizalde & Folgarait, 2011).

To evaluate the effects of forest cover loss upon abun-

dance and parasitism rate of the phorids, we conducted

linear mixed-effects models with habitat type (i.e., contin-

uous forest, large and small fragments) as fixed variable. In

addition, we included the average worker size for each nest

as a covariate. The random part of the model grouped the

nests that belong to the same forest or fragment. In total,

we built six models, all with the same structure for fixed

and random variables, but the dependent variables were

the total abundance of adult phorids in the field and the

parasitism rate (data were arcsine √x transformed) for all

phorids together, as well as for two genera separately (the

other phorid genus abundance was very low).

To analyze the effects of forest cover loss upon the

phorid occurrence interacting with the workers, we used

mixed-effects logistic models with the same fixed and ran-

dom structure as above and the presence (represented in

the model as 1) or absence (represented as 0) of the para-

sitoids as the dependent variable. We considered phorids

to be present at a nest when we observed them in the field

and/or in the laboratory rearing and we considered them

absent when they were not present in either the field or the

laboratory.

The independent effect of each explanatory variable in

multiple correlations can be assessed partially if variables

are not correlated. Because most our dependent variables

4 Barrera et al.



were positively correlated with elevation (Appendix S3),

probably due to the fact that the better-preserved forests

lie at higher elevation, as explained above, we also built six

other models with the elevation of each nest (obtained

from a GPS) as covariate.

We used log-likelihood tests to evaluate the statistical

significance of all the independent variables, and continu-

ous variables were z-score transformed to reduce the effect

of the various scale measurements in model estimation.

All analyses (a = 0.05) were carried out with the statistical

software R v.3.3.1 (RDevelopment Core Team, 2016).

Results

After a combined 13 h of observation above the nests

(15 min over each of 51 nests), we found adult phorids to

be present in 27.4% of the total nests sampled. We

observed 22 adult phorids attacking worker ants; 11 of the

genus Myrmosicarius, seven of the genus Apocephalus,

three of the genus Neodohrniphora, and one of an uniden-

tified genus. Adult phorids were observed attacking ants in

eight of the 15 nests (53%) in continuous forest, 17% of

the nests in large fragments, and 8% of the nests in small

fragments. Of the nests with parasitoids, 64.3% had only

one phorid, whereas 21.4% had two, and 7.1% had three

or four. Only nests in the continuous forest had more than

one genus of phorids attacking at the same time, withMyr-

mosicarius and Apocephalus in two cases and Neodohrni-

phora and Apocephalus in one other case. We did not find

Neodohrniphora interacting with ants in the small frag-

ments.

Through LPC, we obtained a total of 85 pupae (0.82%

of the total ants collected) distributed among the genera

Apocephalus, Myrmosicarius, and Neodohrniphora. Para-

sitized workers were observed in 10 of the 15 nests (67%)

in continuous forest, 29% of large fragments, and 16% of

small fragments. The highest parasitism rate (7.5%) was

recorded in a nest from the continuous forest. Of all the

pupae, only 30 adults were able to emerge, all of which

were of the genus Apocephalus, except for one of the genus

Myrmosicarius. The observation ofmore than one genus of

phorid in parasitized ants from the same nest only

occurred in continuous forest samples, with all three gen-

era present in three nests and Apocephalus and Myrmosi-

carius in another two (Appendix S4).

We found that forest loss has a negative effect both on

parasitoid abundance and parasitism rate (Table 1), and

that the effect was due to differences in the fragments

(large vs. small), compared to the continuous forest

(Table 1, Figure 2A,B). In the case of phorids of the genus

Apocephalus, their abundance of adults attacking ants indi-

cated significant differences between continuous forest

sites and fragments (Table 1, Figure 2C). On the other

hand, the parasitism rate for this genus was not signifi-

cantly different for any of the habitat types (Table 1,

Figure 2D). For phorids of the genus Myrmosicarius, the

opposite pattern was observed; there was no significant

difference between habitat types for abundance of adults

(Table 1, Figure 2E), but there was for parasitism rate

(Table 1, Figure 2F). However, the occurrence of all para-

sitoids grouped and of the genusMyrmosicarius alone was

not affected by habitat type (Table 2); phorids of the genus

Apocephalus occurred more in continuous forests than in

fragments (Table 2).

