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responses to environmental changes that are significantly more
abrupt than those that would occur in nature.
A

21.

Methods

22.

Each experimental unit consisted of a single plant growing in an eight-inch pot containing
field-collected soil. Plants were initially collected as seed from the field, germinated in
the laboratory and added to the experimental units as one-week-old seedlings. After each
15-week growth period, plant shoots were removed and new seedlings were added to each
pot. After the first generation, the source of seed was from plants of the previous
generation. B. inermis is an obligate cross-pollinated plant. Some inbreeding can occur,
but this results in seed that is significantly smaller and distorted. Therefore only outcrossed seed was used for the establishment of new generations.
The experiment consisted of 15 experimental units per treatment. The three [CO2]
treatments were imposed using nine environment-controlled growth chambers.
Throughout the experiment, other environmental variables were recorded for each
chamber, including air temperature, relative humidity and light intensity. Apart from
[CO2], we did not detect any significant difference in any measured environmental
variable among treatments. Plants were randomly assigned to a different growth chamber
after every five weeks, and the appropriate [CO2] was re-set. Plants were watered (400 ml)
on a weekly basis and fertilized with 250 ml of low-phosphorus, Long-Ashton solution
every two weeks.
At harvest, soil was collected using a 10-cm diameter corer. This soil core was then used
to trap AMF for determination of AMF species richness and mycorrhizal dependency. This
was achieved by mixing the soil with silica sand, adding this mix to a new eight-inch pot,
planting a new seedling of B. inermis, letting it grow for three months, cutting off the
shoots, planting a new seedling and letting it grow for two more months, and finally
collecting the resulting AMF spores from a 50-g core sample. A subsample of the spores
(200 randomly chosen spores) was used for species identification. The remainder
(average ¼ 548 spores) were mixed into a sterile soil/sand medium in a new eight-inch pot
that was then used to grow a seedling of B. inermis for 12 weeks. Mycorrhizal dependency
was calculated as (the biomass of B. inermis grown with AMF minus the biomass of plants
grown without AMF) divided by the biomass of B. inermis grown with AMF. Plant biomass
was determined after drying at 60 8C for 36 h. For [P], plant shoot tissue was ashed at
500 8C for 4 h, dissolved in aqua regia and then determined using a mass spectrometer.
Root lengths were determined using an image analysis system (WinRhizo, Regent
Instruments Inc.). A sub-sample of roots was collected, cleaned of soil, stained with
Chlorazol Black E25 and assessed for mycorrhizal colonization26. The total length of fungal
hyphae was determined after extraction from a subsample of soil using the filtration
method27. The length of living hyphae belonging to each of the different genera was
assessed using direct immunofluorescence14. Finally, as an overall assessment of soil
aggregate size distribution we measured the MWD and WSA of the 1–2 mm aggregate size
class using a wet-sieving protocol28.
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Numerous non-flying arboreal vertebrates use controlled descent
(either parachuting or gliding sensu stricto1,2) to avoid predation
or to locate resources3–7, and directional control during a jump or
fall is thought to be an important stage in the evolution of
flight3,8,9. Here we show that workers of the neotropical ant
Cephalotes atratus L. (Hymenoptera: Formicidae) use directed
aerial descent to return to their home tree trunk with >80%
success during a fall. Videotaped falls reveal that C. atratus
workers descend abdomen-first through steep glide trajectories
at relatively high velocities; a field experiment shows that falling
ants use visual cues to locate tree trunks before they hit the forest
floor. Smaller workers of C. atratus, and smaller species of
Cephalotes more generally, regain contact with their associated
tree trunk over shorter vertical distances than do larger workers.
Surveys of common arboreal ants suggest that directed descent
occurs in most species of the tribe Cephalotini and arboreal
Pseudomyrmecinae, but not in arboreal ponerimorphs or Dolichoderinae. This is the first study to document the mechanics and
ecological relevance of this form of locomotion in the Earth’s
most diverse lineage, the insects.
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The tropical forest canopy is home to a large fraction of the
Earth’s species, and ants are an important part of the associated
fauna10. Canopy ants exhibit numerous adaptations that promote
an arboreal lifestyle, such as modified ‘sticky’ tarsi that allow them
to cling to surfaces11,12. Despite these adaptations, large numbers of
ants fall from trees in tropical forests, a result of being dislodged by
wind or by arboreal mammals or birds13,14. Moreover, Cephalotes
atratus workers will voluntarily drop off tree trunks when
approached by a foreign object15. This is paradoxical because worker
ants lack wings, and the likelihood of any ant rejoining its colony
after falling to the forest floor 30 m below is presumably quite low.
Here we show that falling Cephalotes spp. rarely reach the forest
