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Colonies of the Neotropical army ant Eciton burchellii (Westwood) 
are hosts to the most diverse assemblage of animal associates 
known to science (Rettenmeyer et  al.,  2011). Charismatic exam-
ples include kleptoparasitic birds in the family Thamnophilidae 

that feed on insects fleeing swarm raids (Brumfield et  al.,  2007) 
and butterflies that follow nomadic army ant colonies to feed 
on the feces of these antbirds (Ray & Andrews, 1980). Army ant 
colonies also play host to numerous parasitic inquiline arthro-
pods with varying degrees of host specificity and cryptic specia-
tion (Rettenmeyer,  1962b; von Beeren et  al.,  2016a, 2016b; von 
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The army ant Eciton burchellii boasts more animal associates than any other animal 
species yet described, but the relationship between army ants and other ant spe-
cies has only been studied in the context of predation. The waste deposits (middens) 
of army ant colonies are nitrogen-rich, a potentially high-value nutrient source for 
leaflitter arthropods. We explored this bottom-up role of army ant middens in the 
1om|;�|�o=�|uorb1-Ѵ�-m|�1oll�mb|b;vĺ���u�|_u;;�l-bm�t�;v|bomv��;u;�|_;�=oѴѴo�bm]vĹ�ŐƐő�
)_b1_�-m|�vr;1b;v�=ou-];�om�-ul�Ŋ-m|�lb77;mvĵ�ŐƑő��o��7o;v�|_;�0bŊr_-vb1�Ѵb=;�1�1Ѵ;�
o=�-ul��-m|�1oѴomb;v�Ő-==;1|bm]�lb77;m�vb�;ķ�r;uvbv|;m1;ķ�-m7�-0�m7-m1;ő�-==;1|��_b1_�
-m7�_o��l-m��-m|�vr;1b;v�-�lb77;m�0o-v|vĵ�Őƒő��o��7o�|_;�-m|v�|_-|�=ou-];�om�-ul��
ant middens differ across elevations? Across 39 bivouacs, we found 36 species of ants 
foraging on army ant middens. These included highly predatory ants, nitrogen-limited 
arboreal ants, and fungus-farming ants. Per-midden richness was significantly lower 
for the usually smaller middens deposited during the nomadic phase and was higher 
for the typically larger middens deposited during the statary phase. Per-midden rich-
ness was not significantly different across elevations, but there was far greater spe-
cies turnover across elevations than across phases within the same elevational site. 
��u�u;v�Ѵ|v�v�]];v|�|_-|�-ul��-m|�lb77;mv�-u;�-m�blrou|-m|�u;vo�u1;�=ou�-��b7;��--
riety of tropical ants, informing a better understanding of the complex network of 
associations revolving around this keystone species.
�0v|u-1|�bm�"r-mbv_�bv�-�-bѴ-0Ѵ;��b|_�omѴbm;�l-|;ub-Ѵ
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Beeren & Tishechkin, 2017őĺ��;-m�_bѴ;ķ�_�m7u;7v�o=�o0Ѵb]-|;�-vvo-
ciates and opportunistic scavengers alike subsist on waste material 
deposited in the conspicuous above-ground refuse piles of highly 
epigeic army ants (Rettenmeyer, 1962a; Rettenmeyer et al., 2011). 
These nitrogen-rich mounds of discarded army ant corpses, prey re-
mains, and feces draw a multitude of flies, beetles, true bugs, mites, 
and even other species of ants (Rettenmeyer, 1962a; Rettenmeyer 
et al., 2011). Due to their importance as top predators in tropical 
forests, the relationship between army ants in subfamily Dorylinae 
and sympatric non-doryline ants has been explored almost exclu-
vb�;Ѵ�� =uol�-� |orŊ7o�m�r;uvr;1|b�;� Ő�o;mѴ;�;| -Ѵĺķ 2019; Kaspari 
et al., 2011; LaPolla et al., 2002ĸ��|bv�;| -Ѵĺķ 1986; Peters et al., 2013; 
(b;bu-� ş� �क़=;uķ  1994őĺ� �o�;�;uķ� |_;� mb|uo];mŊub1_� lb77;mv� o=�
EĺՓburchellii have the potential to be an important food source for a 
variety of tropical leaflitter ants. To our knowledge there has been 
only one previous account of ants foraging on army ant middens 
in the unpublished dissertation material of Rettenmeyer  (1962a). 
�;u;��;�ru;v;m|�|_;�u;v�Ѵ|v�o=� |_;�=buv|�v�v|;l-|b1�v�u�;��o=�|_;�
community of ants that reap nutritional benefits from proximity to 
these nomadic top predators.

The bivouacs, or temporary nests, of EĺՓburchellii are co-
ordinated living structures composed of interlocking worker 
ants that encase, protect, and incubate the brood and queen 
(Kronauer,  2020ĸ� "1_m;buѴ-� ;|  -Ѵĺķ 1954őĺ��b77;mv� o=� |_;� -0o�;Ŋ
ground bivouacking EĺՓburchellii are typically located immediately 
beside or below the bivouac (Rettenmeyer,  1963őĺ��o�;�;uķ� 0;-
cause EĺՓburchellii colonies are highly nomadic, they produce a new 
midden every time a bivouac is formed in a new location (Figure 1). 
Colonies of EĺՓburchellii are phasic, going through periods of 

mol-7bvl�1ouu;vrom7bm]�|o�|_;�r;ubo7�o=�-0o�|�ƐѵՓ7-�v��_;m�|_;�
v�m1_uomo�v�0uoo7�1o_ou|�bv�bm�|_;�Ѵ-u�-Ѵ�v|-];�Ő�o|�-Ѵ7��uĺķ 1995; 
Rettenmeyer, 1963ĸ�"1_m;buѴ-�;| -Ѵĺķ 1954b). Following this period, 
mass pupation coincides with the beginning of a more sessile (sta-
|-u�ő�r;ubo7�o=�-rruo�bl-|;Ѵ��ƑƏՓ7-�v�7�ubm]��_b1_�|bl;�|_;�m;�|�
1o_ou|�o=�;]]v�bv�Ѵ-b7�Ő�o|�-Ѵ7��uĺķ 1995). Although foraging is less 
frequent and foraging parties are smaller during the statary phase 
Ő"1_m;buѴ-ķ 1971ĸ�$;Ѵ;v�7-�"bѴ�-ķ 1982), great time spent in a single 
location causes the accumulation of far larger midden piles among 
statary bivouacs (henceforth, “statary middens”) than is typi-
cally observed for refuse deposits of nomadic bivouacs (hence-
forth, “nomadic middens”) (Rettenmeyer,  1963). Based on these 
numbers, we estimate 13.51 (typically smaller) nomadic midden 
piles are produced per colony per month, with typically larger sta-
tary middens produced at a rate of 0.84 per colony per month. 
Assuming EĺՓburchellii colonies range from densities of 0.10–0.79 
colonies per km2 across their biogeographic range, as found in sur-
�;�v�0���ŝ	omm;ѴѴ�;| -Ѵĺ Ő2007), we can estimate that this species 
produces 1.35–10.67 new nomadic middens and 0.08–0.66 new 
statary middens per km2 per month. Therefore, although tran-
sient and spatiotemporally unpredictable, army ant middens are a 
common potential high-value protein source in many Neotropical 
=ou;v|vĺ��b�;m�|_bv�7bv1u;r-m1��bm�u;=�v;��oѴ�l;ķ�lb77;m�m�l0;uķ�
and persistence between statary and nomadic middens, we asked 
whether and to what degree statary versus nomadic middens 
0o-v|�7b==;u;m|� =ou-]bm]� -m|� -vv;l0Ѵ-];vĺ�);�_�ro|_;vb�;7� |_-|�
larger statary middens boast a greater diversity of ant foragers.