When themixedmodels included elevation as covariate,

there was a near significant effect of habitat on phorid

abundance (Table 1), and a significant effect on abun-

dance of Apocephalus adults: fewer Apocephalus adults

occurred in small forest fragments than in continuous for-

est or in large fragments (Table 1). For the parasitism rate,

we found only a near significant effect of habitat for Myr-

mosicarius (Table 1). The effect of habitat on phorid

occurrence was not statistically significant in any case

(Table 2). Ant worker size was not a significant factor in

anymodel.

Discussion

The Atlantic Forest was once one of the largest rainforests

in the world, but today less than 16% remains as frag-

ments, about 80% of which are <50 ha, separated by

anthropogenic land uses (Ribeiro et al., 2009). Still, this

biome remains a hotspot of biodiversity, and understand-

ing how forest fragmentation affects species and their

interactions is key to the preservation of this biodiversity

and any ecosystem services (such as biological pest con-

trol) provided by natural habitats (Barbosa, 1998). The

results presented in this study indicate that parasitoid

phorids of the leaf-cutting ant A. niger are affected by for-

est fragmentation in the Atlantic Forest. These results cor-

roborate previous findings of the negative effect of

fragmentation upon phorid parasitoids of leaf-cutting ants

in the genera Atta (Rao, 2000; Almeida et al., 2008) and

Acromyrmex (Elizalde &Queiroz, 2013).

In general, our results suggest that colonies of A. niger

in smaller forest fragments are exposed to a decrease in

both abundance of phorids and parasitism rate. Thus, the

present study offers more evidence for the effects of forest

area loss on phorid parasitoids of the leaf-cutting ant

genus Acromyrmex in a tropical rainforest, adding to the

few reports of an impact of forest fragments in comparison

to continuous forest (Rao, 2000; Elizalde &Queiroz, 2013)

and of edge effects (Almeida et al., 2008) on leaf-cutting

ant parasitoids. In addition, this is the first evaluation of

Ant–parasitoid interactions in fragmented forest 5



Ta
bl
e
1

St
at
is
ti
cs
an
d
P
-v
al
u
es
fo
r
m
ix
ed
-e
ff
ec
ts
li
n
ea
r
m
o
d
el
s
o
fp

h
o
ri
d
ab
u
n
d
an
ce

an
d
%

p
ar
as
it
is
m

in
A
cr
om

yr
m
ex

n
ig
er
an
t
n
es
ts
in
co
n
ti
n
u
o
u
s
fo
re
st
an
d
la
rg
e
an
d
sm

al
lf
o
re
st

fr
ag
m
en
ts
,f
o
r
al
lp
ar
as
it
o
id
s
co
m
b
in
ed
,a
n
d
fo
r
A
po
ce
ph
al
u
s
sp
p
.a
n
d
M
yr
m
os
ic
ar
iu
s
sp
p
.s
ep
ar
at
el
y.
M
o
d
el
s
w
er
e
ru
n
w
it
h
o
u
t
an
d
w
it
h
el
ev
at
io
n
o
fa
n
t
n
es
ts
as
co
va
ri
at
e,
an
d
in
al
lc
as
es

th
e
sa
m
p
li
n
g
si
te
w
as
in
cl
u
d
ed

as
ra
n
d
o
m

ef
fe
ct
.A

ll
co
n
ti
n
u
o
u
s
va
ri
ab
le
s
w
er
e
tr
an
sf
o
rm

ed
u
si
n
g
th
e
z-
sc
o
re

P
h
o
ri
d
ab
u
n
d
an
ce

%
p
ar
as
it
is
m

W
it
h
o
u
t
el
ev
at
io
n

W
it
h
el
ev
at
io
n

W
it
h
o
u
t
el
ev
at
io
n

W
it
h
el
ev
at
io
n

E
st
im

at
e

St
at
is
ti
c1

d
.f
.

