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Biotic interactions mediate the influence of bird colonies on  
vegetation and soil chemistry at aggregation sites

Daniel James Deans natusch,1,3 Jessica ann lyons,2 GreGory P. Brown,1 anD richarD shine1

1School of Life and Environmental Sciences, University of Sydney, Sydney, New South Wales 2006 Australia
2Resource Evaluation and Development, Australia

Abstract.   Colonial- nesting organisms can strongly alter the chemical and biotic conditions 
around their aggregation sites, with cascading impacts on other components of the ecosystem. 
In tropical Australia, Metallic Starlings (Aplonis metallica) nest in large colonies far above the 
forest canopy, in emergent trees. The ground beneath those trees is open, in stark contrast to 
the dense foliage all around. We surveyed the areas beneath 27 colony trees (and nearby ran-
domly chosen trees lacking bird colonies) to quantify the birds’ impacts on soil and vegetation 
characteristics, and to test alternative hypotheses about the proximate mechanisms responsible 
for the lack of live vegetation beneath colony trees. Nutrient levels were greatly elevated 
 beneath colony trees (especially, those with larger colonies), potentially reaching levels toxic to 
older trees. However, seedlings thrived in the soil from beneath colony trees. The primary 
mechanism generating open areas beneath colony trees is disturbance by scavengers (feral pigs 
and native Turkeys) that are attracted in vast numbers to these nutrient hotspots. Seedlings 
flourished within exclosures inaccessible to vertebrate herbivores, but were rapidly consumed 
if unprotected. Our results contrast with previous studies of colonies of seabirds on remote 
 islands, where a lack of large terrestrial herbivores results in bird colonies encouraging rather 
than eliminating vegetation in areas close to the nesting site. In our continental study system, 
scavengers may rapidly dilute the spatial heterogeneity generated by the massive nutrient sub-
sidy from bird colonies.

Key words:   biotic interaction; colonial breeding; disturbance; ecosystem engineer; invasive species; soil 
toxicity.

introDuction

Aggregations of animals at the same site for prolonged 
periods of time can cause dramatic changes in features of 
the local habitat, including soil properties, vegetation 
structure, and composition (García et al. 2002, Ellis 
2005). Several processes contribute to those changes. For 
example, animals can mechanically disturb vegetation 
and soil via trampling, burrowing, or by stripping plants 
(Sobey and Kenworthy 1979, Vidal et al. 1998, Mulder 
and Keall 2001, Havik et al. 2014). Additionally, guano 
and organic matter deposited by animals can modify soil 
properties by concentrating nutrients (gathered from a 
wide area in the surrounding environment) into aggre-
gation sites (Wait et al. 2004, Ellis 2005, García et al. 
2011, Otero et al. 2015).

The impact of animal aggregations on habitat charac-
teristics has been intensively studied in communally 
breeding birds. Typically, the primary effect of bird col-
onies on surrounding habitat is to increase plant growth 
and size, productivity, nutrient content, coverage, and 
diversity (Anderson and Polis 1999, García et al. 2002, 
Ellis 2005, Young et al. 2011, Zołkos et al. 2013). In other 

cases, however, bird colonies reduce rather than increase 
plant coverage and species richness, with complex floral 
assemblages replaced by a few nutrient- demanding 
(often, invasive) species (Sobey and Kenworthy 1979, 
Ishida 1996, Vidal et al. 1998, Ellis 2005, Kolb et al. 
2012). The direction and magnitude of bird effects on ter-
restrial environments are mediated by factors associated 
with the colonies themselves (e.g., density of nests) as well 
as by characteristics of the sites. For example, larger col-
onies of gulls and cormorants have more impact on soil 
nutrient concentrations, and thus on vegetation compo-
sition and plant germination success (Ishida 1997, Ellis 
et al. 2006).

Most previous studies on this topic have focused on 
sea- bird colonies, and commonly on small islands (Smith 
1978, Sobey and Kenworthy 1979, Norton et al. 1997, 
Vidal et al. 1998, Anderson and Polis 1999, Wait et al. 
2004, Ellis 2005, Ellis et al. 2006, Young et al. 2011, 
Baumberger et al. 2012, Otero et al. 2015). Such sites are 
distinctive in several ways, including their existing vege-
tation, a depauperate terrestrial vertebrate fauna, and the 
marine source (and thus, chemical composition) of the 
nutrients transferred to these terrestrial habitats (Vidal 
et al. 1998, Wait et al. 2004, Ellis 2005). By contrast, no 
studies have explored the impacts of terrestrial bird col-
onies on tropical forest habitats, where resources are 
gathered from the surrounding terrestrial environment 
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(Ellis 2005, Zolkos 2012). Here, we investigate the impacts 
of breeding colonies of Metallic Starlings (Aplonis 
metallica) on the ground- level environment in rainforests 
of tropical Australia. Each wet season, vast numbers of 
Starlings (sometimes >1,000 individuals per colony) nest 
communally in emergent rainforest trees (larger and sep-
arate from the surrounding canopy); typically, Starlings 
use the same trees each year (Natusch et al. 2016). 
Disturbances in tropical rainforests frequently stimulate 
abundant plant growth (e.g., prolific plant growth in sun- 
drenched canopy gaps after tree- fall), suggesting that 
seasonal disturbance by Starling colonies might have a 
similar effect (Hubbell et al. 1999, Kricher 2011). 
Paradoxically, however, the area beneath Starling col-
onies is devoid of vegetation, with the remnants of 
now- dead rainforest trees creating a dead zone that 
stands in stark contrast to the dense rainforest nearby. 
Within these areas, a diverse range of fauna aggregate to 
feed on seeds, roots, seedlings and invertebrates in the 
nutrient- rich soil (Natusch et al. 2016).