Within its range in Central America, Eciton burchellii parvispi-
num�
ou;Ѵ�o11�uv�-1uovv�l�Ѵ|brѴ;�;Ѵ;�-|bomv�-m7�Ѵb=;��om;v�Ő��l-u�
ş��ŝ	omm;ѴѴķ 2009). We asked to what extent midden-foraging ant 
assemblages differ across this elevational expanse. Lack of sea-
sonal variation in temperature in the tropics causes a greater array 
of unique microclimates that drive increased rates of climatic spe-
1b-Ѵb�-|bom�-m7�vr;1b-|bom�Ő�_-Ѵ-l0ou�;| -Ѵĺķ 2006ĸ��-m�;mķ 1967). 
As a result, substantial species turnover occurs in tropical ant 
1oll�mb|b;v�-1uovv�ƏŋƐƕƔƏՓl�;Ѵ;�-|bom�Ő�om]bmo�ş��oѴ�;ѴѴķ 2011), 
the range across which EĺՓburchellii parvispinum is commonly 
=o�m7� bm� mou|_�;v|;um� �ov|-� !b1-� Ő�-�7b;u� ş� �ŝ	omm;ѴѴķ  2018; 
Watkins, 1976). We therefore expected high species turnover in 
army ant midden-foraging ants across elevations. To test this, we 
compared midden ant assemblages across elevations in north-
western Costa Rica.

ƑՊ |Պ��$��	"

ƑĺƐՊ |Պ 
b;Ѵ7�vb|;v�-m7�o0v;u�-|bomv

Three sites on the Pacific slope of the continental divide in 
Northern Costa Rica were surveyed for army ant midden attend-
ance (Figure 2a): lowland tropical dry forest and tropical moist forest 
bm� "-m|-�!ov-��-|bom-Ѵ� �-uh� ŐƐƏŦƔƒ′�ķ� ѶƔŦƓѵ′W, 100–300 meters 
above sea level, henceforth “masl”), transitional premontane moist 


 ��&!� �ƐՊ��1Ѵb1-Ѵ�Ѵb=;1�1Ѵ;�o=�|_;�-ul��-m|�Eciton burchellii 
showing the overlapping developmental stages of the synchronous 
brood, phasic contrasts in colony movement (emigrations), group 
foraging excursions (raids), and a visual representation of midden 
-11�l�Ѵ-|bomĺ��ѴѴ�v|u-|bom�0���-b|Ѵbm��-�7b;uĺ
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=ou;v|�m;-u��-ub|�-��boѴo]b1-Ѵ�"|-|bom�ŐƐƏŦƔѶ′�ķ�ѶƔŦƒƏ′W, 400–650 
l-vѴőķ�-m7�ru;lom|-m;�|o�Ѵo�;u�lom|-m;��;|�=ou;v|v�bm��om|;�;u7;�
ŐƐƏŦƐѶ′�ķ�ѶƓŦƓƖ′W, 1100–1700 masl). At each site, we used stand-
ard walking-encounter methods on small forest trails to locate army 
-m|� u-b7v� Ő��l-u� ş� �ŝ	omm;ѴѴķ  2009), following the direction of 
army-ant-carried food items back to the bivouac. We determined 
the phase of each bivouac based on the developmental stage of the 
developing synchronous brood within, with bivouacs housing lar-
vae deemed nomadic and bivouacs housing pupae deemed statary. 
�m1;�-|�|_;�0b�o�-1ķ�lb77;mv��;u;�Ѵo1-|;7�0��v;-u1_bm]�=ou�-�vl-ѴѴ�
column of worker ants (refuse workers) extending from the bivouac 

|o�-�rbѴ;�o=�7;0ubv�0;bm]�-1|b�;Ѵ��7;rovb|;7ĺ�&vbm]�|_bv�l;|_o7ķ��;�
surveyed a total of 39 bivouacs in the rainy seasons of 2015 and 
ƑƏƐѵķ�=bm7bm]�ƒƏ��mbt�;�lb77;mv�-lom]�|_;lĺ�"�0f;1|�1oѴomb;v� bm�
this study represent a subset of those used in a previous collective 
thermoregulation study (Baudier et al., 2019). For further details on 
field methods, including how colonies were located, tracked, and 
delineated, see Baudier et al. (2019) and Baudier and Pavlic (2022).

We observed all middens twice a day for as long as the bivouacs 
�;u;�ru;v;m|ĺ��b77;mv��;u;�1_;1h;7�=ou�-m|�=ou-];uv�bm�|_;�loum-
ing between 07:00 and 10:00 and in the afternoon and evening 
between 14:00 and 20:00. When the bivouac was in one location 
for multiple days (indicative of statary bivouacs that left substan-
tial midden piles), surveys continued until one observation (under 
ƑƓՓ_ő�-=|;u� |_;�1oѴom��_-7� Ѵ;=|� |_;�0b�o�-1�vb|;�7�;�|o�1oѴom��;lb-
gration. An ant on the midden was considered a midden forager if 
it was observed mandibulating or carrying material of any kind from 
the midden. Notes were taken on interspecies interactions and on 
foraged materials when carried items were visually identifiable (e.g., 
7bv-u|b1�Ѵ-|;7�bmv;1|�|;u]b|;vőĺ��our_ovr;1b;v�-|�;-1_�lb77;m��;u;�
identified using a hand lens. Voucher specimens of each morphos-
pecies were collected into 95% ethanol before being pointed and 
identified using morphological characters. Voucher specimens of all 
midden-foraging ant species identified in this study have been de-
rovb|;7�bm�|_;��oum;ѴѴ�&mb�;uvb|���mv;1|��oѴѴ;1|bomķ��|_-1-ķ��+ķ�&"��
Ő�&��ŲƏƏƏƏѵƐѶƓƐŊƏƏƏƏѵƐƖѶƕőĺ