P
E
st
im

at
e

St
at
is
ti
c1

d
.f
.

P
E
st
im

at
e

St
at
is
ti
c1

d
.f
.

P
E
st
im

at
e

St
at
is
ti
c1

d
.f
.

P

A
ll
p
ar
as
it
o
id
s

H
ab
it
at

9.
86

2
0.
00
7

4.
86

2
0.
09

9.
25

2
0.
01

3.
82

2
0.
15

C
o
n
ti
n
u
o
u
s
vs
.l
ar
ge

fr
ag
m
en
t

�0
.7
4

�2
.7
9

0.
02

�0
.6
2

�2
.9
1

0.
01

C
o
n
ti
n
u
o
u
s
vs
.s
m
al
lf
ra
gm

en
t

�0
.9
1

�2
.9
6

0.
01

�0
.6
5

�2
.8
1

0.
02

L
ar
ge

vs
.s
m
al
lf
ra
gm

en
t

�0
.1
7

�0
.6

0.
56

�0
.6
5

�0
.1
6

0.
87

W
o
rk
er
si
ze

0.
07

0.
41

1
0.
52

0.
05

0.
23

1
0.
63

0.
01

0.
14

1
0.
71

�0
.0
1

0.
01

1
91

E
le
va
ti
o
n

0.
08

0.
19

1
0.
66

0.
28

7.
91

1
0.
00
5

M
o
d
el

A
IC

=
13
5.
3;
re
si
d
u
al
d
.f
.
=
46

A
IC

=
13
0.
1;
re
si
d
u
al
d
.f
.
=
45

A
IC

=
81
.9
;r
es
id
u
al
d
.f
.
=
46

A
IC

=
80
.1
;r
es
id
u
al
d
.f
.
=
45

A
po
ce
ph
al
u
s
sp
p
.

H
ab
it
at

6.
81

2
0.
03

7.
32

2
0.
03

4.
98

2
0.
08

2.
95

2
0.
23

C
o
n
ti
n
u
o
u
s
vs
.l
ar
ge

fr
ag
m
en
t

�0
.3
6

�2
.3
4

0.
04

�0
.4
8

�2
.5
6

0.
03

C
o
n
ti
n
u
o
u
s
vs
.s
m
al
lf
ra
gm

en
t

�0
.4
1

�2
.1
2

0.
05

�0
.6

�2
.3
5

0.
04

L
ar
ge

vs
.s
m
al
lf
ra
gm

en
t

�0
.0
4

�0
.2
4

0.
81

�0
.1
2

�0
.6
8

0.
51

W
o
rk
er
si
ze

�0
.0
4

0.
31

1
0.
58

�0
.0
1

0.
04

1
0.
85

0.
04

0.
58

1
0.
44

0.
02

0.
24

1
0.
64

E
le
va
ti
o
n

�0
.1
1

1.
34

1
0.
24

0.
29

7.
93

1
0.
00
5

M
o
d
el

A
IC

=
87
.2
;r
es
id
u
al
d
.f
.
=
46

A
IC

=
90
.8
;r
es
id
u
al
d
.f
.
=
45

A
IC

=
57
.4
;r
es
id
u
al
d
.f
.
=
46

A
IC

=
51
.1
;r
es
id
u
al
d
.f
.
=
45

M
yr
m
os
ic
ar
iu
s
sp
p
.