Why is the ground beneath Starling colonies devoid of 
living trees, despite the massive nutrient input from bird 
droppings and fallen nests? Plausibly, those nutrient 
levels may be so high as to be toxic to plants. Alternatively, 
the high densities (up to 25 kg/m2; Natusch et al. 2016) of 
species that gather to forage beneath colony trees (mainly 
feral pigs Sus scrofa, and native Brush Turkeys Alectura 
lathami) also may create (or maintain) the dead- zone 
(Havik et al. 2014). In this paper, we explore the processes 
that create the “dead- zone” beneath colonies of Metallic 
Starlings. Specifically, we ask (1) How do Starlings 
impact characteristics of the substrate and vegetation 
assemblage beneath their colonies? (2) Do these impacts 
depend upon the size of a Starling nesting colony? and (3) 
What roles do soil chemistry and animal foraging play in 
creating the distinctive habitat beneath colony trees?

methoDs

Study system

Our study took place in the Lockerbie Scrub, near the 
town of Bamaga, at the northern tip of Cape York 
Peninsula, Australia (10°50′ S, 142°25′ E). Lockerbie 
Scrub is a 130- km2 area of semi- deciduous notophyll vine 
forest situated on the Carnegie Tableland. The vegetation 
is comprised predominately of closed rainforest, inter-
spersed with and surrounded by open woodlands domi-
nated by Corymbia tessellaris, C. clarksoniana, and 
Eucalyptus brassiana (Neldner and Clarkson 1995). 
Precipitation is highly seasonal, with a mean annual 
rainfall of 1,744 mm largely falling during the summer 
monsoon (“wet season,” December to April) while the 
rest of year is hot and dry (Bureau of Meteorology 2016).

Between November and April each year, vast numbers 
of Metallic Starlings (Aplonis metallica) arrive in the 
Lockerbie Scrub from New Guinea and nest communally 
in emergent rainforest trees (Natusch et al. 2016). The 

birds nest in the same trees each season (one colony tree 
has been used annually for at least 15 years; D. J. D. 
Natusch, unpublished data). Starling nests are dome-
shaped, and usually attach to one another to form large 
clumps surrounding all available branches of the trees 
(Feare and Craig 2010). During the day, the adult 
Starlings spend their time attending to their nests and 
young. The ground beneath each colony is devoid of veg-
etation, and covered in a carpet of fallen seeds and bird 
guano that creates an open moonscape in stark contrast 
to the surrounding rainforest (Fig. 1).

Surveys of vegetation

Using a mixture of ground- based and helicopter- based 
surveys, we located 27 Starling colony trees at our study 
site. At each colony, we scored environmental character-
istics beneath the tree. First, we measured the length and 
width of the “dead- zone” beneath the tree using a flexible 
measuring tape. We defined the edge of the dead zone to 
be the point at which live tree densities and substrate type 
(leaf litter) resembled those of the surrounding rainforest. 
We then characterized each site as having an “up- slope” 
and a “down- slope,” depending on the gradient of the 
topography. For trees on flat ground, we defined “down- 
slope” as the direction with the greatest number of nests 
(due to nest distribution within the tree, plus the direction 
in which the tree was leaning). Along each slope axis, we 
ran two 24- m transects beginning at the base of a colony 
tree, using a flexible measuring tape. At 3- , 10- , 17- , and 
24- m intervals along this transect, we established a 
3 × 3 m quadrat (for a total of four quadrats per transect, 
eight quadrats per tree). We chose these distances to 
encompass the variation in vegetation and soil structure 
over the gradient between the dead zone and the sur-
rounding forest. Within each quadrat we recorded (1) 
percent canopy cover; (2) percent vegetation cover; (3) 
number of live stems (including seedling, saplings, and 
mature trees); (4) number of dead stems; and (5) number 
of major trees (>200 mm in diameter at breast height). 
Finally, we also counted the number of nests in the 
branches of the colony directly above each quadrat, and 
quantified the proportion of ground within each quadrat 
covered by seeds and fallen nests vs. other (undisturbed) 
substrate types.