ƑĺƑՊ |Պ	-|-�-m-Ѵ�vbv

All analyses were conducted using R version 4.2.1 (R Core 
Team, 2022őĺ�
bv_;uŝv�;�-1|�|;v|v��;u;��v;7�|o�1olr-u;�ru;v;m1;��vĺ�
absence of midden-foraging ants at statary versus nomadic middens. 
�;1-�v;�|_;�lb7Ŋ;Ѵ;�-|bom�vb|;��-v�Ѵ;vv��;ѴѴŊv-lrѴ;7�Ő�-ub|�-ķ�NՓ=Փѵ�
bivouacs), we excluded this site from frequency analysis and used a 

bv_;uŝv�;�-1|�|;v|�|o�1olr-u;�=u;t�;m1��o=�lb77;mv��b|_�ou��b|_o�|�
=ou-];uv�0;|�;;m�|_;�_b]_Ŋ�-m7�Ѵo�Ŋ;Ѵ;�-|bom�vb|;v�Ő�om|;�;u7;�ş�
"-m|-�!ov-ķ�u;vr;1|b�;Ѵ�őĺ�);��v;7�|_;�ļvr;1-11�lĽ�=�m1|bom�bm�|_;�
r-1h-];�ļ�;]-mķĽ��b|_�7;=-�Ѵ|�v;||bm]vķ�|o�];m;u-|;�vr;1b;v�-11�l�-
lation curves across phases and sites using surveyed midden number 
as a measure of effort. We compared the total number of observed 
species on each midden across phases (nomadic vs. statary) using a 
�-mmŋ)_b|m;��U test. We compared the total number of species 
observed on each midden across the three surveyed sites using a 
Kruskal–Wallis test. To investigate whether phase and site predicted 
the number of species simultaneously foraging on a single midden, 
�;��v;7�-�];m;u-Ѵb�;7�Ѵbm;-u�lb�;7�lo7;Ѵ�Ő����ő�-m-Ѵ�vbv�Ő-vv�l-
ing a Poisson distribution), with species number per observation as 
|_;�u;vromv;��-ub-0Ѵ;ķ�1oѴom���	�-m7�lb77;m��	�-v�m;v|;7�u-m7ol�
factors, and phase, site, and the interaction between phase and site 
as fixed factors. We used pairwise contrasts to compare phases 
within each site while also accounting for other random and fixed 
factors; reported p values were adjusted for multiple comparisons 
by Bonferroni correction.


 ��&!� �ƑՊŐ-ő��-r�v_o�bm]�|_;�|_u;;��ov|-�!b1-m�vb|;v�bm�
which midden-foraging ants of Eciton burchellii parvispinum were 
v|�7b;7�-m7�����bm��-m-l-ķ��_;u;�lb77;mv�o=�EĺՓburchellii foreli 
were surveyed by Rettenmeyer (1962a)*. (b) Venn diagram showing 
species overlap according to colony phase. (c) Venn diagram 
showing species overlap across sites. (d) Taxonomic composition 
according to colony phase. (e) Taxonomic composition according to 
site.
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ƒՊ |Պ !�"&�$"

ƒĺƐՊ |Պ $_;�l-foub|��o=�-ul��-m|�lb77;mv�-u;�=ou-];7�
0��-m|v

We observed midden piles for 30 of the 39 surveyed bivouacs (10 
bm� Ѵo�Ŋ;Ѵ;�-|bom�"-m|-�!ov-ķ�ѵ� bm�lb7Ŋ;Ѵ;�-|bom��-ub|�-ķ�-m7�ƐƓ� bm�
_b]_Ŋ;Ѵ;�-|bom��om|;�;u7;őĺ��ѴѴ� 0b�o�-1v� =ou��_b1_�lb77;mv��;u;�
mo|�Ѵo1-|;7�ŐƓ�bm�"-m|-�!ov-ķ�Ə�bm��-ub|�-ķ�-m7�Ɣ�bm��om|;�;u7;ő��;u;�
nomadic. These nomadic bivouacs were either not present long 
enough to produce a substantial refuse pile (e.g., a colony emigrating 
twice in one night) or were located in very enclosed subterranean 
sites. Although most subterranean bivouacs in this study did pro-
duce aboveground refuse piles, underground middens in these few 
cases may or may not have formed in unobservable locations. We 
observed 21 of 30 middens being foraged by at least one species of 
-m|�7�ubm]�-|�Ѵ;-v|�om;�o0v;u�-|bom�r;ubo7ĺ��=�|_;�Ɛѵѵ�lb77;m�o0-
servations, 42.8% yielded at least one midden-foraging ant species.

A maximum of nine ant species were observed foraging on the 
same statary midden over multiple days. Likelihood for middens to 
be foraged did not differ when an army ant colony was present com-
pared to the first observation after the colony had emigrated to a 
m;��0b�o�-1� Ѵo1-|bom� Ő
bv_;uŝv�;�-1|�pՓ=ՓĺƑƔƐőķ�-m7�vo�o0v;u�-|bomv�
before and immediately after emigrations have been pooled in all 
analyses.

ƒĺƑՊ |Պ $-�-�o=�lb77;mŊ=ou-]bm]�-m|v

We observed 36 ant species foraging on army ant middens 
(Figure 2b,c; Table 1; two additional morphospecies were identified to 
genus only), only one of which, Ectatomma ruidum (Roger), was previ-
ously observed foraging on army ant middens (Rettenmeyer, 1962a), 
bringing the total number of army ant midden-associated ants that 
_-�;� 0;;m� b7;m|b=b;7� |o� vr;1b;v� |o� Ɠƒ� |o� 7-|;ĺ� �b77;mŊ=ou-]bm]�
ant species in this survey were taxonomically diverse, spanning 
six ant subfamilies, with the highest number of species in subfam-
bѴ����ulb1bm-;� ŐFigure 2d,e). Among the myrmicine midden forag-
ers were a notable number of fungus-farming species (6 species in 
4 genera were observed foraging on 6 different middens) and spe-
cies in the genera Pheidole and Cephalotes. We observed no species 
belonging to subfamily Proceratiinae and fewer ponerine midden 
foragers than reported by Rettenmeyer (1962aő�bm��-m-l-ĺ���u�o0-
servation of a colony of the predominantly subterranean army ant 
Labidus coecus� Ő�-|u;bѴѴ;ő� u-b7bm]� -� lb77;m� bm� Ѵo�Ѵ-m7� "-m|-� !ov-�
adds the subfamily Dorylinae to the list of those observed foraging 
on the middens of EĺՓburchellii.