floor. Instead, they control their aerial descent such that they glide
back to their host tree trunk, preventing a landing in the understory
and facilitating a rapid return to the nest.
Observations of this behaviour in C. atratus during previous
studies in Panama16, and recent video recordings in Peru (see
Supplementary Videos), showed that falling individuals of
C. atratus follow a consistent J-shaped path leading back to their
associated tree trunk. The trajectory is characterized by three
distinct stages: (1) a vertical drop (uncontrolled parachuting); (2)
a rapid directional adjustment with body alignment towards the
tree; and (3) a steep but directed glide to the trunk. By painting the
gaster and hind legs of the ants white, we determined that C. atratus
workers align their abdomens towards the trunk during the adjustment stage, and that the subsequent glide to the trunk occurs
abdomen-first and dorsal side up over the entire transit.
We quantified the consistency of directed descent behaviour by
dropping 120 marked C. atratus workers from the lower crown
branches (about 27 m) of their resident tree near Iquitos, Peru,
under windless conditions. A strong majority of the ants (85%)
successfully landed on the trunk. This success rate far exceeds that
expected for a parachuting insect exhibiting undirected horizontal
drift during free fall (8%; G-test, P , 0.0001; see ‘Null model’ in
Methods). Upon making contact with the trunk, ants generally
adhered there or tumbled downwards a few metres before gaining a
foothold, at which point they began to climb the tree. Marked ants
typically returned to the same branch, often walking near the
original drop point, within 10 min of the fall. This is the first
quantification of controlled descent in ants, and the first record of
any macroscopic animal consistently gliding backwards to reach a
target. Furthermore, a pair of experiments (see Supplementary
Information) documents that return success does not depend on
familiarity with the colony’s host tree, and that the ants align to the
target tree regardless of their initial orientation when dropped.
Some ants partly rely on visual stimuli to relocate their nest after
foraging17,18. Thus, we predicted that directed descent behaviour in
ants depends on their ability to visually locate a tree trunk during a
fall. Individual C. atratus workers were experimentally blinded by
covering the eye with white enamel paint. Control ants and blinded
ants also received white paint on the dorsal surface of the head.
Blind C. atratus workers regained the trunk with significantly lower
frequency (average ^ 1 s.d. ¼ 10.0 ^ 4.61%) than controls
(84.5 ^ 11.52%; P , 0.0001). The frequency with which blind ants
landed on the trunk did not differ from that expected by undirected
horizontal motion (G-test, P . 0.17; see ‘Null model’). Ants used in
other experiments occasionally directed their descent towards the
beige climbing rope or nearby lianas, suggesting that light-coloured
upright linear objects serve as important visual cues for alignment.
Ant gliding performance was analysed from two-dimensional
reconstruction of body trajectories obtained within a flight arena
(Fig. 1). Of 28 filmed ants, six successfully glided to and landed on a
target column within the camera’s field of view. Equilibrium glide
speeds averaged 4.3 m s21 for these six ants, and the equilibrium
glide angle (that is, the angle between the flight path and the
horizontal; Fig. 1) averaged 75.08 (range 73.08–77.98), corresponding to a lift:drag ratio of 0.27. Although this value is modest relative
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to the shallow glides and high lift:drag ratios exhibited by many
gliding vertebrates, such glides by ants are nonetheless impressive
given the absence of dedicated lift-generating surfaces and the
typical Reynolds number during flight (mean value of 4,110 based
on body length). By comparison, a cylinder with length:diameter
ratio of four (approximating C. atratus workers) will attain a
maximum lift:drag ratio of 0.22 at the same Reynolds number
(calculated following the resolved-flow analysis in ref. 19). For
arboreal ants falling from tall trees, absolute glide angle may be
less relevant than the ability to effect stable motion oriented towards
the home trunk.
Worker body size (mass) is highly variable within C. atratus, and
spans two orders of magnitude among species within the genus
Cephalotes (Fig. 1). We examined the effects of body size on directed
descent performance by measuring the vertical distance travelled
between the drop point and trunk contact. Glide performance
increased (that is, vertical drop distance decreased) with decreasing
worker body size in C. atratus (Fig. 1). We attribute this to smaller
individuals attaining a minimum viable glide velocity (U min; ref. 3)
more rapidly than larger individuals during the parachuting phase
of the descent.
This size dependence was duplicated interspecifically, further
documenting the widespread distribution of directed descent
within the myrmicine tribe Cephalotini (Fig. 1). The flattened,
flanged morphology typical of Cephalotini is more developed in
smaller species20,21 and probably enhances their lift:drag ratio.
However, dorsoventral flattening does not seem to be a prerequisite
for directed descent in ants—several species in the subfamily
Pseudomyrmecinae controlled their descent when dropped (Sup-