To explore how Starlings influence the terrestrial envi-
ronment beneath their colonies, we repeated the above 
procedure at nearby trees that were not used by Starlings. 
For each colony tree, we selected a random tree 100–200 m 
away, and similar to the colony tree in height, girth, and 
(if possible) species. We selected random trees by spinning 
a pencil and letting it fall to the ground to determine 
direction to the random tree. We then used a random 
number generator to produce a number between 100 and 
200 and walked the resulting number of paces in the 
direction indicated by the pencil. The random tree was 
deemed to be the one closest to the point at which we 
stopped, and that had a diameter at breast height (dbh) 
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>70 cm (because all colony trees were wider than 70 cm 
dbh). Although colony trees nonetheless were larger in 
diameter than random trees (110 ± 33 cm vs. 90 ± 18 cm: 
t39 = 4.10, P = 0.0002), tree width above the 70 cm 
threshold value was not significantly correlated with any 
of the other variables we measured; and thus, differences 
in tree size between colony and non- colony trees are 
unlikely to have influenced our results).

Mass of material dropped by Starlings

To collect guano and seeds falling to the ground 
beneath Starling colonies, we placed 20- L plastic buckets 
directly beneath colony trees, and weighed the contents 
after leaving them in place for 24 h. We repeated this pro-
cedure three times at three colony trees and once at 
another colony tree, for a total of 10 samples. We also 
repeated the procedure at nearby random trees, as well as 
at colony trees during the off-season (when the birds were 
not nesting), for a total of 30 samples.

Analysis of soils

To examine the micronutrient composition of soil 
from beneath the colony trees, we collected 100 g of soil 
from beneath each of 10 Starling colonies, and corre-
sponding samples from beneath 10 nearby random trees. 

At each tree, we first removed the top 50 mm of topsoil, 
and then collected four soil cores (each approximately 
25 g) from different points around the colony and random 
trees. We collected cores from 100 mm depth, with four 
sampling points on each side of the tree (up slope, down 
slope, and either side). We pooled the four samples col-
lected under each tree to provide a single 100 g sample for 
each tree. Each 100 g sample was analyzed for its nutrient 
compositions by the Environmental Analysis Laboratory 
of Southern Cross University using the RA- PACK- 001 
analysis package (see Data S1 for further methodological 
details).

To assess how the attributes of the trees themselves 
might influence the terrestrial environment beneath 
Starling colonies, we also recorded (1) tree height, (2) 
diameter at breast height, (3) number of trees within a 
10 m radius of the colony trees, (4) percentage canopy 
cover in a 10 m radius surrounding the crown of the 
colony tree, (5) mean height of the surrounding trees in a 
10 m radius of the colony tree, and (6) total number of 
bird nests in the colony.

Experiments on seedling growth

We conducted a greenhouse experiment to evaluate 
germination rates of plants growing in soil taken from 
beneath colony trees vs. from beneath nearby randomly 

FiG. 1. A Metallic Starling (Aplonis metallica) colony tree at our study site (left), showing the large dead zone and canopy gap 
surrounding the tree vs. a nearby random tree (right), showing typically thick rainforest understory and canopy. [Colour figure can 
be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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chosen trees (see above). We collected soil from the first 
10 cm depth of soil beneath five colony trees and mixed 
them in a plastic container. The same procedure was fol-
lowed for soil from beneath randomly chosen trees. We 
sieved soil samples to remove large roots, twigs, and 
large seeds and filled ten 50 × 50 mm garden pots with 
soil from beneath colony vs. random trees (N = 10 pots 
per treatment). Within each container, we placed a fresh 
seed of the most commonly encountered species (native 
nutmeg, Myristica insipida, collected from beneath 
Starling colonies) 1 cm beneath the soil surface. 
Containers were kept outside in a cool shaded area 
(mean 21°C at night to 32°C during the day), and pro-
vided with 100 mL of water twice per week during the 
wet season, and 50 mL once per week during the dry 
season. We continued the experiment until all seedlings 
had reached 10 cm in height (approximately four 
months).

In addition to the greenhouse setting, we repeated the 
experiment under natural conditions to test whether 
seedlings in soils from beneath colony trees would ger-
minate. This involved redeploying one 20- L bucketful of 
soil from beneath three colony trees to nearby random 
locations in the surrounding rainforest. We cleared an 
area of ground and evenly spread the soil in a 1- m2 plot. 
We did not sieve seeds from the soil, because we were 
interested in testing whether any seeds present in the soil 
were able to establish and grow in areas away from the 
colony trees. We quantified all seedling growth at these 
three sites after two months, and then again after one 
year.

Exclusion experiments

To assess the impact of foraging animals on seedling 
growth, we created 1-m2 exclosures beneath five Starling- 
colony trees. Exclosures consisted of four vertical steel 
posts buried 500 mm into the ground, supporting a cage 
of steel mesh 200 mm high. On each side, we buried the 
mesh 100 mm beneath the soil, using steel pegs to hold it 
in place. The mesh size (50 × 50 mm) prevented access to 
large animals, but allowed invertebrates and rainfall to 
penetrate the exclosure. Five meters from each exclosure, 
we buried four more steel posts to create another 1- m2 
area, but without the enclosing mesh (as procedural con-
trols). We counted the number of seedlings within the 
exclosures and controls at two- month intervals for one 
year.

