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Carpenter4, and Todd Palmer1

1University of Florida
2The Nature Conservancy
3Univ Wyoming
4Yale University

September 11, 2020

Abstract

Invasive ants shape assemblages and interactions of native species, but their effect on fundamental ecological processes is
poorly understood. In East Africa, the big-headed ant (Pheidole megacephala) invades monodominant stands of the ant-
tree Acacia drepanolobium, displacing native ant defenders and rendering trees vulnerable to elephants (Loxodonta africana)
and other browsing ungulates. We quantified A drepanolobium photosynthesis and transpiration pre- and post-invasion by P.
megacephala. After ca. 5 years, ant invasion resulted in 69% lower whole-tree carbon fixation during the growing season, despite
shorter-term (< 1 year) positive effects on photosynthetic rates coinciding with the displacement of energetically costly native
ants. By experimentally excluding ants and large herbivores, we demonstrate that reduced carbon fixation resulted largely
from browsing on trees by large herbivores in invaded areas. Our results from individual trees likely scale up, highlighting the
potential of invasive species to alter carbon fixation and other biogeochemical cycles at ecosystem scales.

Introduction

Non-native insects can profoundly affect ecological communities, threatening biodiversity (Pimentel et al.
2001; Englund 2008; Hill et al. 2013), disrupting important ecological processes (forest canopy structure,
biogeochemical cycles, Gandhi & Herms 2010; suppressing native foundational species, McGeoch et al. 2015),
and imposing large economic costs (Bradshaw et al. 2016; Painiet al. 2016). Invasive ants comprise >240
species, and often lead to shifts in the behavior, functional role, and abundance of their native counterparts
(Holway et al. 2002; Bertelsmeieret al. 2017). In so doing, non-native ants can restructure pollination
networks (Vanbergen et al. 2018), interrupt seed dispersal (e.g., Horvitz & Schemske 1986; Rodriguez-
Cabal et al.2012) and pollination (e.g., Fuster et al. 2020), and spread diseases in pollinator communities
(Vanbergen et al. 2018).

Although their community-level impacts are well documented and diverse, the consequences of ant invasions
for biogeochemical cycles are poorly understood. In particular, effects of invasive ants might be expected
to reverberate throughout ecosystems via shifts in carbon dynamics for several reasons. First, native ants,
which are often displaced by invasive ants (Ness & Bronstein 2004; Milligan et al. 2016), can directly
modulate the spatial distribution of carbon (e.g., wood ants in subalpine forests, Risch et al. 2005; Finér
et al. 2013), or engage in ant-plant mutualisms that influence host plant carbon dynamics (Pringle 2016).
Second, invasive ants can feed on extrafloral nectar of host plants (Ness & Bronstein 2004; Lach et al. 2009)
and collect honeydew from heterospecific insect partners (Beardsleyet al. 1982; Zhou et al. 2017; Demian
& Tarnita 2019; Anastasio 2020). Ant interactions with nectaries or with phloem-feeding insects can affect
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the carbon source-sink ratio of host plants (Albaniet al. 2010; Del-Claro et al. 2016; Prior & Palmer 2018)
which can increase or decrease leaf carbon exchange rates (Goldschmidt & Huber 1992; Nebauer et al. 2011).
Third, invasive ants can deter or facilitate herbivory on host plants with consequences for plant growth and
overall canopy size (e.g., Savage et al. 2009; Lach & Hoffmann 2011; Kulikowski II 2020), which may combine
with changes to leaf carbon exchange rates to affect whole-plant carbon fixation. Finally, invasive ants could
especially influence ecosystem carbon cycling by invading ant-plants that are dominant primary producers
in some communities (e.g., devil’s gardens, Frederickson et al.2005; Acacia drepanolobium savannas, Goheen
& Palmer 2010), such that invasion would have disproportionate effects on local carbon cycles.

