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Abstract
Humans are increasing nutrient deposition across the globe, and we know little about how these changes influence consumer 
populations in tropical rainforests. We used a long-term fertilization experiment conducted in a Panamanian forest to explore 
how nutrient availability and tree traits affect abundance of a higher-level consumer. We added nitrogen, phosphorus and 
potassium in a factorial design for 18 years. Given that phosphorus often limits ecosystem processes in lowland tropical 
forests, and added nitrogen reduces insect abundance in our experiment, we first hypothesized that phosphorus addition 
would increase nest density and nest size of Azteca chartifex ants while nitrogen addition would have the opposite effects. 
We found 48% lower nest density in the canopy of nitrogen addition plots relative to plots that did not receive nitrogen. 
Phosphorus addition did not affect nest density or size. These nutrient effects were not diminished by the selectivity of host 
trees. In general, larger trees held more nests, despite their low frequencies across the forest, while some abundant species 
(e.g., palms) were rarely used. We further predicted higher nest frequency on trees with extrafloral nectaries, because this ant 
fuels its large colonies with extrafloral nectar. Despite the non-random distribution of A. chartifex nests, across tree species 
and nutrient treatments, trees with extrafloral nectaries did not host more nests. Our study suggests that areas of a tropical 
lowland forest which are not oversaturated with nitrogen, and contain large trees, have higher nest density. This could enable 
A. chartifex in similar areas to outcompete other ants due to high abundance.

Keywords Azteca trigona · Neotropics · Nitrogen · Nest density · Nest size · Phosphorus

Introduction

Rapid changes of global nutrient availability caused by 
humans impact both plant and animal communities. Addi-
tion of a limiting nutrient to a forest, in general, promotes 

higher plant damage (Hargrove et al. 1984; Fox and Mor-
row 1992; Campo and Dirzo 2003; Andersen et al. 2010; 
Santiago et al. 2012) and increases the abundance of herbi-
vores and predators (Forkner and Hunter 2000; Gruner and 
Taylor 2006). In highly diverse tropical rainforests, these 
anthropogenic impacts remain underexplored for consumer 
communities (Campo and Dirzo 2003; Gruner and Taylor 
2006; Kaspari et al. 2017). Here, we tested how nutrient 
availability interacts with forest composition to affect the 
abundance of a dominant consumer.

Nitrogen (N) and phosphorus (P) are building blocks 
of macromolecules (Sterner and Elser 2002) and occur at 
relatively low densities in plant tissue compared to con-
sumers (Mattson 1980; Elser et al. 2000; Denno and Fagan 
2003; Matsumura et al. 2004). Both N and P have poten-
tially wide ranging effects on consumer behavior (Toft and 
Wise 1999), trophic cascades (Mooney et al. 2010) and 
community structure (Hillebrand et al. 2007; Eskelinen 
et al. 2012). The weathered soils of lowland tropical for-
ests are frequently P poor, especially relative to N that 
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accumulates  in some lowland tropical forests through 
atmospheric deposition and biofixation (Vitousek and 
Sanford 1986; Vitousek 2004; Elser et al. 2007; Vitousek 
et al. 2010; Hietz et al. 2011). At the same time, increased 
N supplies can have negative effects, suppressing micro-
bial and invertebrate diversity, and invertebrate abundance 
(Kaspari et al. 2017).

Ants are important terrestrial consumers whose colony 
size, both in terms of workers and reproductive individuals, 
increase with higher food quality (Aron et al. 2001; Portha 
et al. 2002; Kay et al. 2010). Relatively long colony lifespans 
in species like the dominant canopy ant Azteca chartifex 
make this taxonomic group useful as bioindicators of eco-
system change (Andersen et al. 2002). Moreover, the refuse 
produced by A. chartifex colonies increases decomposition, 
insect detrivory and predation in the litter under the nest 
(Clay et al. 2013), while also preventing tree colonization 
by some canopy ants (Adams et al. 2016). Because of its 
importance in shaping aboveground and belowground insect 
communities, we test two mutually compatible hypotheses 
regarding the role of biogeochemistry and forest composi-
tion on A. chartifex nest density and size: (1) the nutrient 
availability hypothesis and (2) the tree specificity hypothesis.