ƒĺƒՊ |Պ �==;1|v�o=�-ul��-m|�1oѴom��r_-v;

We found no difference in the presence versus absence of midden-
foraging ants between the nomadic and the statary phases (Table 2; 


bv_;uŝv� ;�-1|Ĺ� pՓ=ՓĺƐƏƖőĺ� �o�;�;uķ� vr;1b;v� -11�l�Ѵ-|bom� 1�u�;v�
indicated higher cumulative species richness on statary middens 
compared to nomadic middens (Figure  3a). Consistent with this, 
per-midden richness was also higher for statary middens than for 
nomadic middens (Figure 3bĸ��-mmŋ)_b|m;��U test with continu-
ity correction: UՓ=ՓƓƕķ�pՓ=ՓĺƏƏѵőĺ�$_;�-�;u-];�m�l0;uՓ±Փ"��o=�-m|�vr;-
1b;v�|_-|�=ou-];7�;-1_�lb77;m��-v�ƐĺƏƏՓ±ՓƏĺƒƐ�7�ubm]�|_;�mol-7b1�
r_-v;�-m7�ƒĺƑƏՓ±ՓƏĺѵƕ�7�ubm]� |_;�v|-|-u��r_-v;� ŐƑĺƐƏՓ±ՓƏĺƓƑ�-1uovv�
all middens).

There was high species overlap between phases, with nomadic 
middens having fewer phase-unique species (33.3% of nomadic 
midden-foraging species) than statary middens (75% of statary 
midden-foraging species) (Figure  2b; Table  1őĺ� ��u� -0bѴb|�� |o� 7bv-
cern how common it was for a colony of midden-foraging ants to 
attend sequential middens of the same army ant colony was lim-
ited by our observations of sequential bivouacs of the same colony 
being relatively low (30 bivouacs were observed across 21 colonies). 
�b77;mŊ=ou-]bm]�-m|�vr;1b;v�Holcoponera strigata (Norton), Pheidole 
biconstricta��-�uķ�Pheidole psilogaster Wilson, Pheidole pugnax Dalla 
Torre, Pheidole tenuicephala Longino, and Procryptocerus batesi Forel 
were observed at least at two consecutive middens produced by the 
v-l;�-ul��-m|�1oѴom�ĺ��o�;�;uķ�omѴ��bm�om;�bmv|-m1;�7b7��;�7bu;1|Ѵ��
observe recruitment of foragers from an abandoned midden to that 
o=�|_;�1oѴom�ŝv�m;�|�0b�o�-1hbm]�vb|;ĺ��m�|_bv�1-v;ķ�PĺՓbiconstricta for-
agers were observed trailing from the old statary midden to the 
midden of a newly formed early nomadic bivouac approximately 
Ɠ�l;|;uv� -�-�ĺ� �m� |_bv� bmv|-m1;ķ� |_;�� =oѴѴo�;7� |_;� v-l;�-rr-u;m|�
route used by the army ants during emigration the night before. This 
was the shortest emigration distance in our study. The distance of 
EĺՓburchellii emigrations is commonly being more than ten times this 
length (Rettenmeyer, 1963ĸ�$;Ѵ;v�7-�"bѴ�-ķ 1977).

Due to the short period of time army ant colonies stay in one 
location during the nomadic phase, we were able to collect fewer 
o0v;u�-|bomv�r;u�mol-7b1�lb77;m� |_-m�r;u� v|-|-u��lb77;mĺ� �=� |_bv�
had caused nomadic middens to be relatively under-observed com-
pared to statary middens, we would expect a higher incidence of 
vbm]Ѵ;Ŋo0v;u�-|bom�vr;1b;v�-lom]�mol-7b1�lb77;mvĺ��o�;�;uķ��;�
=o�m7�|_;�orrovb|;ĺ��=�|_;�Ɛƕ�vr;1b;v�u;1ou7;7�=uol�omѴ��-�vbm]Ѵ;�
observation in this study, only 3 of them were observed on nomadic 
middens, the other 14 being on statary middens (adjusted for obser-
vation number: 8.3% of nomadic observations vs. 13.1% of statary 
observations). Despite nomadic bivouacs having fewer per-bivouac 
observations, single-observation species were recorded on only 
20% of nomadic middens, as compared to 73% of statary middens. 
This suggests that nomadic middens were sufficiently sampled.

ƒĺƓՊ |Պ "b|;�7b==;u;m1;v

�b]_Ŋ;Ѵ;�-|bom��om|;�;u7;� -m7� Ѵo�Ŋ;Ѵ;�-|bom� "-m|-� !ov-� 7b7� mo|�
differ in the frequency of middens being attended by at least one 
midden-foraging ant (Table 2ķ�
bv_;uŝv�;�-1|Ĺ�pՓ=ՓĺѵƕƖőĺ��Ѵ|_o�]_�vr;-
cies accumulation curves suggested that army ant middens in low 
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;Ѵ;�-|bom�"-m|-�!ov-�v�rrou|�_b]_;u�-m|�ub1_m;vv�|_-m�|_ov;�bm�_b]_Ŋ
;Ѵ;�-|bom��om|;�;u7;�ŐFigure 3c), per-midden richness did not dif-
fer across the three sites (Figure 3d; Kruskal–Wallis: Χ2Փ=ՓƑĺѵƖķ�dfՓ=ՓƑķ�
pՓ=ՓĺƑѵƏőĺ

"r;1b;v� 1olrovb|bom� �-ub;7� 7u-v|b1-ѴѴ�� -1uovv� bm|;uŊ;Ѵ;�-|bom-Ѵ�
sites surveyed as part of this study and also compared to reports 
from Rettenmeyer (1962aő�om��-uuo��oѴou-7o��vѴ-m7�Ő���ő�bm��-m-l-�
(Figure  2c, Table  1). We observed no midden-foraging species in 
common across all three sites, but some widely distributed species 
were observed in more than one site. For instance, we observed 
EĺՓruidum� -||;m7bm]� lb77;mv� bm� Ѵo�Ŋ;Ѵ;�-|bom� "-m|-� !ov-ķ� -v� 7b7�
Rettenmeyer (1962aő� bm�Ѵo�Ŋ;Ѵ;�-|bom����ĺ��o�;�;uķ�EĺՓruidum rep-
resents a species complex (Aguilar-Velasco et al., 2016ĸ��;�-Ŋ�࢙�-uo�
et al., 2018), and so whether this is truly a conspecific observation 
is unclear. Holcoponera strigata was also observed midden-foraging 
0o|_� bm� Ѵo�Ŋ;Ѵ;�-|bom� "-m|-�!ov-� -m7� _b]_Ŋ;Ѵ;�-|bom��om|;�;u7;ĺ�
Azteca velox Forel, despite being an arboreal species, was perhaps 
the most common and most intense midden-foraging ant at low-
land and mid-elevation sites. Camponotus novogranadensis��-�u�-m7�
Pheidole susannae Forel were also found foraging on middens in both 
high and mid-elevation sites. All other midden-foraging ant species 
were observed within only one site (Table 1).