We investigated how invasion by Pheidole megacephala Fabricius (the “big-headed ant”) affects carbon cycling
in a widespread and mono-dominant foundation species, the whistling thorn tree (Acacia drepanolobium ).
Pheidole megacephala has invaded tropical and subtropical ecosystems around the world (Wetterer 2012), ex-
tirpating native ant mutualists (Ness & Bronstein 2004; Riginos et al.2015), forming facultative partnerships
with phloem-feeding insects (e.g., Beardsley et al. 1982; Gaigher et al. 2013), but otherwise suppressing
abundance, distribution, and diversity of native insects (Ness & Bronstein 2004; Hoffmann & Parr 2008;
Riginos et al. 2015; Milligan et al. 2016). In savannas underlain by clay-rich vertisols (i.e., ‘black-cotton’) sa-
vannas of Laikipia,A. drepanolobium comprises >95% of woody cover (Young et al. 1996) and forms obligate
mutualisms with four native ant species (Crematogaster mimosae Santchi, Crematogaster nigriceps Emery,
Crematogaster sjostedtiMayr, and Tetraponera penzigi Mayr). Host plants exclusively house one native ant
species at a time, producing extrafloral nectar and hollow spine domatia (e.g., Huntzinger et al. 2004) to
feed and house thousands of ants (Palmer 2004). The most common mutualist, C. mimosae , consumes
nectar and honeydew (Prior & Palmer 2018) and reduces herbivory by large mammals (Stanton & Palmer
2011) including elephants (Goheen & Palmer 2010). In invaded habitats, C. mimosae mutualists are com-
pletely extirpated byP. megacephala , which does not deter herbivores (Riginos et al. 2015). However, and
because P. megacephala does not consume extra-floral nectar, host trees may experience energetic savings
immediately after invasion, even as longer-term costs (through risk of intense herbivory) increase. King and
Caylor (2010) demonstrated that the prevention of herbivory by native ants influences photosynthetic rate
of the host tree, but direct ant-plant interactions and the role of this invasive ant were not investigated in
their study. Thus, both ant-plant and vertebrate-plant interactions are potential modes by which invasive
ants may impact leaf photosynthetic rate (via source-sink dynamics) and canopy carbon fixation (via canopy
damage by herbivores).

We conducted field experiments and observations to investigate howP. megacephala invasion affects carbon
fixation in A. drepanolobium . Because the effects of invasion frequently lag behind the initial arrival of the
invader (Simberloff 2011), we evaluated howP. megacephala invasion influences host plant carbon fixation
over both the short- (<1 year) and long-term (ca . 5 years). We investigated these short- and long-term
impacts of invasion in wet and dry seasons during which host plant rates of photosynthesis can substantially
differ (King & Caylor 2010). We addressed three research questions regarding A. drepanolobium : (1) Does
the leaf photosynthetic rate of A. drepanolobium change shortly after the extirpation of costly ant mutualists
by P. megacephala ? (2) Does the leaf photosynthetic rate of A. drepanolobium further change in long term
invasion sites, and how is that rate influenced by ant-plant and vertebrate plant interactions? (3) How do
vertebrate herbivores and invasive ants contribute to changes in canopy photosynthesis for invaded trees?

Methods

Study Site - Fieldwork was conducted from July 2017 to September 2018 at Ol Pejeta Conservancy (“OPC”;
0°0’52.62”N, 36°51’58.64”E, 1800 m above sea level). This 360 km2 conservancy receives ca. 250-300 mm of
rainfall in wet seasons (March to May; October to December, and intervening periods are typically dry and hot
with monthly rainfall of ca . 30-50 mm (OPC records). The OPC elephant population (ca . 130-300 depending
on forage availability, OPC records) disproportionately imposes heavy damage onA. drepanolobium in areas
where P. megacephala has invaded (Riginos et al. 2015). Ground-dwelling P. megacephala ants have expanded
from human habitation areas on OPC into black-cotton savannas for the past ca . two decades (Riginos et
al.2015), where they occupy trees and soil. During this study, P. megacephala extended each monitored

2



P
os

te
d

on
A

ut
ho

re
a

11
Se

p
20

20
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

98
63

66
.6

61
36

12
9

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

invasion front by ca . 50 m/yr (Pietrek et al. in revision).