The nutrient availability hypothesis posits that adding a 
chemical element present at suboptimal levels will increase 
population survival and size. Thus, it predicts that higher 
foraging activity of A. chartifex which was recorded after 
chronic P addition in a long-term fertilization experiment 
on the Gigante Fertilization Plots (GFP; Bujan et al. 2016) 
is caused by increased nest density and size. Nitrogen addi-
tion on GFP decreased richness and abundance of litter 
arthropods (Kaspari et al. 2017). In general, anthropogenic 
influence over the past century increased N availability in 
the forests of this region, as seen in a nearby forest on Barro 
Colorado Island (Hietz et al. 2011). Thus, by adding such 
a plentiful nutrient, we predict a similar negative effect of 
this eutrophication and a decrease in nest density and nest 
size of this dominant ant. We used nest size as a proxy for 
colony size, because bigger nests, in other ant species, have 
been shown to belong to older and bigger colonies (Gordon 
and Kulig 1996; Tschinkel 2015). This allowed us to disen-
tangle if differences in nest size and consequently colony 
growth are affected by long-term fertilization or the size of 
the host tree. We further predict that A. chartifex recruitment 
and numerical dominance at baits will be higher on N plots, 
if those ants are resource deprived. Dominant canopy ants 
select high-quality resources, a behavior which fosters ter-
ritoriality and leads to resource monopolization (Blüthgen 
and Fiedler 2004). Resource deprived ants are predicted to 
recruit faster and to larger distances from the nest, which 
should result in higher recruitment and wider foraging 
ranges on N plots. We predict the opposite for nests found 
on P plots.

The tree specificity hypothesis predicts that tree charac-
teristics impact nest density and nest size of A. chartifex. 
We first examine if some tree species are disproportionately 
used as nest sites, because plant species differ in resources 
supplied to insects and their effects on insect communities 
(Poelman et al. 2008). Consumption of resources important 
to A. chartifex, such as extrafloral nectar secretions and hon-
eydew (Blüthgen et al. 2000; Weber and Keeler 2013) can 
directly increase fitness (Byk and Del-Claro 2011) and abun-
dance of dominant ants (Blüthgen and Stork 2007). We pre-
dict that larger trees will support bigger nests, as larger trees 
contain higher ant richness (Klimes et al. 2012; Adams et al. 
2016) and some provide higher herbivore abundance (Cam-
pos et al. 2006). A. chartifex colonies consist of spatially 
dispersed nests which can be placed at different locations in 
the canopy (Longino 2007). Such polydomous species, build 
their nests close to a stable resource (Holway and Case 2000; 
Lanan et al. 2011). Thus, we test if trees that provide extra-
floral nectar resources hold higher nest frequency. Likewise, 
we predict that resource-poor trees will not be used as nest 
sites. Alternatively, the presence of extrafloral nectar could 
have a limited importance for nest placement of A. chartifex 
as has been shown for other non-mutualistic canopy ants 
(Camarota et al. 2015).

To test how biogeochemistry, tree size distributions 
and tree species composition shape the nest distribution 
and ant activity in a lowland tropical forest, we tested the 
impact of bottom–up regulation on nest density using abi-
otic (nutrients), and biotic requirements (tree characteris-
tics). Understanding the effect of biogeochemical makeup 
on consumers is important, as shifts in density of the most 
dominant canopy consumer may alter the strength of trophic 
interactions across the forest. These shifts not only affect ant 
community structure but also are likely to impact the food 
web affecting both higher trophic levels, e.g., predation by 
large mammals, or lower trophic levels by altering herbivore 
abundance.