ƒĺƔՊ |Պ �==;1|�o=�vb|;�-m7�r_-v;�om�|_;�m�l0;u�o=�
vbl�Ѵ|-m;o�vѴ��lb77;mŊ=ou-]bm]�vr;1b;v

A maximum of six ant species were observed foraging simultane-
o�vѴ��om�|_;�v-l;�v|-|-u��lb77;mĺ��o�;�;uķ�bm�ѶƓĺƔѷ�o=�bmv|-m1;v�
where midden-foraging ants were observed, two or fewer species 
were simultaneously present. There was a significant interaction 
between site and phase as predictors of the number of species si-
multaneously observed foraging on the same midden (X2Փ=ՓѵĺƑƕķ�
dfՓ=ՓƑķ�pՓ=ՓƏĺƏƓƒĸ�Table "Ɛ). While nomadic middens had greater si-
multaneous foraging species than statary middens in high-elevation 
�om|;�;u7;� ŐpՓ=ՓƏĺƏƓƏőķ� r_-v;� �-v� mo|� -� vb]mb=b1-m|� ru;7b1|ou� o=�

per-observation richness in low- and mid-elevation sites (Figure 3e 
& Table "Ƒ).

ƒĺѵՊ |Պ �;_-�bou-Ѵ�o0v;u�-|bomvĹ�
ou-];7�b|;lv

The most foraged midden items across all sites and ants were pieces 
of dismembered prey arthropods (individual tergites, legs, and other 
body parts), small granules of what appeared to be frass, or other un-
identifiable material (Figure 4). Nearly all the species we report here 
were observed primarily collecting these materials, with two notable 
exceptions. First, at mid- and low-elevation statary bivouacs, Azteca 
spp. (in addition to collecting insect remains) intensely collected dis-
carded army ant pupal cases (Figure 4őĺ�";1om7ķ�om�l�Ѵ|brѴ;�v;t�;m-
tial days, we observed Cephalotes multispinosus (Norton) workers 
collecting bird feces from atop and near to the midden (Figure "Ɛ). 
�o�;�;uķ�-ѴѴ�o|_;u�Cephalotes in this study were observed only col-
lecting discarded arthropod pieces.

ƒĺƕՊ |Պ �;_-�bou-Ѵ�o0v;u�-|bomvĹ��]]u;vvb�;�
bm|;u-1|bomv�-|�lb77;mv

�m� lov|� o0v;u�-|bomvķ� lb77;mŊ=ou-]bm]� -m|v� -m7� -ul�� -m|� 7�lr�
workers showed no sign of interspecific aggression, passing one an-
other without any interactions other than occasional antennation. 
The one exception was Azteca instabilis� Ő"lb|_ő� bm� lb7Ŋ;Ѵ;�-|bom�
�-ub|�-ĺ� �m� |_u;;� o11-vbomvķ� AĺՓinstabilis workers were observed 
capturing roaming soldiers, large workers, and small workers of 
EĺՓburchellii parvispinum (as defined by Franks, 1985). The AĺՓinstabilis 
collectively transported the captured army ants less than a meter 
up the trunk of a nearby tree before pinning and dismembering 
them (Figure 5). At their nests, AĺՓinstabilis workers use similar be-
havioral aggression to defend their nests against EĺՓburchellii (Dejean 
et al., 2014); however, to our knowledge, this is the first report of 
such aggression at the site of an army ant bivouac.

ƓՊ |Պ	�"�&""���

ƓĺƐՊ |Պ �m|;uru;|-|bom�o=�t�-m|b|-|b�;�7-|-

The most striking predictor of midden-foraging ant richness in our 
survey was army ant colony phase. Larger and longer-lasting statary 
middens supported significantly higher ant species richness over the 
durations of time they were observed (Figure 3a,b). As for species com-
positional differences according to phase, most ant species observed 
foraging on statary middens were never seen foraging on the typically 
smaller and more ephemeral nomadic middens. By contrast, more than 
half of the nomadic midden-foraging ant species were also found at 
statary middens (Figure 2b). Together with many species accounts aris-
ing from occurrence at a single statary midden (Table 1), this suggests 
that a larger number of incidental midden-foraging ants may occur at 

$���� �ƑՊ�o�m|v�o=�lb77;mv��b|_�ou��b|_o�|�lb77;mŊ=ou-]bm]�
ants.

�b77;m�-m|v�
-0v;m|

�b77;m�-m|v�
ru;v;m|

Colony phase

Nomadic 7 8

"|-|-u� 2 13

�Ѵ;�-|bomv

�o�Ŋ;Ѵ;�-|bom�Ő"-m|-�!ov-ő 3 7

�b7Ŋ;Ѵ;�-|bom�Ő�-ub|�-ő 0 6

�b]_Ŋ;Ѵ;�-|bom�Ő�om|;�;u7;ő 6 8

NoteĹ�
bv_;uŝv�;�-1|�|;v|v�v_o�;7�mo�7b==;u;m1;�bm�|_;�ruorou|bom�o=�
middens foraged by ants across colony phases ŐpՓ=ՓĺƐƏƖő�ou�-1uovv�vb|;v�
|_-|��;u;�v�==b1b;m|Ѵ��v-lrѴ;7�|o�|;v|�Ő;�1Ѵ�7bm]�lb7Ŋ;Ѵ;�-|bom��-ub|�-ĸ�
pՓ=ՓĺѵƕƖőĺ
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ѶՊ |ՊՊՍ ROBLES LÓPEZ et al.