Survey Regime - We measured leaf gas exchange (photosynthesis and transpiration) in concurrent Before-
After-Control-Impact (BACI) and factorial experiments (Fig. S3) during rainy and dry seasons. For each
surveyed tree, we measured leaf water potential at mid-day and before dawn to 1) confirm assumptions that
all sites had similar soil water status within each ca. 2-week survey period, 2) to confirm that our designations
of “wet” and “dry” seasons were appropriate relative to studies of other East African acacias (Gebrehiwot et
al. 2005; Gebrekirstos et al. 2006), and 3) to calculate leaf water potential range, which can be compared
with leaf gas exchange rates to indicate changes in water management by the plant.

BACI experiment – To assess short-term impacts of P. megacephala invasion, we measured gas exchange
rates and leaf water potential on the same trees before and after invasion, and compared those to concurrent
measurements on uninvaded trees that were protected by native C. mimosae . We collected data from trees in
plots near the invasion front (“Transition” sites) before and after invasion, and also surveyed non-manipulated
trees <1 km from each Transition site (“Control” sites) that remained unaffected by P. megacephala range
expansion over the course of the study. All sites were accessible to large herbivores. In the July 2017 dry
season and November 2017 wet season, we surveyed 20-24 adult trees (1.5-2 meters tall) at each Transition
(pre-invasion) and Control sites.Pheidole megacephala workers expanded into Transition sites in December
2017, and we repeated surveys at each site in the May 2018 wet season and September 2018 dry season.
Five trees were destroyed (evidently by elephants) between December 2017 and May 2018 and excluded from
analyses.

Factorial experiment comparing long-term (>5 years) impact of invasion – In the factorial experiment, we
tested direct and indirect effects of invasive P. megacephala , nativeC. mimosae, and vertebrate herbivores
on leaf and canopy gas exchange. We measured leaf water potential and gas exchange rates in two dry (July
2017 and September 2018) and two wet seasons (November 2017 and May 2018). Treatment factors were
large herbivores (present vs. absent) and ants (present vs. absent), resulting in four treatments (Fig. S3).
We conducted our experiment in three sites where acacias had been invaded for ca. 5 years (“Invasion”),
and in 3 neighboring (< 2 km away) uninvaded sites with comparable tree density (“Uninvaded” sites). We
constructed an electric fence exclosure at each site to exclude large herbivores (>20 kg) from a 50 x 50 m
plot (0.25-ha) containing ca . 40 adult trees (1.5-2 meters tall). We marked 40 adult trees (1.5-2 m tall) in
a plot of similar area and tree density ca. 200 m from each fenced plot to serve as unfenced controls. Each
site comprised two plots, with a total ofca . 80 marked trees at each site. We fogged canopies with 0.6%
alpha-cypermethrin (2–3 day half-life in full sunlight; World Health Organization public health specifications
for insecticides) and applied sticky barriers (Tanglefoot ® Insect Barrier, Contech Enterprises, Victoria, BC,
Canada) to the trunks of 20 trees (e.g., see Stanton and Palmer 2011) in each plot to remove and exclude
ants, and reapplied both as needed.

Tree physiological measurements -We conducted all plant physiology measurements on fully-expanded leaves
growing from non-lignified shoots in the unshaded sections of the upper canopy. Leaf-level light-saturated
photosynthetic and transpiration rates [henceforth “leaf photosynthetic rate” (Amax-leaf ) and “leaf transpira-
tion rate” (E leaf )] were measured using a LI-6400XT Portable Photosynthesis System (Li-Cor Biosciences,
Lincoln, NB) during sunny or partly cloudy days from 07:30-11:30. In long-term Invaded and Uninvaded
sites, we also visually estimated canopy leaf area for a random subset of 7-17 acacias per treatment in our
factorial experiment in 2018 ( N = 102 in wet season, N = 61 in dry season; means ± SEM in Table
S1), and multiplied estimated leaf area by leaf photosynthetic and transpiration rates to estimate idealized
light-saturated whole-canopy photosynthesis and transpiration [henceforth “canopy photosynthetic capacity”
(Amax-canopy ) and “canopy transpiration capacity” (Ecanopy )].