Materials and methods

We censused Azteca cf. chartifex nests in lowland moist 
forest in the Gigante Fertilization Experiment (GFP: 
9°06′31″N, 79°50′37″W) within the Barro Colorado Nature 
Monument, Republic of Panama. Two species groups of 
Azteca, Azteca cf. chartifex and Azteca cf. trigona, build 
pendulous carton nests in Panamanian forests. Colonies 
across GFP belong to Azteca chartifex complex (D. Donoso, 
in prep), henceforth A. chartifex. These colonies are poly-
domous; so, we refer to them as nests throughout because 
we do not know which nest belongs to which colony. During 
July 2015, JB recorded each nest across 32 plots (40 × 40 m) 
fertilized with N, P and potassium (K) in a factorial design 
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beginning in 1998. Each of the treatments (+N, +P, +K, 
+NK, +NP, +PK, +NPK) is replicated four times, includ-
ing the controls. These four replicates accounted for spatial 
variation in soils (Yavitt et al. 2009) and tree composition 
associated with a slight topographic gradient (SJW, unpub-
lished data). Two blocks were nested within every replicate 
one consisting of N, P, K and NPK treatments, and the other 
included NP, NP, PK and control (for details see Wright 
et al. 2011). Nest counts were not done at time zero, 18 years 
prior to this study. Although A. chartifex colonies can be 
long-lived—which potentially suggests nesting patterns will 
reflect inherent differences within the forest—we expect a 
turnover in colony size during almost two decades. Colony 
size can increase with both additions of new nests and 
increases in size of old nests and is more likely in colonies 
with sufficient resources. Thus, to understand Azteca nest-
ing patterns, we test for differences associated with forest 
composition and with our nutrient treatmets.

Nest density

To test for differences in nest density across fertilization 
treatments, we visually inspected the canopy of each plot 
for the presence of A. chartifex nests. If the canopy was 
particularly dense, we used binoculars. We started at the 
south edge of the plot and walked in a straight line to the 
north edge stopping every five meters to inspect the canopy 
above. After reaching the plot edge, we moved five meters 
east and applied the same procedure walking southwards. 
In total, we had 81 inspection points at each plot. When we 
located a nest, we marked its location with a GPS (Garmin 
GPSMAP 64 s) and assigned a unique identifying number. 
We inspected 32 plots (four replicates of the eight treat-
ments in the factorial NPK experiment) comprising an area 
of 5.12 ha. We tested for difference in nest density across the 
plots with generalized linear models (GLMs) with a ‘glm’ 
function in R (R Core Team 2016). We used N, P, K, their 
interactions, and blocks nested within replicates as main 
effects. To select the optimal model, we used Information 
Theoretic approach (Burnham and Anderson 2003). After 
constructing our models, we ran a model comparison based 
on ΔAIC values—the difference of the AIC of the ith model 
and the model with the lowest AIC value.

Nest size

We measured nest length and height using a Laser Distance 
Meter (Leica Disto D5) affixed on a tripod. We recorded 
three distances (Fig. 1a): first, to the top of the nest (a), bot-
tom of the nest (b), and the distance to the ground (d). We 
also recorded two angles: one between the nest top and bot-
tom (α), and the other between the nest top the ground (β). 
This allowed us to calculate nest length (l) and the height 

of the nest in the canopy (h). Lastly, we took a nest photo at 
the same location where all the measurements were taken.

We calculated the nest length and height from our nest 
measurements (Fig. 1A), as the side in an irregular triangle: 
l2 = a2 + b2 − 2a × b × cos(α). Using the photo of the nest 
and Image J software, we measured the nest length in pixels 
which allowed us to calculate the diameter of the nest and, to 
calculate the approximate nest volume. We sorted the nests 
in three shape categories: prolate spheroid (Fig. 1B), cone 
(Fig. 1C), cylinder (Fig. 1D) and we used appropriate for-
mula to calculate the volumes of these shapes (Hillebrand 
et al. 1999; Sun and Liu 2003). Nest volume was an esti-
mate of nest size, which is, in other ants, positively cor-
related with colony size and worker size (Tschinkel 2015). 
We were unable to accurately measure the smallest nests 
(< 0.5 L) with the laser, so they were excluded from our 
analyses. However, those were usually satellite nests around 
the main nest and their addition is unlikely to significantly 
change the nest size analysis.