H
ab
it
at

3.
37

2
0.
18

0.
75

2
0.
69

7.
51

2
0.
02

4.
05

2
0.
13

C
o
n
ti
n
u
o
u
s
vs
.l
ar
ge

fr
ag
m
en
t

�0
.1
2

�2
.2
3

0.
05

C
o
n
ti
n
u
o
u
s
vs
.s
m
al
lf
ra
gm

en
t

�0
.1
7

�2
.5
6

0.
03

L
ar
ge

vs
.s
m
al
lf
ra
gm

en
t

�0
.0
4

�0
.7
2

0.
48

W
o
rk
er
si
ze

0.
08

1.
32

1
0.
25

0.
04

0.
28

1
0.
59

�0
.0
3

1.
81

1
0.
18

�0
.0
3

1.
64

1
0.
2

E
le
va
ti
o
n

0.
24

5.
63

1
0.
02

�0
.0
01

0.
6

1
0.
99

M
o
d
el

A
IC

=
95
.8
;r
es
id
u
al
d
.f
.
=
46

A
IC

=
96
.1
.r
es
id
u
al
d
.f
.
=
45

A
IC

=
�7

.3
;r
es
id
u
al
d
.f
.
=
46

A
IC

=
�2

4.
4;
re
si
d
u
al
d
.f
.
=
45

1
F
o
r
‘h
ab
it
at
’t
h
e
v2

va
lu
e
fo
r
th
e
lo
g-
li
ke
li
h
o
o
d
te
st
is
sh
o
w
n
,f
o
r
co
n
ti
n
u
o
u
s
va
ri
ab
le
s
it
is
th
e
sl
o
p
e.

6 Barrera et al.



%
 p

ar
as

iti
sm

N
o.

 in
di

vi
du

al
s

Small 

fragments

Large 

fragments

Continuous 

forest

Large 

fragments

Continuous 

forest

a

b
b

a

b
b

a

b b

a
b

b

a

a a

a

a
a

BA

C

E

D

F

1

0

2

3

4

5

1

0

2

3

4

5

1

0

2

3

4

5

1

0

2

3

4

5

1

0

2

3

4

5

1

0

2

3

4

5

Small 

fragments

Figure 2 Boxplots of (A, C, and E) abundance of adult phorids attacking or flying over foragingAcromyrmex nigerworkers and (B, D, and

F) total parasitism rate in continuous forest and large and small forest fragments. (A and B) Total phorids, (C and D)Apocephalus spp.,

and (E and F)Myrmosicarius spp. Solid horizontal lines in the boxes represent median values, the whiskers represent the smallest and

largest non-outlier observations, dots represent outlying data points.We plottedmedians because we havemixed data, some being

normally distributed and others not. Different letters capping boxes within a panel indicate significant differences betweenmeans (A, B,

and E) ormedians (C, D, and F) based on linear mixed-effects models without elevation (P<0.05).

Ant–parasitoid interactions in fragmented forest 7



adult phorids attacking workers in the field, comple-

mented with the determination of their parasitism rate

through the larval phorid collection and rearing in the lab-

oratory (Elizalde & Folgarait, 2011). Previous studies of

Atta and Acromyrmex parasitoids evaluated only their

abundance and attack rates in the field (Rao, 2000;

Almeida et al., 2008; Elizalde &Queiroz, 2013).

Of the three phorid genera that we found, the adults

were previously observed attacking A. niger workers in the

field, but their juvenile stages had not been reared in the

laboratory. This method allowed us to confirm previous

observations that mentioned these genera as parasitoids of

A. niger (Borgmeier, 1931; Braganc�a, 2011; Elizalde &

Queiroz, 2013). The small number of adults collected in

the field and emerging from hosts in the laboratory

allowed us to only analyze statistically the abundance of

phorids and the parasitism rate to the genus level. Proba-

bly the phorids’ life cycle was interrupted during rearing

primarily by the presence of fungi on the dead ants. The

negative effect of fungus proliferation on insect larvae is

known for other species (Queiroz & Oliveira, 2001). How-

ever, because all samples stayed under the same conditions

in the laboratory, the comparisons among habitats are

unlikely affected by the incidence of fungi on dead work-

ers. Additionally, the choice of temperature and humidity

levels that correspond to the shortest development time

may have reduced the survival of immature phorids (Guil-

lade & Folgarait, 2014). Previous studies with other genera

of phorids demonstrated that the larval and pupal stages

and the transition between them are especially sensitive to

these abiotic variables (Morrison et al., 1997, 2000).

Therefore, adjustments to the protocol for maintaining

the hosts in the laboratory could improve the emergence

rate of the adult phorids and allow comparisons at the spe-

cies level.