Figure 1 Flight dynamics and performance of Cephalotes workers. a, Representative
aerial trajectory for a C. atratus worker gliding to and landing on a vertically aligned white
fabric column. Time interval between points is 1/30 s. The regression is given by:
y ¼ 3.22x 2 0.41, R 2 ¼ 0.996, P , 0.001. Equilibrium glide velocity averaged
4.53 m s21; body mass was 0.047 g. b, Glide index (horizontal distance travelled per unit
vertical drop) as a function of body size in 140 C. atratus workers collected from six
different colonies (11–45 ants per colony). Some points are hidden by overlap. Mass was
measured in the laboratory (59% of points) or estimated in the field (41%) from head width
(see Supplementary Information). Solid line is the least square regression. Glide
index ¼ 20.097 ln(mass) þ 0.596; R 2 ¼ 0.355; P , 0.0001; dashed lines are 95%
confidence limits. c, Average (^1 s.d.) glide index versus mass for minor workers of nine
Cephalotes spp. Numbers refer to species listed in Supplementary Table 1. For glide index
means, n ¼ 2 drops for C. pallens (point 7); n . 2 for all others. For mass means, n ¼ 1
for C. grandinosus (point 4); n . 7 for all others. Horizontal distance ranged from 2.0 to
2.5 m in b and from 1.0 to 2.5 m in c.
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plementary Table 1); these are more cylindrical ants that lack lateral
body flanges.
Directed aerial descent is not exhibited by all arboreal ants.
Although it appears to be widespread in the Cephalotini and
common in Pseudomyrmecinae, it is rare or absent among tested
species in other groups of arboreal ants (Dolichoderinae, ponerimorphs and Formicinae). The following characteristics are consistent with this taxonomic distribution and may be evolutionarily
correlated with directed descent behaviour: (1) arboreal nesting; (2)
frequent foraging at branch tips (for example, for pollen, nectar and
homopteran exudates); (3) relatively costly workers (for example,
small colony size and/or heavily armoured individuals); (4) morphology permitting a broad range of abdominal movement21,22 (for
example, the presence of a post-petiole); (5) good vision and
diurnal activity (promoting the use of high-contrast visual cues);
and (6) evolutionary origins in flooded forests (where predation
pressure from surface-feeding fish23 may be extreme). Note that
Daceton armigerum and Camponotus cf. canescens are taxonomically
distinct from the Cephalotini and Pseudomyrmecinae, but both
showed controlled descent behaviour (see Supplementary Table 1).
D. armigerum meets the criteria proposed above24 whereas C. cf.
canescens does not (at least for lack of a post-petiole). This suggests
that further comparative studies throughout the tropics, exploiting
the 100þ species that can live in a small patch of forest canopy14, will
help refine our understanding of the ecology and evolution of
directed aerial descent in ants.
A

Methods
Study areas
Ants were dropped from trees on Barro Colorado Island, Panama (09.158 N, 79.858 W), at
the La Selva Biological Station, Costa Rica (10.438 N, 84.028 W), and in western
Amazonian forests within 150 km of Iquitos, Peru (03.758 S, 73.258 W; Supplementary
Table 2). Vouchers were deposited at the National Museum of Natural History
(Washington DC), Smithsonian Tropical Research Institute (Panama), and the Museo de
Historia Natural Javier Prado (Peru).