To test for size differences, we performed generalized 
linear models (GLMs) with N, P, K, their interactions, DBH, 
and block nested within replicate as main effects. DBH was 
added to this model, because exploration showed a positive 
correlation between tree size and nest size. Nest volumes 
were square root transformed prior to the analyses to nor-
malize the data.

Recruitment and dominance at baits

To study A. chartifex recruitment and dominance at baits, we 
focused on N and P fertilizations and controls. We selected 
N as it decreases invertebrate abundance and diversity 
(Kaspari et al. 2017), while P increases A. chartifex activity 
(Bujan et al. 2016). To test if A. chartifex bait recruitment 
is affected by the vicinity of the nest as well as nest size 
and height, we used a set of 11 baits. We established our 
baiting transects with the tree hosting the nest, and baited 
understory vegetation every 0.5–1 m at eye level. We set up 
the transect around the highest vegetation density around 
the nest, as these ants are known to use lianas as walkways 
(Yanoviak 2015). We chose the nests which were surrounded 
with lianas, so that the ants can access the baits easily from 
the canopy. We used mixed tuna with honey as our bait 
because it provides protein, carbohydrates, lipids and salt. 
We recorded the number of ants present at baits after 5 min 
(recruitment) and 1 h (dominance) with respect to the vicin-
ity of the nest, using a base 2 logarithmic scale (i.e., 1, 2, 4, 
8, 16, 32, …). We baited 12 nests from control and P plots, 
and 7 nests from N treatments as the number of nests was 
low on N plots. At the beginning and the end of each bait-
ing transect, we measured air temperature by aiming an IR 
thermometer (Fluke Corporation, Everett, WA; model 62) at 
eye level to a shaded spot > 10 m away.
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We examined recruitment rate and numerical dominance 
at baits placed at three different distances from the nest: (1) 
at the host tree, (2) at the baits within 5 m (sum of ant abun-
dance at baits 1–5) and (3) at 6–10 m (sum of ant abundance 
at baits 6–10) from the host tree. For both recruitment and 
dominance at baits, we used full ANCOVA models using 
nutrient treatments: N, P, average temperature, nest char-
acteristics (height and volume), and plot identity to control 
for spatial variation. Foraging range of A. chartifex often 
exceeds 10 m, and their foraging area is a viciously defended 
territory whose size depends on colony size (Adams 1990). 
Therefore, we use nest size in our analyses to account for 
differences in foraging distance caused by nest size.

Tree traits

We recorded the size of the plant hosting the nest and the 
growth form (tree or liana). If the tree was > 10 cm in diam-
eter at breast height (DBH), then we used the identifications 
and measurements from the 2013 GFP tree census (Wright 
et al. 2018). To test for the Azteca nest occurrence across 
different tree species, we first calculated the actual frequency 
of each tree species across all plots, and then compared those 

with the observed nest frequencies using a Chi-square test, a 
frequently used approach in testing the nesting preferences 
(Thomas and Taylor 1990).

To test if Azteca nests occur more frequently on trees 
bearing extrafloral nectaries (EFN), we focused on tree spe-
cies where we recorded at least one nest. We searched the 
literature to see if the species was found to produce EFN 
in Panama (Croat 1978; Schupp and Feener 1991; Goitía 
and Jaffe 2009; Bixenmann et al. 2011). We restricted our 
search to EFN, since it is not clear that all small bodies pro-
duced by tree species are used by ants (Schupp and Feener 
1991). We compared the number of nests on trees with and 
without EFN to the Kruskal–Wallis test. All analyses were 
performed in R version 3.3.2 (R Core Team 2016).