By using two techniques to record phorids in ant nests,

more nests with phorids were found: there was an increase

of 75% in the number of nest with phorids compared with

using only observations of adults in the field, and com-

pared with LPC, the increase was 21%.Hence, the observa-

tion of adult phorids in the field alone, as was done in

previous studies (Rao, 2000; Almeida et al., 2008; Elizalde

& Queiroz, 2013), does not provide a complete picture of

the phorid-ant interactions. The absence of adult

Table 2 Statistics and P-values for logistic models of phorid occurrence in Acromyrmex niger ant nests in continuous forest and large and

small forest fragments, for all parasitoids combined, and for Apocephalus spp. andMyrmosicarius spp. separately. Models were run without

and with elevation of ant nests as covariate, and in all cases the sampling site was included as random effect. All continuous variables were

transformed using the z-score

Without elevation With elevation

Estimate Statistic1 d.f. P Estimate Statistic1 d.f. P

All parasitoids

Habitat 4.19 2 0.12 0.32 2 0.85

Worker size 0.37 1.15 1 0.28 0.2771 0.54 1 0.46

Elevation 1.3661 3.84 1 0.05

Model AIC = 70.9; residual d.f. = 46 AIC = 69.1; residual d.f. = 45

Apocephalus spp.

Habitat 7.09 2 0.03 2.61 2 0.27

Continuous vs. large fragment �2.46 �2.51 0.01

Continuous vs. small fragment �2.43 �2.15 0.03

Large vs. small fragment �0.04 0.03 0.97

Worker size 0.15 0.15 1 0.69 0.006 0.002 1 0.99

Elevation 0.96 2.34 1 0.13

Model AIC = 60.9; residual d.f. = 46 AIC = 60.6; residual d.f. = 45

Myrmosicarius spp.

Habitat 5.24 2 0.07 0.02 2 0.99

Continuous vs. large fragment

Continuous vs. small fragment

Large vs. small fragment

Worker size �0.07 0.04 1 0.83 �0.37 0.99 1 0.32

Elevation 1.14 5.55 1 0.02

Model AIC = 62.1; residual d.f. = 46 AIC = 58.6; residual d.f. = 45

1For ‘habitat’ the v2 value for the log-likelihood test is shown, for continuous variables it is the slope.
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parasitoids in field observations is not necessarily evidence

for a negative effect upon the phorids’ parasitism rate.

Thus, we suggest that the rearing of larval parasitoids and

the evaluation of percentages of parasitism be incorpo-

rated into future studies that evaluate the environmental

impacts upon phorid parasitoid–host interactions.
The highest parasitism rate measured in this study was

8%, which is slightly lower than the maximum of 12%

measured for Acromyrmex in another region (Elizalde &

Folgarait, 2011). The parasitism rate decreased signifi-

cantly with the loss of forest cover, but these values were

relatively low (the highest mean value by habitat type was

2.2% in the continuous forest). Nonetheless, these values

are within the range of natural average parasitism rate

observed inAcromyrmex in Argentina (0.9–2.2%).

The highest phorid abundance and parasitism rate in

the continuous forest sites provide further evidence that

this habitat type is the best for the presence and reproduc-

tive success of phorids. Apocephaluswas the genus with the

highest total abundance (summing adults and immatures)

and the only genus parasitizing ants in all the habitat types;

however, it was also the genus whose parasitism rate

decreased the most with the decrease in forest cover. In a

previous study, adult Apocephalus were only observed fly-

ing over colonies of A. niger in the continuous forest, but

not in fragments (Elizalde &Queiroz, 2013).

In the fragmented landscape of Guapiac�u basin, where

the sampled sites are located, the forest fragments of differ-

ent sizes are embedded in a matrix of pastures and small

croplands. With our experimental design we are unable to

disentangle the several effects that the forest fragmentation

may have on biodiversity (Fahrig, 2003). In our study area,

the sampled sites in continuous forest were, on average,

more elevated than the small fragments, with large frag-

ments in an intermediate position between the two others.

In fact, when we included elevation as a covariate in the

mixed-effects models, it proved an important variable.