Amax-leaf andE leaf are extrapolated from gas exchange rates measured in the ideal environment within a
controlled cuvette, and likely are higher than net photosynthesis and transpiration of a tree in naturally
variable conditions (McGarvey et al. 2004). “Amax” is an idealized estimate of photosynthesis and “E leaf
” is an idealized estimate of transpiration; the suffix leaf refers to the leaf-level rate of gas exchange per
unit leaf area, while the suffixcanopy refers to estimates of the idealized canopy gas exchange. We therefore
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compare these approximations to estimate relative differences in gas exchange for trees in both BACI and
factorial experiments, but they do not estimate the absolute effect of invasion on carbon fixation.

We measured pre-dawn (ψPD ) and mid-day leaf water potential (ψMD) on the same day as the gas exchange
measurements for each study site using a Model 610 Plant Pressure Chamber (PMS Instruments, Corvallis,
OR). Treatment means (± SEM) of ψPD andψMD are in Tables S2 and S3. Wet seasonψPD ranged from ca
. -1.0 to -1.5 MPa and dry season ψPD ranged fromca . -1.9 to -2.1 MPa; studies of related tree species in
the region recorded ψPD of ca . -2.0 MPa in dry conditions (Gebrekirstos et al. 2006).

For each tree we calculated diurnal leaf water potential range ([?]ψleaf ) as the difference between pre-dawn
and mid-day leaf water potentials ([?]ψλεαφ = ψΠΔ –ψΜΔ). [?]ψleafdemonstrates the range of viable
water conditions that a leaf will experience (Gebrehiwot et al. 2005; Gebrekirstos et al.2006): that range is
fundamentally created by stomatal water loss (Henryet al. 2019) and increased by loss of vascular hydraulic
conductivity (Lambers et al. 2008; Scoffoni et al. 2017). Plants will often remain within a species-specific
[?]ψleaf (e.g., Gebrekirstos et al.2006), while photosynthesis and transpiration can vary without affecting
[?]ψleaf as a result of osmotic or stomatal adjustments (Inoue et al. 2017; Mart́ınez-Vilalta & Garcia-Forner
2017; Hochberg et al. 2018; Zhang et al.2019). Note S1 further describes tree physiology methods.

Statistical Analysis - We used generalized linear models (GLMs) to analyze data in the BACI and facto-
rial experiments. For the BACI experiment, we constructed individual GLMs for each season (wet/dry)
forAmax-leaf ,E leaf , and [?]ψleaf . In the BACI GLMs, sampling year (2017, 2018) and site type (Transition,
Control) and their interaction term were fixed effects. We specifically report significant interaction terms
for the BACI analysis results, to identify differences in leaf physiological traits for trees that were invaded
between the 2017 and 2018 surveys, relative to interannual differences for the paired Control trees that
experienced similar environmental conditions but no invasion. For the factorial experiment, we constructed
separate GLMs for each season (wet/dry) for Amax-canopy ,Ecanopy ,Amax-leaf ,E leaf , and [?]ψleaf . In the
factorial experiment GLMs, ant identity (C. mimosae or P. megacephala ) was a fixed effect, the exclusion of
herbivores and ant occupants were fixed effects nested within ant occupant identity, and data from sampling
periods were pooled. For both experiments, we also tested models that included site as a random effect, but
this term was non-significant for all models and resulted in higher AICc scores, so we removed this term from
our final analyses. Analyses were conducted using JMP Pro 14.1.0 (SAS Institute, Cary, North Carolina,
USA). Further details on GLMs are in Note S2.