Results

Effect of fertilization on nest density

We recorded a total of 200 nests across all fertilization plots, 
with an average nest density of 39 nests/ha. Across eight dif-
ferent treatments, the lowest number of nests was found on 

Fig. 1  Diagram depicting meas-
ures for nest height and length 
of the Azteca chartifex nest (A). 
We measured three distances: 
(a) to the top of the nest, (b) 
to the bottom of the nest, and 
(d) the distance to the ground. 
We measured two angles: (α) 
between the nest top and bot-
tom, and (β) between the nest 
top the ground. This allowed us 
to calculate nest length (l) and 
nest height in the canopy (h). 
Nest images are examples of 
three shape categories we used: 
prolate spheroid (B), cone (C), 
and cylinder (D)

A D

C

B

a

b

d

h
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+N plots (mean ± SE: 2.5 ± 1.0 nests/plot) while the nests 
were on average most abundant on control plots (11.0 ± 2.0 
nests/plot). Nitrogen addition decreased nest density com-
pared to the plots which did not receive N (Table 1). Three 
GLMs were within 2 AIC units of the lowest AIC value and 
were, therefore, used to analyze the effects of nutrients on 
Azteca nest density (Table 1). These three models would 
be expected to be optimal models in 71% of cases (Akaike 
Weights, Table 1). Nest density was on average 48% lower 
across N plots (i.e. +N, +NK, +NP, +NPK; n = 16; 4.3 ± 0.9 
nests; Fig. 2, Table 1) compared to the plots which did not 
receive N (i.e., CTR, +P, +K, +PK; n = 16; 8.2 ± 0.8 nests). 
Number of nests was also significantly lower when N was 
added together with P (i.e. +NP, +NPK; n = 8; 6.0 ± 1.3 
nests; Fig. 2, Table 1).

Effect of fertilization on nest size

We measured 169 A. chartifex nests ranging from 0.21 to 
2.61 m in length (mean ± SE 0.93 ± 0.04 m), with volumes 
ranging from 1.2 to 289.0 L (mean ± SE 53.8 ± 4.2 L). Opti-
mal model accounting for variation in nest size contained 
two significant model terms tree size (DBH) and block 
nested within replicate, but none of the added nutrients 
(Table 2). Larger trees, and trees located in the northeast, 
less palm-dominated part of GFP, on average contained 
larger nests (Replicate 4, Fig. 3).

Azteca recruitment rate and dominance

Within the 5 m closest to the host tree ants recruited faster 
only if their nest was lower in the canopy, as the abun-
dance at baits was positively correlated with nest height 
(Table S1A; ANCOVA: F1,23 = 5.3, p = 0.03). We recorded 
the same pattern with ant dominance at baits, after 1 h, as the 
best predictor of abundance at baits within 5 m was the nest 
height (Table S1B; ANCOVA: F1,22 = 9.3, p = 0.006). Ants 

were recruiting equally fast to baits on the host tree across 
studied treatments and the same was true for baits 6–10 m 
away from the host tree. Recruitment rate or dominance was 
not significantly affected by the two nutrients examined (N 
and P), the nest size, the plot at which they were collected, 
or the temperature at which ants were foraging (Table S1).

Nesting sites are tree specific

Azteca chartifex nested on 41 of the 249 tree species (17%) 
recorded for the 32 fertilization plots. We found a non-ran-
dom distribution of A. chartifex nests across these species 
[χ2 (1) = 2437.8, p < 0.001]. The highest number of nests 
was recorded on Heisteria concinna (12%) and Tetragas-
tris panamensis (11%). Some tree species were frequently 
chosen as nest sites despite their low frequency across the 
plots, including: Prioria copaifera, Drypetes standleyi, and 
Trattinnickia guianense. In contrast, the palm Oenocarpus 

Table 1  Generalized linear 
models used to test the nest 
density across fertilization plots

For each model degrees of freedom, AIC values, ΔAIC (difference between the ith model and the model 
with the lowest AIC), and Akaike weights (wi) are listed. Models within 2 AIC from the optimal model 
with the lowest AIC value are listed in bold. Treatments in italic indicate significance (α = 0.05)