Moreover, the variable measuring the fragmentation of the

habitat was not significant for total parasitoid abundance

and % parasitism for all phorids if elevation was included

in the models. Although we cannot discard the possible

influence of elevation on Myrmosicarius parasitoids, for

Apocephalus, which was more abundant in the system, the

effect of forest area loss was significant, even after includ-

ing altitudinal elevation in themodels.

Microclimatic conditions may be important to explain

differences in ant–parasitoid interactions in continuous

and fragmented forests because of edge effects. Small

fragments have a higher proportion of edge habitat,

where temperature and wind flux increase, and conse-

quently humidity decreases (Laurance et al., 2007) –
these conditions are unfavorable to phorids, affecting

their survival and reproductive success and resulting in a

decrease in their abundance (Morrison et al., 2000;

Folgarait et al., 2007; Almeida et al., 2008). Furthermore,

the increase in wind turbulence in areas of less forest

cover could influence the ability of phorids to find their

hosts, as the location of hosts is done primarily through

olfactory signals (Orr et al., 1997). In addition to just

having a higher proportion of edge habitat, biotic and

abiotic processes in edges can cause greater variability in

ecological processes in the interior of the fragment

(Ewers & Didham, 2006).

Another possible explanation for the observed differ-

ence in parasitoid abundance and parasitism rate is con-

nected to population dynamics. Could the negative effects

of habitat fragmentation upon phorids be due to a nega-

tive effect upon their host? The reduction in abundance of

specific hosts could also reduce the abundance of para-

sitoids (Folgarait, 2013). The little evidence that leafcutter

ants respond to changes in forest cover comes from studies

with Atta species (Jaffe & Vilela, 1989; Rao, 2000). For

Acromyrmex, Elizalde & Queiroz (2013) found almost the

same nest density of A. niger in continuous or fragmented

forest. However, as far as we know, A. niger is more fre-

quent in forest habitats (e.g., Forti et al., 2006). Thus, for-

est fragments in the region would have small populations

of A. niger because of the area-size per se (Fahrig, 2003).

The surrounding matrix, composed mainly of pastures,

would have unfavorable conditions for populations of

A. niger. The species of phorids that were found associated

with A. niger were not observed attacking other Acromyr-

mex species, i.e., they are very specific (Elizalde & Queiroz,

2013). As the parasitism rates of phorid flies is usually low

and because the A. niger phorids are very host-specific,

phorid species in forest fragments would have small popu-

lations due to recruitment limitation. The small body size

and behavior of phorid parasitoids would limit active dis-

persion to isolated forest fragments (Etienne & Olff, 2004;

Elizalde & Queiroz, 2013). Small populations may suffer

the negative consequences of low genetic diversity (Frank-

ham, 1996), and they are more vulnerable to stochastic

extinction (Pimm et al., 1988), thus explaining the low

occurrence of phorid parasitoids in the forest fragments.

We suggest that future studies should evaluate population

genetic diversity of parasitoid species in continuous and

fragmented forests.

The reduction in the number of adult phorids and the

percentage of parasitized ants suggests a relaxing of the

‘top down’ forces that control ant populations in forest

fragments. Our study demonstrates that the loss in forest

area negatively affects phorid parasitoids of A. niger.

Almeida et al. (2008) indicated that habitat fragmentation

and especially the creation of edges contribute to an

Ant–parasitoid interactions in fragmented forest 9



increase in the abundance of leaf-cutting ants as a conse-

quence of decrease in the abundance of parasitoids. Phorid

parasitoids are natural enemies of these ants and may be

affected by habitat fragmentation more than their hosts;

this kind of disturbance may decrease parasitoid biodiver-

sity as well as the parasitism rate, a variable that is found to

be directly linked to the success of biological control

(Kruess & Tscharntke, 1994). The loss of existing biologi-

cal interactions could cause an even larger loss of forest

biodiversity in fragmented habitats (Galetti et al., 2006)

and therefore the studies of ant–parasitoid population

dynamics and the generation of possible management

strategies for their conservation are very important.