Drop tests
Workers were grasped in the midthoracic region with forceps, held a few centimetres to
one side of a branch, and dropped. Each ant was scored according to whether or not it
made contact with the trunk before reaching the ground. All drops were initiated during
periods of still air, as determined by lack of leaf motion in the surrounding vegetation and
by the straight trajectories of dropped inanimate objects. Ants that passed near the tree but
landed out of sight (that is, on the side of the tree opposite the observer) were excluded
from quantitative analyses (4.5% of the total number of ants dropped; scoring them as
misses did not affect the results). Ants were examined for the presence of all appendages
before dropping.
Vertical drop distances for performance tests were measured with a string of flags. The
string was weighted at one (free hanging) end and secured to the tree at the other, such that
it was near or touching the trunk surface over most of its length. Flags were spaced at 1.0-m
intervals. Drop points were established in the tree crown, and horizontal distances were
measured relative to the attachment point of the string. Vertical drop distances were
measured to the point where the ant passed or struck the string, and were estimated to the
nearest 0.5 m (0.25 m for drop distances ,4 m).

Null model
A falling object will land directly beneath its drop point unless it is acted on by a lateral
force (for example, wind) or its aerodynamic profile changes (for example, a parachuting
insect moving its appendages). For a drop point on a branch located 2.0 m horizontal from
the central axis of the tree trunk, an ant falling in still air but haphazardly moving .2.0 m
horizontally relative to the drop point should strike a 1.0 m diameter tree trunk in eight of
every 100 falls. The average diameter of trees used for drops was 0.73 m (Supplementary
Table 2), thus the null is an overestimate. Incorporating trunk curvature does not
substantially increase the null probability at horizontal distances .2.0 m. Ants that did not
glide tended to land laterally .2.0 m relative to the drop point (for example, vision
experiment), meeting the most fundamental model assumption.
All experiments followed the same general protocol: 10–30 ants from the same colony
were dropped from two drop points (branches) separated by 100–180 radians in a tree.
Foraging workers from different colonies were used in each replicate. Whenever possible,
different trees and source colonies were used for different experiments. Proportional data
were arcsine square-root transformed before analysis. The vision experiment was conducted
in five replicate trees, and data were analysed with a split-plot analysis of variance (ANOVA)
testing for effects of replicates, branches within replicates, and vision manipulation.

in front of a vertically aligned white fabric column (width 36 cm) that visually simulated a
flat tree trunk. A tripod-mounted digital video camera (Canon ZR10) was positioned
approximately 6 m from and orthogonal to glide trajectories of ants to the fabric column,
of which the camera’s field of view covered approximately the final three vertical metres.
Video frames were downloaded into a microcomputer video editor at 30 frames s21, and
individual frames were then digitized to obtain coordinates of the centroid of the moving
ant as a function of time. A horizontal calibration frame located directly behind the plane
of glide trajectories was used to determine absolute spatial coordinates. Positional data
were evaluated using the program Quicksand25 to obtain translational velocities as a
function of time. Equilibrium glides by ants were defined as those glide intervals during
which instantaneous translational velocity varied by no more than 5% from the average
value for the time interval under consideration. Once such intervals were identified,
equilibrium glide angles were determined from the slopes of linear regressions of the
associated positional coordinates. A deadweight drop (plastic cylinder 5 cm long by 1.5 cm
diameter filled with water) was used to validate the accurate reconstruction (that is, to
within 1%) of translational acceleration under gravity alone. Ambient wind was
monitored during experiments; no gliding trials were conducted when wind speed
exceeded 0.5 m s21. Body mass of the six ants exhibiting equilibrium glides averaged
47.8 mg; their body length averaged 11.6 mm.
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Video recordings and glide dynamics
Ants were held transiently at a height of 8 m, and were then dropped approximately 50 cm
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