Ѵ-u];u�-m7�lou;�;m7�ubm]�v|-|-u��lb77;mvĺ��;-m�_bѴ;ķ�Ѵo�;u�-m|�ub1_-
ness at nomadic middens and some evidence of nomadic midden-to-
midden foraging (especially in some Peidole spp.) suggest that nomadic 
middens, which are more abundant but usually smaller and more tem-
porary, are foraged by a small subset of species with foraging strategies 
-7-r|;7�|o��|bѴb�-|bom�o=�r-|1_��=oo7�vo�u1;vĺ

Regarding per-observation richness (the number of species 
observed simultaneously foraging the same midden), the effect of 
phase was site-dependent, with significantly more species simulta-
m;o�vѴ�� =ou-]bm]� mol-7b1� lb77;mv� bm� _b]_Ŋ;Ѵ;�-|bom� �om|;�;u7;�
(Figure 3e). Together, this suggests that higher cumulative forager 
richness on statary middens is mainly explained by greater turnover 
of foraging species over time, not by statary middens supporting 
greater numbers of simultaneously foraging species. Although sta-
tary middens are typically larger, they do not boast higher numbers 
of simultaneously foraging species. Whether and to what degree this 
pattern can be explained by competitive exclusion at middens is an 
interesting question worth future exploration.

Consistent with our predictions, we also report greater species 
turnover across high-, mid-, and low-elevation sites in our survey 
than we saw across phases within sites (Figure 2c). This is likely pri-
l-ubѴ��7ub�;m�0��_b]_� -m|� vr;1b;v� |�umo�;u� -1uovv� |_;v;� Ѵb=;� �om;v�
(Longino & Colwell,  2011őĺ��o�;�;uķ� 7;vrb|;� |_bv� _b]_� |�umo�;u� bm�
midden-foraging ant species across sites, the relationship between 
ub1_m;vv� -m7� vb|;� bv� lou;� m�-m1;7ĺ� "r;1b;v� -11�l�Ѵ-|bom� 1�u�;v�
v�]];v|;7� |_-|� -ul�� -m|� lb77;mv� bm� _b]_Ŋ;Ѵ;�-|bom� �om|;�;u7;�
supported a smaller number of ant species than middens in low-ele-
�-|bom�"-m|-�!ov-�ŐFigure 3c), but total midden richness was not sig-
nificantly different among the sites (Figure 3d). These superficially 
contrasting results are caused by greater species turnover across 
sampled middens in the lowlands than across middens at high ele-
vation. That midden-foraging ant richness on a site-wide scale was 
Ѵo�;u� bm� _b]_Ŋ;Ѵ;�-|bom� �om|;�;u7;� |_-m� bm� Ѵo�Ŋ;Ѵ;�-|bom� "-m|-�
Rosa is consistent with, and likely explained by, the tendency of 
ant species richness in general to decrease as elevation increases 
-1uovv�vb|;v�bm�mou|_�;v|;um��ov|-�!b1-�Ő"lb|_�;| -Ѵĺķ 2014őĺ�"|�7b;v�


 ��&!� �ƒՊ	b==;u;m1;v�bm�lb77;mŊ=ou-]bm]�vr;1b;v�m�l0;u�-11ou7bm]�|o�-ul��-m|�1oѴom��r_-v;�-m7�vb|;ĺ��m�Ő-ő�-m7�Ő1ő�vr;1b;v�-11�l�Ѵ-|bom�
curves were calculated using number of sampled middens as a metric of effort. Confidence intervals in all accumulation curves are ± 
standard deviation. Total species number observed for each midden within each phase (B) or across elevations (D) is shown with jitter to 
blruo�;��bv�-Ѵb�-|bom�o=�o�;uѴ-rrbm]�robm|vĺ�!;7�7b-lom7v�-u;�]uo�r�l;-mvĺ�ľŖĿ�bm7b1-|;v�pՓ<ՓĺƏƔĺ�ľ�"Ŀ�bm7b1-|;v�pՓ>ՓĺƏƔĺ�Ő;ő�!;v�Ѵ|v�o=�lb�;7Ŋ
effect models exploring the interactive effects of phase and site on the number of simultaneously foraging ant species in each observation. 
Results of pairwise post-hoc contrasts are shown above.
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ՊՍՊ |ՊƖROBLES LÓPEZ et al.

measuring ant richness across elevations in the Neotropics com-
lomѴ��u;rou|�lb7Ŋ;Ѵ;�-|bom�r;-hv�=uol�-0o�|�ƓƏƏŋѶƏƏՓl�-0o�;�v;-�
level (Longino & Branstetter, 2019ĸ�"lb|_�;| -Ѵĺķ 2014). Due to sample 
vb�;�Ѵblb|-|bomv�-|�o�u�lb7Ŋ;Ѵ;�-|bom�vb|;�Ő�-ub|�-őķ��;�1o�Ѵ7�mo|�|;v|�
with confidence whether midden-foraging ant richness follows a 
vblbѴ-u�|u;m7ĺ��o�;�;uķ��-ub|�-��-v�mo|-0Ѵ��|_;�omѴ��vb|;�bm�o�u�v�u-
vey for which all midden observations yielded at least one midden 
foraging species (Figure 3eőĺ�"�u�;�v��b|_� bm1u;-v;7�lb7Ŋ;Ѵ;�-|bom�
sampling are needed for more rigorous investigation.

ƓĺƑՊ |Պ�o|-0Ѵ;�]�bѴ7v�o=�lb77;mŊ=ou-]bm]�-m|v

We observed fungus-farming ants foraging on army ant middens 
across all sites surveyed in this study. The only previously described 
relationships between army ants and fungus-farming ants are 
predatory. There are multiple accounts of army ants in the genera 
Nomamyrmex and Neivamyrmex raiding fungus-farming ant colo-
nies in search of brood (LaPolla et al., 2002; Powell, 2011; Powell & 
Clark, 2004ĸ�"o��-�ş��o�u-ķ 2008ĸ�"�-u|�ķ 1998; Watkins, 1968). 
�;m;|b1� -m-Ѵ�vbv� o=� ru;�� b|;lv� _-v� -Ѵvo� v_o�m� ;�b7;m1;� o=� -ul��
ants in the genera Neivamyrmex and Eciton (though not EĺՓburchellii) 
=;;7bm]� om� =�m]�vŊ=-ulbm]� -m|� 0uoo7� Ő�o;mѴ;� ;|  -Ѵĺķ  2019). 
�o�;�;uķ�lov|�=�m]�vŊ=-ulbm]�-m|�vr;1b;v�1oѴѴ;1|�7;-7�bmv;1|vķ�bm-
sect frass, and other detritus as substrate to grow the fungal crops 
they rely upon for food (De Fine Licht & Boomsma, 2010ĸ�";-Ѵ�ş�
Tschinkel,  2008ĸ� "ov-Ŋ�-Ѵ�o� ;|  -Ѵĺķ 2015; Waller,  1989őĺ���Ѵ|brѴ;�
species of Cyphomyrmex, including two in this survey, are known 
to forage for carcasses of arthropods, including other species 
of ants, for use as platforms and/or nourishment of their fungal 
gardens (Adams & Longino,  2007ĸ� �;_7b-0-7b� ş� "1_�Ѵ|�ķ  2010; 
Weber, 1941, 1957ĸ�r;uv�o0vĺ�,orr-v�7;��Ѵ0�t�;ut�;őĺ� �|� bv� bm|�b-
tive, then, that army ant middens, dense sources of both frass and 
dead insects, would be foraged by these ants. This suggests that 
the occurrence of EĺՓburchellii in a tropical forest may benefit sym-
patric fungus-farming ants.