Data analysis

Because the attributes of vegetation and soils that we 
measured contained many highly correlated variables, we 
used Principal Components Analyses (PCA) to reduce 
dimensionality of vegetation and soil measures. In cases 
where variables were not normally distributed, we applied 
log10- transformations to meet assumptions of the 
analysis.

To analyze vegetation traits under all trees, we per-
formed a linear mixed model using the first principal 
component (PC1) formed from the five characteristics 
measured (see above) as the dependent variable. As inde-
pendent variables, we included fixed effects of tree type 
(colony vs. random), slope direction (up- slope vs. down- 
slope), and quadrat distance from the colony tree as a 
covariate. We included Tree ID nested within Tree Pair 
as a random effect in the model to eliminate pseudorepli-
cation (multiple samples at each tree). To explore differ-
ences in vegetation characteristics among colony sites 
only, we removed data collected from random trees and 
repeated the PCA. We performed a linear mixed model 
(LMM) on this PC1 against fixed effects of the number of 
nests in the branches above each quadrat, the proportion 
of ground covered by seeds and guano, slope direction, 
and quadrat distance. We included Tree ID number as a 
random effect in the model.

To explore the factors influencing variability in soil 
chemistry between trees, we modelled the first principal 
component (PC1) produced by the PCA on soil charac-
teristics against the six attributes of trees (height, 
diameter, number of trees within 10 m, percent canopy 
cover, height of trees within 10 m, and number of nests) 
in a multiple regression. We used a model selection 
approach to rank all possible models (including two- way 
interaction terms) based on AICc values.

Our data from the exclusion experiment contained a 
high proportion of zeros (many surveys scored no seed-
lings). Therefore, to assess the effects of time and 
treatment (exclosure vs. control) on number of seedlings, 
we analyzed the data using a generalized LMM with a 
Poisson distribution and log- link function. Tree ID was 
included in the model as a random effect and we used an 
autoregressive error structure for the model. We con-
ducted analyses using SAS 9.4 and JMP Pro 11.0 (SAS 
Institute, Cary, North Carolina, USA).

results

Surveys of vegetation

The mean area of the dead zone beneath Starling col-
onies was 140 m2 (SD = 123; range = 35–483 m2). The 
first principal component produced by PCA explained 
47% of the variation in vegetation characteristics in our 
data set, with all variables exhibiting similar loading 
strengths along this axis. Variables associated with 
higher vegetative cover (i.e., canopy cover, vegetation 
cover, and number of live stems) loaded positively, 
while those indicative of lower vegetative cover 
(numbers of fallen nests, nests overhead, and dead 
stems) loaded negatively (Appendix S1: Table S1). A 
linear mixed model on PC1 (with tree type [colony vs. 
random] and slope direction as factors, and distance of 
quadrat to base of tree as the covariate) revealed signif-
icant interactions between these factors (interaction 
term for tree type and slope direction, F2,414 = 36.2, 
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P < 0.0001) both of which were strongly influenced by 
distance to the base of the tree (interaction term for 
quadrat distance and tree type, F2,414 = 175.3, 
P < 0.0001: interaction term for quadrat distance and 
slope direction, F2,414 = 14.4, P = 0.0002). In general, 
canopy cover, vegetation cover, the number of live 
stems, and the number of major trees increased with 
increasing distance from the base of a colony tree, while 
the number of dead stems decreased (Figs. 2 and 3). 
This was true in both slope directions, but was more 
pronounced on the down slope (Figs. 2 and 3). By con-
trast, these same attributes did not change significantly 
with increasing distance from the random trees, 
regardless of slope (Figs. 2 and 3).

When we limited analysis to the trees containing bird 
colonies, a PCA on vegetation characteristics produced a 
first principal component that explained 48% of the var-
iation in the raw data. The strength and loading direction 
of all variables was similar to the analysis above 
(Appendix S1: Table S1). A subsequent LMM on the first 
principal component confirmed and expanded the results 
found in the larger data set. Slope direction (F1,207 = 14.2, 
P = 0.0002) continued to influence vegetation (as above), 
and floral characteristics were strongly affected by the 
distance of the quadrat from the base of colony trees 

(F1,207 = 17.5, P < 0.0001), the number of nests in the 
branches directly above each quadrat (F1,207 = 11.0, 
P = 0.001), and substrate type (F1,207 = 47.8, P < 0.0001; 
Fig. 4).