Acknowledgements

This study was supported by a grant from the Brazilian

National Council of Scientific and Technological

Development (CNPq, program PEC-PG, 190306/2013-0

and program PDJ, 150369/2014-0), the CAPES-MINCYT

(Brazil-Argentina) cooperation program (CAPES,

23038.001221/2014-87), and FAPERJ (111.245/2014). We

thank Raquel C. Sampaio,Marina V.Oliveira, Eder C. Bar-

bosa, Danila Barros, and Amanda Nunes for their help

with field and laboratory work; and Thalles Platiny Lavin-

scky Pereira for his assistance in identifying the phorid

parasitoids. We especially thank the staff of the Guapiac�u
Ecological Reserve (REGUA) for authorizing us to make

collections and for their logistical support. We also thank

two anonymous reviewers for their helpful comments on

themanuscript.

References

AlmeidaWR,Wirth R & Leal IR (2008) Edge-mediated reduction

of phorid parasitism on leaf-cutting ants in a Brazilian Atlantic

forest. Entomologia Experimentalis et Applicata 129: 251–257.
Barbosa P (1998) Conservation Biological Control. Academic

Press, San Diego, CA, USA.

Barbosa O & Marquet PA (2002) Effects of forest fragmentation

on the beetle assemblage at the relict forest of Fray Jorge, Chile.

Oecologia 132: 296–306.
Borgmeier T (1931) Sobre alguns phorideos que parasitam a

sa�uva e outras formigas cortadeiras (Diptera: Phoridae).

Arquivos do Instituto Biol�ogico 4: 209–228.
Braganc�a MAL (2011) Parasitoides de formigas cortadeiras.

Formigas-Cortadeiras: Da Bioecologia aoManejo (ed. by TMC

Della Lucia), pp. 321–343. Universidade Federal de Vic�osa,
Vic�osa, Brazil.

Braganc�aMAL, Tonhasca A Jr & Della Lucia TMC (1998) Reduc-

tion in the foraging activity of the leaf-cutting ant Atta sexdens

caused by the phoridNeodohrniphora sp. Entomologia Experi-

mentalis et Applicata 89: 305–311.

Braganc�a MAL, Souza LMDE, Nogueira CA & Della Lucia TMC

(2008) Parasitismo porNeodohrniphora spp.Malloch (Diptera,

Phoridae) em oper�arias de Atta sexdens rubropilosa Forel

(Hymenoptera, Formicidae). Revista Brasileira de Entomolo-

gia 52: 300–302.
Brown BV (1997) Revision of the Apocephalus attophilus group of

ant-decapitating flies (Diptera: Phoridae). Contributions in

Science (Los Angeles) 468: 1–60.
Brown BV, Disney RHL, Elizalde L & Folgarait PJ (2010) New

species and new records of Apocephalus Coquillett (Diptera:

Phoridae) that parasitize ants (Hymenoptera: Formicidae) in

America. Sociobiology 55: 165–190.
Cabral DC, Freitas SR & Fiszon JT (2007) Combining sensors in

landscape ecology: imagery-based and farm-level analysis in

the study of human-driven forest fragmentation. Sociedade &

Natureza 19: 69–87.
Cagnolo L, Valladares G, Salvo A, Cabido M & Zak M (2009)

Habitat fragmentation and species loss across three interacting

trophic levels: effects of life-history and food-web traits. Con-

servation Biology 23: 1167–1175.
Cerqueira R, Brant A, Nascimento MT & Pardini R (2003)

Fragmentac�~ao: alguns conceitos. Fragmentac�~ao de Ecossis-

temas: Causas, Efeitos Sobre a Biodiversidade e

recomendac�~oes de Pol�ıticas P�ublicas (ed. by DM Ram-

baldi & DAS Oliveira), pp. 24–40. MMA/SBF, Bras�ılia,

Brazil.

Delabie JHC, Rodrigues Alves HS, Reuss-Strenzel GM, Ribeiro

do Carmo AF & Cardoso do Nascimento I (2011) Distribuic�~ao
das formigas-cortadeiras Acromyrmex e Atta no Novo Mundo.

Formigas-Cortadeiras: Da Bioecologia aoManejo (ed. by TMC

Della Lucia), pp. 80–101. Universidade Federal de Vic�osa,
Vic�osa, Brazil.