Model df AIC ΔAIC wi

N + N × P + REPL 5 168.27 0.00 0.34
N + N × P 4 169.23 0.97 0.21
N + N × P + REPL + REPL × BLOCK 6 169.74 1.48 0.16
N + P + N × P + REPL + REPL × BLOCK 7 170.61 2.35 0.11
N + P + N × P + P × K + REPL + REPL × BLOCK 8 171.44 3.17 0.07
N 3 172.25 3.98 0.05
N + P + K + N × P + P × K + REPL + REPL × BLOCK 9 172.60 4.33 0.04
N + P + K + N × P + N × K + P × K + REPL + REPL × BLOCK 10 173.75 5.49 0.02
Null 2 180.52 12.26 0.00

Fig. 2  Treatments in which Azteca chartifex nest density differed 
significantly. a Plots that received nitrogen addition +N (+N, +NK, 
+NP, +NPK), and plots were not fertilized with N (−N: control, P, K, 
PK); b plots which received both nitrogen and phosphorus addition 
+NP (+NP, +NPK) compared to plots which did not received those 
nutrients (−NP: control, K)
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mapora, the third most abundant tree across fertilization 
plots was almost never used; only 1% of the nests were 
recorded in its canopy. Despite the lower frequency of large 
trees across GFP, nests of A. chartifex were predominantly 
found on large trees (Fig. S1). In our experiment, this right-
skewed distribution of tree sizes was recorded across all 
eight nutrient treatments (Fig. S2).

For 160 of our nests, we identified host tree species and 
assigned the presence or absence of EFN. We recorded only 
17 nests in the canopy of trees with EFN (11%). Among the 
total tree species pool Azteca nest density was not higher 

on trees with extrafloral nectaries [Kruskal–Wallis, χ2 
(1) = 0.04, p = 0.85].

Discussion

Changes in biogeochemistry can impact consumers by 
increasing the food availability and quality, resulting in 
enhanced abundances of herbivores and predators (Haddad 
et al. 2000; Gruner 2004). Here, however, we found no evi-
dence for increased nest density in A. chartifex after receiv-
ing a long-term N, P, K addition. To the contrary, N addition 
decreased nest density by 48%. This difference is more strik-
ing when only N addition and control plots are compared, 
as a single N addition had four times lower number of nests 
than the controls. In contrast, activity near the nests was 
invariant across the biogeochemical template.

Nest size was not affected by nutrient addition, but best 
predicted by tree size and location in the forest. We found 
higher nest density on certain tree species, despite their low 
occurrence in forest while others, such as the most abundant 
palm species, were rarely used as nest sites. The presence of 
EFN did not promote nest density. Our study suggests that A. 
chartifex nesting locations and densities are driven by nutri-
ent availability and forest composition acting in concert to 
promote its dominance in this lowland tropical forest.

Low nest density on nitrogen plots

A working hypothesis in the geography of nutrient limitation 
states that P limitation supplants N limitation as one moves 
from the new soils of the Nearctic to the weathered soils of 
the Neotropics. In temperate forests, N fertilization increases 
the number of phloem feeders, and this could result in an 
increase of ants tending them (Strauss 1987). However, in 
the studied nutrient-rich tropical forest, N addition decreased 
arthropod abundance and richness (Kaspari et al. 2017). 

Table 2  Generalized linear 
models used to test variation 
in nest volume across the 
fertilization plots

For each model degrees of freedom, AIC values, ΔAIC (difference between the ith model and the model 
with the lowest AIC), and Akaike weights (wi) are listed. Models within 2 AIC from the optimal model 
with the lowest AIC value are listed in bold. Treatments in italic indicate significance (α = 0.05)