Analysis of soils

The chemical composition of soils from beneath the 
colony trees differed strongly from that of soils from 
beneath nearby random trees. Most nutrients occurred at 
massively higher concentrations beneath colony trees 
(some up to 100- fold; Table 1). The first principal com-
ponent produced by a PCA on soil chemistry explained 
72% of the variability in the data set. All nutrients loaded 
strongly on the positive end of this axis except for alu-
minum, iron and hydrogen; levels of these three nutrients 
did not differ significantly between colony and random 
trees (Table 1). Based on a model selection process, the 
characteristics of trees that most affected soil PC1 were 
best captured in a model containing only a single pre-
dictive variable (the number of bird nests in the tree). 
Trees with more nests had higher concentrations of 
nutrients in the soil beneath them (F1,18 = 182.4, 
P < 0.0001; Fig. 5). The AICc for this model (68.3) was 
substantially lower than the AICc for the second- ranked 

FiG. 2. Vegetation characteristics within 3 × 3 m quadrats at increasing distances from the base of colony trees used by Metallic 
Starlings (Aplonis metallica). Negative distances on the x- axes represent the area downslope of tree, while positive distances reflect 
the upslope. The panels show (a) percent canopy cover, (b) the number of dead stems, (c) the percentage of the quadrat covered by 
vegetation, and (d) the number of live stems within quadrats beneath trees. Circles show data for bird- colony trees, whereas dots 
show data from nearby random trees that did not contain bird colonies. All graphs show mean values and associated standard 
errors.
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model (94.5), which contained only percent canopy cover 
as an independent variable.

Mass of material dropped by Starlings

As expected, more bird guano and seeds were dropped 
beneath trees during the nesting season, but only at 
colony trees (Fig. 6). Non- zero values for random trees 
and during the off- season are due to twigs and leaves 
falling into buckets (rather than guano or seeds).

Experiments on seedling growth

Germination rates of nutmeg seeds planted in soil from 
beneath colony trees did not differ significantly from those 
planted in soil from beneath random trees (colony = 7/10 
and random = 6/10, χ2 = 0.22, df = 1, P = 0.64). All germi-
nated seedlings were still alive after six months.

After one month, redeployed soils collected from 
beneath colony trees contained many germinated seed-
lings. The number of seedlings decreased over the dry 
season, but after one year, many large seedlings still sur-
vived in the three 1- m2 plots (mean = 23; SD = 12.7).

Exclusion experiments

By July, all seedlings beneath the colonies trees had 
been eaten or killed by rooting pigs and Turkeys (Fig. 7). 
The only seedlings that remained were within our exclo-
sures. However, during the late dry season (November), 
pigs eventually dug under all of the exclosures and con-
sumed the remaining seedlings. Thus, this final month 
was excluded from our analyses. The LMM revealed a 
significant interaction between time and treatment 
(F3,40 = 18.07, P < 0.0001). The number of seedlings was 
higher in exclosures than in control areas, especially 
during the wet season (January–May; Fig. 7).

Discussion

Like other communally breeding birds, Metallic 
Starlings massively influence the terrestrial environment 
beneath their arboreal colonies (Ellis 2005). In contrast 
to many other birds, however, the Starlings’ influence on 
the surrounding vegetation is exclusively negative (Vidal 
et al. 1998, Ellis 2005, Young et al. 2011, Zolkos et al. 
2012). In most cases, death of all plants creates an area of 

FiG. 3. Vegetation, substrate, and nest characteristics within 3 × 3 m quadrats at increasing distances from the base of colony 
trees used by Metallic Starlings (Aplonis metallica). Negative distances on the x- axes represent the area down-slope of the tree, while 
positive distances reflect the upslope. The panels show (a) the number of Starling nests that had fallen from the tree, (b) the number 
of nests in branches directly above the sampling area, (c) the number of “major” (>200 mm diameter) trees, and (d) the percentage 
of ground covered by seeds (gray), nests (black), and leaves (white). Circles show data for bird- colony trees, whereas dots show data 
from nearby random trees that did not contain bird colonies. All graphs show mean values and associated standard errors.

a b

c d
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zero vegetation and canopy cover directly below the 
colony (Smith 1978, Sanchez- Pinero and Polis 2000, 
Hebert et al. 2005). A causal effect of Metallic Starlings 
on the creation and maintenance of this dead zone is sup-
ported by the absence of such dead zones in nearby trees 
lacking Starling colonies; by a decrease in this effect with 
increasing distance from the colony; by a greater impact 
on the downslope where nutrients accumulate; and by 
negative correlations between Starling nest numbers and 
vegetation characteristics. Within- colony variation in the 
terrestrial flora was strongly influenced by the number of 
nests in the tree above. On a broader scale, larger colonies 
also exhibited the highest concentrations of nutrients in 
their soils (as expected, because more birds will drop 

greater volumes of guano and other organic material: 
García et al. 2002, Ellis et al. 2006). In addition, soil 
nutrient concentrations are undoubtedly influenced by 
the length of time the colony has been active at each site, 
and larger colonies may have been occupying the same 
site for longer periods.