Another distinct group of ants observed repeatedly foraging 
on army ant middens were arboreal ants. This included ants in 
the genera Azteca and Cephalotes. Among tropical ants, arboreal 
species tend to be especially nitrogen-limited (Davidson,  1997; 
+-mo�b-h�ş��-vr-ubķ 2000). Consistent with previous accounts of 
army ant midden-foraging Azteca in Panama (Rettenmeyer, 1962a), 
we observed several species of Azteca foraging on dead insects 
and cocoons at mid- and low-elevation middens in Costa Rica. A 
large portion of the materials collected by these Azteca colonies 
appeared to be empty pupal cases, which the army ants had dis-
carded on the midden pile in the last week of the statary phase as 
v�m1_uomo�v�-7�Ѵ|�;l;u];m1;�o11�uu;7ĺ� �m7;;7ķ�-ѴѴ�o0v;u�-|bomv�
of Azteca in this study were on statary army ant middens (Table 1). 
�m�l-m��1-v;vķ�|_;�u-|;�-|��_b1_�Azteca removed pupal cases was 


 ��&!� �ƓՊ�Ѵov;Ŋ�r��b;��o=�-�Ѵ-|;�v|-|-u��lb77;m�o=�EĺՓburchellii 
parvispinum�o0v;u�;7�bm�Ѵo�Ŋ;Ѵ;�-|bom�"-m|-�!ov-ķ�1omvbv|bm]�o=�
dismembered arthropod corpses and army ant pupal cocoons that 
were frequently collected by Azteca. Photo by Kaitlin Baudier.


 ��&!� �ƔՊAzteca instabilis midden-foragers attacking, removing, 
and dismembering a small worker (a) and soldier (b) of EĺՓburchellii 
parvispinum�bm�|_;�lb7Ŋ;Ѵ;�-|bom�vb|;��-ub|�-ĺ��_o|ov�0���-b|Ѵbm�
Baudier.
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ƐƏՊ |ՊՊՍ ROBLES LÓPEZ et al.

equivalent to the discard rate by the army ant colonies them-
selves, leaving little to no accumulation of them on the midden. 
This is no small feat given that late-statary EĺՓburchellii colonies can 
discard more than 10,000 pupal cases over the course of just a few 
7-�v� Ő�o|�-Ѵ7� �uĺķ 1995). Why Azteca collects these pupal cases 
so intensely remains unclear. Whether their value is nutritional, 
constructional, or otherwise remains to be tested.

&mѴbh;�Azteca, arboreal ants in the genus Cephalotes were never 
observed collecting pupal cases. The species of Cephalotes we ob-
served foraging on army ant middens either have poorly described 
life histories or are considered arboreal herbivores predominantly 
=;;7bm]�om�m;1|-uķ�;�|u-=Ѵou-Ѵ�m;1|-ub;vķ�ou�bm=Ѵou;v1;m1;v�Ő�m|omb-��b�
et al., 2020ĸ��bѴѴ;||;�;| -Ѵĺķ 2015ĸ�"1_lb7�;| -Ѵĺķ 2014). The tendency 
towards herbivory in this genus causes nitrogen limitation, a selec-
tive force driving the coevolution of nitrogen-recycling gut flora that 
enables some species of Cephalotes to obtain nitrogen from verte-
0u-|;��-v|;v�bm1Ѵ�7bm]�0bu7�=;1;v�Ő���;| -Ѵĺķ 2018). Consistent with 
this, we observed in one case CĺՓmultispinosus descending to the for-
est floor to feed on bird feces left atop and near an army ant mid-
7;mĺ� �o�;�;uķ� 0o|_�Cephalotes minutus (Fabricius) and Cephalotes 
scutulatus� Ő"lb|_ő��;u;�mo|�o0v;u�;7�1oѴѴ;1|bm]�-m��0bu7� =;1;v�0�|�
instead appeared to obtain nitrogen via direct foraging of discarded 
arthropod pieces from among midden contents.

A guild we expected to be prominent foragers of protein-rich 
wastes of army ants were other highly predatory ants. According to 
0o|_�m-|�u-Ѵ�_bv|ou��-m7�v|-0Ѵ;�bvo|or;�-m-Ѵ�vbvķ�-ul��-m|v�Ő"�0=-lbѴ��
	ou�Ѵbm-;ő� -m7� 1;u|-bm� l;l0;uv� o=� v�0=-lbѴ�� �om;ubm-;� Ő�-mbv1_�
et  al.,  2020) are among the most predatory ants. Consistent with 
this notion, reports of ant species present on Panamanian army ant 
middens by Rettenmeyer  (1962a) included eight ponerine species. 
By contrast, we observed only two ponerines in our survey in north-
ern Costa Rica (Figure 2eőĺ��o�;�;uķ��;�-Ѵvo�o0v;u�;7�|_;�v�0|;u-
ranean army ant LĺՓcoecus�lb77;mŊ=ou-]bm]ĺ��ov|��;o|uorb1-Ѵ�-ul��
ant species consume live arthropod prey (Kronauer, 2020őĺ��o�;�;uķ�
accumulating contrary reports suggest that LĺՓcoecus may have more 
diverse raiding habits, having been observed collectively feed-
ing on turtle eggs (da Costa Reis et al., 2021ő�-m7�;�;m�v;;7v�Ő!��b�
et al., 2021őĺ��|_;u�_b]_Ѵ��ru;7-|ou��-m|v�o0v;u�;7�=ou-]bm]�om�-ul��
-m|�lb77;mv�0o|_�bm�|_bv�v|�7��-m7�om�����Ő!;||;ml;�;uķ 1962a) were 
l;l0;uv� o=� |_;� v�0=-lbѴ�� �1|-|ollbm-;ĺ� �m|v� bm� |_bv� v�0=-lbѴ��
often deploy solitary foragers that engage in sit-and-wait predation 
to capture live insect prey (Lima & Antonialli-Junior, 2013ĸ��v|�-Ѵ7�
et al., 2018ĸ� "1_-|��ş�)1bvѴoķ 1999; Wheeler, 1986őĺ��o�;�;uķ� bm-
|u-Ŋvr;1b=b1� v|;-Ѵbm]�o=� =oo7� b|;lv� bv�-Ѵvo��;ѴѴ�7;v1ub0;7� Ő�1�Ѵ�mm�
et al., 2015). We observed members of this subfamily solitarily for-
aging on army ant midden material in both high and low elevation 
sites.