Model DF AIC ΔAIC wi

REPL × BLOCK + DBH 4 688.35 0.00 0.54
REPL + REPL × BLOCK + DBH 5 690.30 1.95 0.20
N + K + REPL + REPL × BLOCK + DBH 7 691.80 3.45 0.10
N + REPL + REPL × BLOCK + DBH 6 692.29 3.93 0.08
N + P + K + REPL + REPL × BLOCK + DBH 8 693.36 5.01 0.04
N + P + K + N × K + REPL + REPL × BLOCK + DBH 9 694.23 5.87 0.03
N + P + K + N × P + N × K + REPL + REPL × BLOCK + DBH 10 695.96 7.60 0.01
N + P + K + N × P + N × K + P × K + REPL + REPL × BLOCK + DBH 11 697.85 9.49 0.01
DBH 3 701.70 13.35 0.00

Fig. 3  Nest size across different areas of the forest (replicate), across 
trees of different diameter at breast height (DBH). Circle size corre-
sponds to the nest volume, the nest size estimate. A categorical vari-
able replicate (1–4) accounted for differences in topography and veg-
etation composition. The maximum elevational difference was 36 m, 
as there is a gentle slope going from the low lying southwest corner 
to the northeast corner of the study site. A gradient in the density of 
palm trees across the plots goes from less palm-covered (4) to lower, 
more palm-rich plots in the southwest (1)
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We suggest that the lack of prey and honeydew producing 
mutualists could be one of the reasons why N plots tend to 
have lower nest density of A. chartifex. Furthermore, ferti-
lization can alter the abundance of phloem feeders and the 
quality of the produced honeydew which affects ant-tending 
behavior (Gonthier et al. 2013). Some tree species might 
be used as nest sites more frequently if they have a higher 
herbivore load, and fertilization could promote herbivory in 
the canopy as it did in the understory of this forest (Santiago 
et al. 2012). It remains to be tested which of the fertiliza-
tion treatments have a negative effect on phloem feeders and 
honeydew quality, and how that relates to changes in ant 
activity and nest density. Finally, one of the benefits of hav-
ing multiple nests is increased resource acquisition through 
expansion of the foraging area (Debout et al. Debout et al. 
2007). Such polydomous species can place nests close to 
stable resources (Holway and Case 2000, Lanan et al. 2011), 
which suggests that low nest density on N plots might be 
caused by low resource availability across those plots.

Recruitment and dominance are not affected 
by nutrients

We assumed that higher ant abundance at the plot level after 
P fertilization (Bujan et al. 2016) could be driven by colony 
level requirements. If more resources are needed ants will: 
(1) recruit to the baits faster; (2) forage further away from 
the nest, and (3) dominate the resources (higher abundance). 
What we found instead is that the proximity of the nest is the 
main driver of both ant recruitment and dominance. Recruit-
ment of A. chartifex might not be affected by nest size or 
the addition of N or P because of the territoriality of this 
species which places guardian workers across its territory 
and we conservatively sampled the closest 10 m (Adams 
1990). Thus, overall higher foraging activity recorded on P 
plots is due to a joint effect of the nest height in the canopy 
and high nest density, compared to low nest density across 
N fertilization.

Azteca frequently nests on certain trees

We found that larger trees hosted more nests, despite their 
low frequency in the forest (Fig. S1), and canopies of large 
trees also supported bigger nests (Fig. 3). Tree characteris-
tics have been proposed to shape canopy ant mosaics (Sand-
ers et al. 2007); so, we explored those traits shared by tree 
species which were both less abundant in the forest and fre-
quently selected as nesting sites: Prioria copaifera, Drypetes 
standleyi, and Trattinnickia guianense. These species belong 
to separate families: Fabaceae, Euphorbiaceae, Burseraceae, 
respectively, and as such they have very different flowering 
and fruiting patterns, as well as the bark structure (Croat 
1978; Condit et al. 2010). None of these species produce 

extrafloral nectar in Panama (Schupp and Feener 1991), but 
all are particularly high canopy trees with average heights 
28–30 m (SJW, unpublished data). This could be one of the 
reasons why the nests are more commonly found on those 
trees, regardless of their low frequency in the forest. Nests 
in the tallest canopy trees may deter the attacks of tamandua 
anteaters that can destroy nests with their long claws as they 
feed on Azteca larvae (Lubin et al. 1977), especially if these 
trees are not well connected with lianas.