What proximate mechanisms create the dead zone 
under a Starling colony? One plausible explanation is 
that high concentrations of nutrients (in particular 
ammonium, nitrogen, phosphorous), and pH (Table 1) 
are toxic to plants and can inhibit growth (Ellis 2005, 
Young et al. 2011, Havik et al. 2014). At our study site, 
vegetation was impacted to a greater degree on the down- 
slope side of colony areas (Figs. 2 and 3), consistent with 
downhill leaching of toxic soil nutrients. Soil toxicity 
through high ammonium and nitrate levels particularly 
impacts mature woody plants (Dusi 1977,  Haynes and 
Goh 1978), potentially explaining the death of larger 
trees surrounding the Starling colony (Fig. 3c), but this 
hypothesis cannot explain the absence of other plants. In 
most systems, high nutrient concentrations result in pro-
lific growth of at least some plant species (Vidal et al. 
1998, Ellis 2005, Young et al. 2011, Zolkos et al. 2012). 
This is especially true for seedlings, which are more tol-
erant of high nutrient levels (or have been subjected to 
them for shorter lengths of time) than are other life stages 
(Haynes and Goh 1978). Indeed, our germination exper-
iments confirmed that seedlings thrive in these high- 
nutrient soils.

A second (and related) hypothesis is that the rain of 
guano from birds onto plant leaves may physically block 
light uptake and thus photosynthesis, hence reducing 
growth and survival of seedling and saplings (Sobey and 
Kenworthy 1979, Ishida 1997). In our study system, 
though, nesting by Starlings is confined to a relatively 
short period each year, allowing seedlings time to ger-
minate and grow at other times. In support of this idea, 
many seedlings germinated beneath colony trees after the 
birds had departed from the colony (D. J. D. Natusch, 
personal observation). So, what is killing the seedlings and 
saplings beneath Starling colonies? Our exclusion exper-
iments unambiguously answer that question. In the sea-
sonal environment of tropical Australia, many animals 
utilize the resource- rich sites beneath Starling colonies 
(Natusch et al. 2016). Usage by Turkeys and (especially) 
pigs peaks in the dry season, when resources in the sur-
rounding landscape begin to dwindle. At this time, pigs 
and Turkeys kill seedlings either via direct consumption 
or through soil disturbance (trampling and rooting; D. J. 
D. Natusch, personal observation; Maesako 1999). By the 
end of the dry season, all the remaining seedlings were 
killed when the pigs overturned our exclosures to gain 
access to the resources beneath.

This indirect mechanism of impact by bird colonies on 
vegetation differs profoundly from the direct effects of 
colonial birds reported from studies on offshore islands. 
Studies on insular bird colonies typically report that the 
nutrients imported by nesting birds enhance rates of 

FiG. 4. Relationship between vegetation characteristics 
(based on principal component scores for multiple measures of 
vegetation characteristics) beneath colony trees used by Metallic 
Starlings, as a function of (a) quadrat distance from the base of 
the Metallic Starling (Aplonis metallica) colony tree, (b) 
proportion (%) of fallen seed and nest cover in quadrat beneath 
the colony tree, and (c) the number of nests in the colony tree 
directly above each quadrat.

P
C

A
 s

co
re

,
ve

ge
ta

tio
n 

ch
ar

ac
te

rs

−4

−2

0

2

4 a

b

c

Quadrat distance from colony tree (m)

P
C

A
 s

co
re

,
ve

ge
ta

tio
n 

ch
ar

ac
te

rs

−4

−2

0

2

4

Proportion of fallen nests and seed cover (%)

P
C

A
 s

co
re

,
ve

ge
ta

tio
n 

ch
ar

ac
te

rs

−4

−2

0

2

4

Number of nests overhead

0 10 20

0 0.2 0.4 0.6 0.8 1.0

0 100 200 300 400



February 2017 389ENVIRONMENTAL IMPACTS OF BIRD COLONIES

growth of local vegetation (Vidal et al. 1998, Wait et al. 
2004, Ellis 2005, Baumberger et al. 2012). In a mainland 
site like our own study area, however, the dynamics are 
very different. The impact of Metallic Starlings on vege-
tation is mediated primarily by the activities of terrestrial 
vertebrate scavengers, a group absent (or at most, present 
in low numbers) from most remote islands (MacArthur 
and Wilson 1967, Ellis 2005). More generally, our results 
reflect the continuous nature of forest cover in tropical 
Australia, not only supporting large numbers of generalist 
herbivores (including feral taxa such as pigs, as well as 
native taxa such as Scrubfowl), but also allowing them to 
move long distances to exploit local resource hotspots.

High densities of herbivores also mediate vegetation 
characteristics at other animal aggregation sites. For 
example, former livestock corrals in the Kenyan savannah 
attract high densities of ungulate herbivores, which 
browse upon woody vegetation and reduce tree cover, 
reducing the potential for prolific biomass accumulation 
in these nutrient- rich sites (Porensky and Veblen 2012, 
Veblen 2012). At smaller spatial scales, termite mounds 
act as nutrient hotspots in savannah systems, attracting 
high densities of herbivores that influence the already 

unique vegetation composition at these locations (Davies 
et al. 2015). Unlike the Starling sites, however, in those 
systems, at least some vegetation persists. It would be 
interesting to repeat our study in smaller forest frag-
ments, where the pool of available scavengers and herbi-
vores is greatly reduced. In the absence of large mobile 
herbivores, Starling colonies could potentially increase 
rather than decrease vegetation densities beneath nesting 
trees.