��;u-ѴѴķ��;�o0v;u�;7�mo|-0Ѵ;�7b==;u;m1;v� bm� |_;�-m|� =-�m-�o0-
served in our study as compared to that of Rettenmeyer (1962aőĺ��m�
addition to climatic and geographic differences, it is worth consider-
ing that differences in our results may at least in part be explained by 
important contrasts in the natural history of EĺՓburchellii parvispinum 
versus Eciton burchellii foreli��-�u� Ő|_;� v�0Ŋvr;1b;v� =o�m7�om����őĺ�

These sub-species differ in their geographic range (Watkins, 1976), 
and there has been substantial genetic divergence between them 
(Winston et al., 2017őĺ� �lrou|-m|Ѵ�ķ� |_;v;�v�0vr;1b;v�-Ѵvo�7b==;u� bm�
bivouacking site choice. Colonies of most subspecies of EĺՓburchellii 
(including EĺՓburchellii foreli) typically bivouac in elevated sites in 
|u;;v�ou�om�|_;�]uo�m7�Ő"o-u;�;| -Ѵĺķ 2011őĺ��o�;�;uķ�;Ѵ;�-|;7�0b�-
ouacs are scarcely observed in EĺՓburchellii parvispinum, and more 
than half the time colonies bivouac in very underground or enclosed 
cavities (Baudier et al., 2019; Baudier & Pavlic, 2022őĺ��b77;mv�-u;�
therefore likely available in different microhabitats across the two 
studies as well.

ƓĺƒՊ |Պ �om1Ѵ�vbomv

Results of this survey raise new questions about how reliant each 
observed midden-foraging ant species is on army ant waste as a 
resource. Do some midden-foraging ants seek army ant middens 
directly, or are all midden-foraging events the result of random inci-
dental encounters, as suggested by Rettenmeyer (1962a)? Although 
all middens we documented in this study were on the forest floor, 
we observed several arboreal species of ant consistently foraging 
them (i.e., Cephalotes spp. and Azteca spp.). These observations 
seem inconsistent with the notion of exclusively incidental midden 
;m1o�m|;uĺ��=�1;u|-bm�-m|�vr;1b;v�7o�-1|b�;Ѵ��v;;h�-ul��-m|�lb77;mvķ�
|_;�7;|;1|bom�-m7��|bѴb�-|bom�o=� |_;v;�u;vo�u1;v�ru;v;m|� |_;bu�o�m�
sets of challenges about which we also know little.

Regardless of the closeness of association between army ants 
and their midden-foraging ant species, describing this ecological 
association and directional flow of nutrition in tropical ecosys-
tems is important. The army ant EĺՓburchellii is a top predator and 
keystone species in Neotropical forests (Kaspari et al., 2011ĸ��࣐u;�Ŋ
�vrom-ķ  2021; Rettenmeyer et  al.,  2011), but due to its above-
ground foraging, bivouacking, and emigration strategies, it is also 
especially vulnerable to extirpation due to human disturbances such 
-v�1-mor��u;lo�-Ѵ� Ő��l-u�ş��ŝ	omm;ѴѴķ 2009), habitat fragmenta-
tion (Partridge et al., 1996ĸ�"1_क़mbm]�;| -Ѵĺķ 2006), and anthropogenic 
climate change (Baudier et al., 2015, 2019őĺ�"�1_�;1oѴo]b1-Ѵ�7bv|�u-
bances can have direct effects on local communities and can also de-
v|-0bѴb�;�bm|;uvr;1b;v�-vvo1b-|bomv�Ő	b-lom7�;| -Ѵĺķ 2016). Continued 
exploration of the many associations of tropical army ants is there-
fore of high basic and applied value.

�����)��	����$"
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ou;v|� �boѴo]b1-Ѵ� !;v;u�;ķ�
-m7� |_;� ��-m-1-v|;� �omv;u�-|bom� �u;-� =ou� -ѴѴo�bm]� -11;vv� |o�
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Beeren and other reviewers, as well as editors Jayashree Ratnam 
and Nico Blüthgen for suggestions that greatly improved the 
l-m�v1ubr|ĺ�
�m7bm]�=ou�=b;Ѵ7�ouh��-v�ruo�b7;7�|o�����0��	u;�;Ѵ�
&mb�;uvb|���b-�|_;��1�;-m�
;ѴѴo�v_br�=ou��m�buoml;m|-Ѵ�"1b;m1;�
-m7��umb|_oѴo]��-m7�|_;��Ѵ-�7bo��Ѵb-��m�buoml;m|-Ѵ�"1b;m1;�-m7�
�m]bm;;ubm]� 
;ѴѴo�v_brķ��b|_� -77b|bom-Ѵ� =�m7bm]� =ou��ub|bm]� ruo-
�b7;7�0��|_;�&mb�;uvb|��o=�"o�|_;um��bvvbvvbrrb�-m7��ub�om-�"|-|;�
&mb�;uvb|�ĺ�)ouh�0���"Ŋ���-v�v�rrou|;7�0��|_;��-|bom-Ѵ�"1b;m1;�

o�m7-|bom� Ő�"
ő��u-m|�	���ƐƖƑƕƐѵƐĺ�!;v;-u1_��-v�1om7�1|;7�
�b|_�r;ulbvvbom�=uol�|_;��ov|-�!b1-m�]o�;uml;m|�Ő�����$őķ�r;u-
lb|�m�l0;uv����Ŋ��ŊƏƒƑŊƑƏƐƔ�-m7����Ŋ��ŊƏƐƖŊƑƏƐѵĺ

	�$���(��������$+�"$�$����$
The data that support the findings of this study are openly avail-
able in the Dryad Digital Repository: https://​doi.​org/​10.​5061/​dryad.​
xpnvx​0kj5�Ő!o0Ѵ;v��ॕr;��;| -Ѵĺķ 2023).
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