Results

Short-term effects of ant occupants and herbivores on A. drepanolobium physiology- In wet seasons, Control
trees had lowerAmax-leaf , lowerE leaf , and higher[?]leaf in 2018 than in 2017, but Transition trees exhibited
no significant differences in any of those traits (Amax-leaf : F1,131 = 5.16, P = 0.0231, Fig. 1A;E leaf : F1,131

= 8.99, P = 0.0027, Fig. 1C; [?]leaf : F1,122 = 3.88, P = 0.0488; Fig. 1E). During dry seasons,Amax-leaf was
substantially lower in 2018 than in 2017 for newly-invaded trees, while Control trees exhibited a significantly
smaller interannual decline (F1,127 = 17.78, P < 0.01; Fig. 1B).E leaf was significantly higher for Control
trees in 2018 than in 2017, while Transition trees remained consistent across years(F1,127 = 4.53, P = 0.0332;
Fig. 1D), trees at both sites exhibited consistent[?]leaf in both years (F1,127 = 0.00, P = 0.99; Fig. 1F).

Long-term effects of ant occupants and herbivores on Acacia drepanolobium physiology - Trees occupied by
C. mimosae vs.P. megacephala in long-term Uninvaded and Invaded sites differed substantially in leaf water
potential ranges, leaf gas exchange rates, and canopy gas exchange capacities. During wet seasons, trees in
Invaded areas had reduced Amax-leaf (F1,205 = 11.55, P < 0.001; Fig. 2A),E leaf (F1,205 = 15.68, P <0.0001;
Fig. S1A), Amax-canopy (F1,94 = 42.33, P < 0.0001; Fig. 2A), andEcanopy (F1,94 = 42.70, P < 0.0001; Fig.
S1A); however,[?]leaf did not significantly vary (F1,193 =1.39, P = 0.24; Fig. S1C). During dry seasons, trees
in Invaded areas had higherAmax-leaf (F1,212 = 4.55, P = 0.0329; Fig. 2B) andE leaf (F1,212 = 5.96, P <
0.0001; Fig. S1B), but also slightly decreased[?]leaf (F1,208 = 4.52, P = 0.0334; Fig. S1D) by ca . 0.1 MPa;
we did not find differences in Amax-canopy (F1,53 = 0.06, P = 0.80; Fig. 2B) or Ecanopy(F1,53 = 0.49, P =
0.87; Fig. S1B) for long-term sites.
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During the rainy season, trees in Invaded areas that were exposed to vertebrate herbivores had lower
Amax-leaf (F2,205 = 5.03, P = 0.025; Fig. 3A),Amax-canopy (F2,94 = 53.07, P < 0.0001; Fig. 3C), andEcanopy

(F2,94 = 50.30, P < 0.0001; Fig. 4A), and non-significantly lowerE leaf (F2,205 = 2.99, P= 0.084; Fig. S2A);
[?]leaf did not differ (F2,193 = 0.20, P = 0.66). During the dry season, invaded trees in each herbivory
treatment did not differ inAmax-leaf (F2,212 = 1.94, P = 0.16; Fig. 3B), Amax-canopy(F2,53 = 1.71, P =
0.19; Fig. 3D), or[?]leaf (P = 0.93; Fig. 4D), but tree in Invaded areas that were exposed to vertebrates had
slightly higherE leaf (F2,212 = 3.99, P= 0.0459; Fig S2B) and Ecanopy(F2,53 = 5.70, P = 0.0189; Fig. 4B).

Through ant removal in our factorial experiment, we linked occurrence ofP. megacephala ants with differences
in water potential range and gas exchange in both wet and dry seasons. During wet seasons, Invaded trees
that were experimentally cleared of P. megacephala had higher Amax-canopy(F2,94 = 10.57, P < 0.001; Fig.
3C) andEcanopy (F2,94 = 10.77, P < 0.001; Fig 3A), and slightly smaller[?]leaf (F2,193 = 4.32, P = 0.0378;
Fig. 4C) by ca . 0.15 MPa; we did not find significant differences in Amax-leaf (F2,205 = 0.19, P = 0.67; Fig.
3A) orE leaf (F2,205 = 0.07, P = 0.79; Fig. S2A) on trees cleared of P. megacephala . In dry seasons, trees
occupied by P. megacephala had slightly higherE leaf (F2,212 = 6.36, P = 0.0117; Fig S2B) and Ecanopy

(F2,53 = 8.38, P = 0.0038; Fig. 4B) than P. megacephala removal trees, but we found no differences between
these treatments in Amax-leaf (F2,212 = 0.01, P = 0.92; Fig. 3B),Amax-canopy (F2,53 = 3.11, P = 0.08; Fig.
3D), or [?]leaf (F2,208 = 2.57, P = 0.11; Fig. 4D). In contrast to trees from long-term Invaded sites, trees
occupied by C. mimosaeat Uninvaded sites did not exhibit different gas exchange or leaf water potential
traits due to ant removal, herbivore exclusion or their interaction (Note S3).