More broadly, the massive influx of nutrients to the 
ground beneath Starling colony trees may have multiple 
consequences. For the colony tree itself, an obvious 
benefit is the availability of nutrients in what is otherwise 
a relatively nutrient- poor landscape (Gilbert and Shaw 
1987, Fell et al. 2009). Those nutrients come not only 
from the birds, but also from the numerous scavengers 
that aggregate under the colony trees (Natusch et al. 
2016). A less obvious effect is that pigs and Turkeys 
attracted by those nutrients consume (and thus eliminate) 
any seedlings that might otherwise grow up beneath the 
colony tree. We doubt that such seedlings could grow fast 
enough to compete with the colony tree, but the dead 
zone beneath such a tree may confer a strong benefit to 

taBle 1. Comparison of the chemical composition of soils from beneath Starling colony trees and random trees (n = 10 of each 
tree type; 20 total).

Nutrient

Colony Random

t df PMean SD Mean SD

Calcium (mg/kg) 4061.8 1570.2 1167.1 753.2 −5.4 16.8 <0.0001
Magnesium (mg/kg) 2255.2 860.6 308.1 153.3 −9.2 17.9 <0.0001
Potassium (mg/kg) 3545.8 1757.8 121.7 72.5 −11.8 18 <0.0001
Phosphorus (mg/kg) 290.3 205.3 8.6 5.8 −9.6 17.2 <0.0001
Nitrate nitrogen (mg/kg) 111.8 52.2 34.7 16.8 −5.5 17.8 <0.0001
Ammonium nitrogen (mg/kg) 129.3 122.9 33.2 15.2 −3.9 12.5 0.002
Sodium (mg/kg) 324.8 212.2 40.8 16.8 −8.7 17 0.0011
Sulfur (mg/kg) 65.6 22.3 13.8 5.1 −9.1 17.9 <0.0001
pH 7.1 0.4 6.1 0.5 −5.6 17 <0.0001
Conductivity (ds/m) 0.9 0.4 0.1 0 −9.6 17.5 <0.0001
Organic matter (%) 41.4 14.4 7.9 3.7 −8.1 17.8 <0.0001
Aluminum (mg/kg) 4.4 1.9 6.5 4.2 1.6 17.8 0.94
Hydrogen (mg/kg) 1 3.1 2.2 2.1 1.2 15.7 0.26
Effective cation exchange 
capacity (cmol+/kg)

78.2 19.8 15.1 7.4 −9.1 12.8 <0.0001

Zinc (mg/kg) 17.1 8 1.6 1.4 −7.5 12.9 <0.0001
Manganese (mg/kg) 78.5 47.6 19.8 20 −4 17.9 0.0007
Iron (mg/kg) 301.4 178.1 239.9 177.5 −0.7 17.1 0.52
Copper (mg/kg) 4.6 2.1 0.9 0.3 −7.6 17.6 <0.0001
Boron (mg/kg) 5.8 2.9 1.5 0.5 −6.2 12.5 <0.0001
Silicon (mg/kg) 61.4 29.2 27.6 15.8 −2.9 15.9 0.0095
Total carbon (%) 23.6 8.2 4.5 2.1 −8.1 17.8 <0.0001
Total nitrogen (%) 1.5 0.5 0.3 0.1 −7.8 18 <0.0001
C:N ratio 16.3 1 14.1 1.8 −3.5 14.1 0.0019
Chloride estimate (ppm) 576 247.7 80.7 32 −9.6 17.4 <0.0001

Notes: Units are in mg/kg soil dry mass unless otherwise stated. Analysis of these differences are reported in the text, but for ease 
of interpretation we have included results of paired t tests to highlight the differences in soil nutrient composition between tree types 
(without correction for multiple testing).

†See Data S1 for detailed explanation of the methods used to calculate these soil nutrient results.
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the Starlings that nest in it. Metallic Starlings choose 
colony sites (host trees) that are difficult to climb, thus 
preventing access by predatory snakes (D. J. D. Natusch 
et al., under review). The dead zone may advantage the 
Starlings by preventing snakes from climbing nearby 
trees and bridging into the canopy of the colony tree to 
access nests.

Paradoxically, the Starlings may also jeopardize the 
survival of colony trees over the longer term. Of the 27 
colony trees that we located at the beginning of our study, 
10 died within the next three years (Natusch et al. 2016). 
Although the reasons for these deaths are unknown, 
similar findings in studies of other communally nesting 
birds suggest that high nutrient concentrations (from bird 
guano) can kill mature trees (Dusi 1977, Ishida 1996, 

Hebert et al. 2005, García et al. 2011). These same impacts 
also occur in other Starling (Sturnus sp.) colonies at tem-
perate sites (Young 1936, Gilmore et al. 1984). At our 
tropical Starling colony sites, constant soil disturbance 
(by pigs and Turkeys) also may negatively impact the host 
tree by loosening the soil around its roots. In severe cases, 
the tree eventually uproots from the unstable soil and 
crashes to the ground, destroying the entire bird colony 
(D. J. D. Natusch, unpublished data). Thus, although 
Starlings may avoid predators by indirectly influencing 
surrounding vegetation (and thus climbing opportunities 
for predators), they may also reduce their own survival 
(and the availability of suitable trees for breeding in sub-
sequent years) via the same indirect mechanism.