Della Lucia TMC (2003) Hormigas de importancia econ�omica en

la regi�on Neotropical. Introducci�on a las Hormigas de la

Regi�on Neotropical (ed. by F Fern�andez), pp. 342–349. Insti-
tuto de Investigaci�on de Recursos Biol�ogicos Alexander von

Humboldt, Bogot�a, Colombia.

Dereczynski CP, Oliveira JS & Machado CO (2009) Climatologia

da precipitac�~ao no munic�ıpio do Rio de Janeiro. Revista Brasi-

leira deMeteorologia 24: 24–38.
Disney RHL, Elizalde L & Folgarait PJ (2006) New species and

revision of Myrmosicarius (Diptera: Phoridae) that parasitize

leaf-cutter ants (Hymenoptera: Formicidae). Sociobiology 47:

771–809.
Disney RHL, Elizalde L & Folgarait PJ (2008) New species and

records of scuttle flies (Diptera: Phoridae) associated with leaf-

cutter ants and army ants (Hymenoptera: Formicidae) in

Argentina. Sociobiology 51: 95–117.
Disney RHL, Elizalde L & Folgarait PJ (2009) New species and

new records of scuttle flies (Diptera: Phoridae) that parasitize

leaf-cutter and army ants (Hymenoptera: Formicidae). Socio-

biology 54: 601–632.
Elizalde L & Folgarait PJ (2010)Host diversity and environmental

variables as determinants of the species richness of the para-

sitoids of leaf-cutting ants. Journal of Biogeography 37: 2305–
2316.

10 Barrera et al.



Elizalde L & Folgarait PJ (2011) Biological attributes of Argen-

tinian phorid parasitoids (Insecta: Diptera: Phoridae) of

leaf-cutting ants, Acromyrmex and Atta. Journal of Natural

History 45: 2701–2723.
Elizalde L & Folgarait PJ (2012) Behavioral strategies of phorid

parasitoids and responses of their hosts, the leaf-cutting ants.

Journal of Insect Science 12: 1–26.
Elizalde L & Queiroz JM (2013) Parasitoids of Acromyrmex

(Hymenoptera: Formicidae) leaf-cutting ants in continuous

and fragmented Atlantic forest. Sociobiology 60: 397–404.
Etienne RS & Olff H (2004) How dispersal limitation shapes

species–body size distributions in local communities. Ameri-

can Naturalist 163: 69–83.
Ewers RM & Didham RK (2006) Confounding factors in the

detection of species responses to habitat fragmentation. Bio-

logical Reviews of the Cambridge Philosophical Society 81:

117–142.
Fahrig L (2003) Effects of habitat fragmentation on biodiversity.

Annual Review of Ecology, Evolution, and Systematics 34:

487–515.
Folgarait PJ (2013) Leaf-cutter ant parasitoids: current knowl-

edge. Psyche 2013: 539780.

Folgarait PJ, Patrock RJW & Gilbert LE (2007) Associations of

fire ant phorids and microhabitats. Environmental Entomo-

logy 36: 731–742.
Forti LC, Andrade ML, Andrade APP, Lopes JFS & Ramos VM

(2006) Bionomics and identification of Acromyrmex (Hyme-

noptera: Formicidae) through an illustrated key. Sociobiology

48: 1–18.
Frankham R (1996) Relationship of genetic variation to popula-

tion size in wildlife. Conservation Biology 10: 1500–1508.
Galetti M, Donatti CI, Pires AS, Guimar~aes PR & Jordano P

(2006) Seed survival and dispersal of an endemic Atlantic forest

palm: the combined effects of defaunation and forest fragmen-

tation. Botanical Journal of the Linnean Society 151: 141–150.
Godfray HCJ (1994) Parasitoids: Behavioral and Evolutionary

Ecology. Princeton University Press, Princeton, NJ, USA.

Gomes DS, Elizalde L & Queiroz JM (2013) Parasitoids of the

endangered Atta robusta Borgmeier leafcutter ant species in

urban and natural areas. Revista Brasileira de Entomologia 57:

335–339.
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