Nests were rarely recorded on other abundant tree spe-
cies, such as palm Oenocarpus mapora. We observed only 
three nests on palms, and they were generally smaller nests 
(mean ± SE 14.8 ± 10.1 L). Palms in this forest are mostly 
understory trees, they have smaller canopy, rarely colonized 
by lianas, and as such are disconnected from the rest of the 
canopy. Canopy ants rely on resources in the canopy of the 
host tree but they use lianas walkways to access other cano-
pies (Clay et al. 2010; Yanoviak 2015) and as a source of 
extrafloral and honeydew secretions (Blüthgen and Fiedler 
2002). Thus, palm canopies could be too isolated, and too 
small to alone provide sufficient resources for A. chartifex 
colonies, in contrast to tall canopy trees. These mechanisms 
remain to be tested.

Contrary to our prediction, we found no bias toward spe-
cies bearing extrafloral nectaries. This could be because tree 
species from genera that produce extrafloral nectar, such as 
Inga (Bixenmann et al. 2011), while abundant across the 
forest, never host A. chartifex nests due to their small size. 
Inga was the most specious genus found across the plots 
represented with 9 species, all of which produce extrafloral 
nectaries (Croat 1978; Goitia and Jaffe 2009; Bixenmann 
et al. 2011) and none of these species hosted a single nest. 
The presence of extrafloral nectaries, and their activity, was 
not important for structuring in an ant community of the 
Brasilian Cerrado (Camarota et al. 2015) suggesting that, in 
general, for non-mutualistic canopy ants, extrafloral nectar 
has limited importance.

Caveats

Due to the logistical constraints, it would be almost impos-
sible to measure plant secretions across the canopies of the 
fertilization experiment and the abundance of phloem feeders. 
To directly test if hemiptera abundance changed with fertiliza-
tion and the effect on the A. chartifex nesting patterns, targeted 
canopy fogging would be one of the most reliable sampling 
methods. Fogging would also provide insight on arthropod 
prey abundance in the canopy, where these ants mostly for-
age to test if N-plot canopies have reduced prey abundance 
as found in the leaf litter (Kaspari et al. 2017). Such destruc-
tive sampling was not possible within this long-term fertili-
zation experiment. Lastly, examining canopy connectivity by 
measuring liana abundance across the plots would provide a 
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test if higher liana load on N plots enables higher tamandua 
predation.

Outlook

To our knowledge, this is the first study addressing the effect 
of biogeochemistry and forest composition on nesting patterns 
of a dominant consumer. We show that the addition of N, in a 
nutrient-rich lowland tropical forest, halves the number of A. 
chartifex nests. This suggests that biogeochemistry impacts 
habitat usage of a dominant canopy consumer, and it remains 
to be tested if this bottom–up effect scales up to other arthro-
pods. We also found that nest site distribution is non-random, 
and that A. chartifex more frequently nests in large canopy 
trees. Dominant ant species compete with each other for for-
aging area, creating a patchwork, or a mosaic, of territories in 
agricultural systems (Room 1971; Majer 1976). The presence 
of dominant ant species in nature could shape the ant mosaic 
in the canopy by excluding other ants (Adams et al. 2016; 
Camarota et al. 2016), also impacting other arthropods in those 
trees. The density and the locations of A. chartifex nests alter 
the abundance of both canopy and understory arthropods, and 
with the refuse production each nest further elevates nutrient 
concentrations in the litter (Clay et al. 2013). Additionally, 
predation patterns might change with altered biogeochemistry, 
as A. chartifex larvae are common food for tamanduas (Lubin 
et al. 1977), so tamanduas might target high nest densities 
areas. To fully understand ecosystem responses to nutrient 
alterations we need more studies focusing on the response of 
higher level consumers. Anthropogenic alterations of nutrient 
availability will affect consumer communities across the globe, 
and we just begun exploring these effects.
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