Spatial variability in vegetation responses to bird col-
onies depends upon the climate, soil structure, pre- existing 
landscape features, and aggregation intensity at colony 
sites. Oceanic islands, for example, are characterized by 
relative homogeneity in soil and vegetation, facilitating 
attempts to predict bird- colony impacts. In other cases, 
the direction and magnitude of variability in underlying 
factors may be difficult to predict because those factors 
depend upon species that are present at some sites but not 
others. Although the result of such interactions beneath 
Metallic Starling colonies is primarily negative for the 
vegetation at a small spatial scale, colony sites also create 
habitat heterogeneity and nutrient subsidies that are dis-
persed via scavengers and predators over long distances.

More broadly, trees in savannahs and shrubs in arid 
zones also create nutrient hotspots that generate spatial 
complexity within otherwise homogenous landscapes 
(Tews et al. 2004, Manning et al. 2006, Tulloss and 
Cadenasso 2015). These sites often harbor unique assem-
blages of local flora and fauna, whose presence creates 
cascading effects that influence landscape diversity and 
ecosystem function (van der Waal et al. 2011). The 

FiG. 5. Chemical composition of the soil (based on principal 
component scores for multiple measures of soil nutrients) 
beneath colony trees used by Metallic Starlings and nearby 
random trees, as a function of the number of bird nests in the 
tree. Positive principal component (PC) scores indicate soils 
with high concentrations of most nutrients, whereas low PC 
scores indicate soils with low nutrient concentrations.

P
C

1 
sc

or
e 

fo
r 

so
il 

ch
em

is
tr

y

−6

−4

−2

0

2

4

6

8

Number of nests

0 200 400 600 800

FiG. 6. Mass of material dropped at Metallic Starling 
(Aplonis metallica) nesting colonies and nearby random trees 
during the season when the birds are nesting and when they are 
not. The graph shows mean values and associated standard 
errors. White columns are colony trees, black columns are 
random trees.

FiG. 7. Number of seedlings within exclosures vs. control 
sites beneath nesting colonies of Metallic Starlings, at different 
times of the year.

Note: low values for exclusion enclosures after July were due 
to feral pigs destroying the exclosures to access the seedlings and 
soil within. The graph shows mean values and associated 
standard errors.
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Starling colonies are unusual, however, in the massive 
amount of nutrients that they deposit each year (>1,000- 
fold difference in soil nutrients in a nutrient- poor land-
scape; Gilbert and Shaw 1987). At present, we know little 
about the ecosystem- level impacts of such high nutrient 
input, or how far those nutrients are dispersed into the 
surrounding forest matrix by the animals that intensively 
forage under colony- occupied canopies.

At temperate- zone sites, apex predators strongly 
influence vegetation composition via trophic cascades, 
with important consequences for ecosystem function 
(Croll et al. 2005, Ripple and Beschta 2012). Similarly, 
feral pigs at our study site act as agents of disturbance 
within the surrounding forest ecosystem, potentially 
resulting in changes in nutrient cycling, primary produc-
tivity and vegetation characteristics that may extend far 
beyond the understory below Starling colonies (Mitchell 
et al. 2007). Biological interactions that increase the 
abundance of pigs (such as culling of dingos; Johnson 
et al. 2007) or Brush  Turkeys (such as the invasion of cane 
toads; Jolly et al. 2015) could potentially influence vege-
tation assemblages both below Starling colonies and 
within the broader landscape. We know too little about 
food webs within these tropical forests to confidently 
predict such effects, but our data point to strong impacts 
of colonial nesting on the vegetation and fauna of the 
terrestrial ecosystems beneath.

Although nutrient hotspots promote primary and sec-
ondary productivity in many systems, our system reflects 
an unusual situation whereby a nutrient hotspot depletes 
primary productivity. The lack of vegetation growth 
under bird  colonies may slow nutrient cycling and lead to 
more acute nutrient toxicity than has been observed in 
other systems. Understanding the ecosystem- level impacts 
of residual nutrients (after the Starling colony has ceased 
to use that site), and subsequent successional changes, 
would be of great interest. For example, do terrestrial her-
bivores continue to remove vegetation from these sites, 
and how long does it take before the dead zones beneath 
colonies are no longer functionally unique features of the 
surrounding landscape? In addition to these questions, 
future researchers could usefully explore the hypothesis 
that the impacts of resource hotspots (in particular those 
generated by bird colonies) on terrestrial biota is mediated 
by a factor that varies spatially and temporally: the abun-
dance of secondary consumers, both native and feral.
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