Discussion

Pheidole megacephala invasion strongly influenced rates of carbon fixation in A. drepanolobium , consistent
with other studies demonstrating that invasive species can alter fundamental ecosystem processes (Hooper et
al. 2005; Morales et al. 2017). These long-term negative effects of P. megacephala on carbon fixation, despite
an initial positive effect of invasion on leaf carbon fixation rates, highlight that some ecologically relevant
effects of invasive species can lag behind their initial appearance in a habitat (Crooks 2005; Simberloff 2011).
The change in sign of the net effect of P. megacephala on host tree carbon fixation across different temporal
scales illuminates the value of long-term studies examining the effects of invasive species on ecosystem
processes (sensu Strayer et al.2006).

Our results from Transition sites suggest that P. megacephalatriggers short-term benefits for newly invaded
trees, which may enable newly invaded trees to maintain similar wet season photosynthetic rates before
and immediately after invasion, despite a decline of photosynthetic rates in their neighboring control trees
in that same time period. The loss of nectivorous mutualists in recently invaded areas likely removes a
carbohydrate sink for A. drepanolobium(Stanton & Palmer 2011), freeing resources to support leaf growth,
photosynthetic upregulation, and other metabolic processes (Wiley & Helliker 2012; Glanz-Idan & Wolf
2020). Increased carbohydrate availability may support costly molecular and biochemical mechanisms that
mitigate heat-related damage to photosynthetic apparatuses (Mathuret al. 2014). High maximum daily
temperatures (28-31°C), which can cause substantial interannual changes in phenology of other deciduous
tree species (e.g., Muraoka et al. 2010) were recorded in the January-March dry season that occurred between
2017 and 2018 wet season measurements (Caylor et al. 2020). This may explain why Control trees showed a
large interannual decline in photosynthetic rates, while Transition trees had consistent photosynthetic rates
in 2017 (before invasion) and 2018 (after invasion). These benefits of invasion were apparently negated in
the subsequent drought period, perhaps because mixed feeders that forage on woody species during the dry
season (Illius & O’Connor 1999) began to target invaded trees. These results suggest that maintenance of
photosynthesis may only be a sustainable strategy to support growth under low intensity herbivory (sensu
Gadd et al. 2001) in favorable abiotic conditions.

Contrasting with short-term results, we found that A. drepanolobium had markedly lower canopy photosyn-
thetic capacity in long-term Invaded areas vs. Uninvaded areas. In savannas that have been invaded for >
5 years, a 2-meter-tall tree has a canopy photosynthetic capacity of only ca . 31% of the carbon fixation
per hour as a comparable uninvaded tree during the wet season, a primary growing period for many African

5
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acacias (Gourlay 1995). This difference is partially driven by leaf photosynthetic rates that are ca.13% lower
during the wet season for invaded trees, but is greatly magnified by canopy leaf areas that are ca. 65% lower
for trees in long-term Invaded areas. The P. megacephala -driven decline in photosynthetic capacity for in-
vaded A. drepanolobium is similar in magnitude to declines in photosynthesis in North American hardwood
forests subjected to defoliation by non-native insects (Kurz et al. 2008; Albani et al. 2010; Clark et al. 2010).

Results from our herbivore and ant exclusion experiment suggest that vertebrate herbivory is the primary
driver of changes in the leaf and canopy photosynthesis and transpiration for trees in Invaded habitats. Large
herbivores, particularly elephants, suppress the canopy size of many woody plants in Sub-Saharan Africa
(Pellew 1983; Biggs & Jacobs 2002; Goheen & Palmer 2010), and King and Caylor (2010) showed that large
herbivores can suppress leaf photosynthetic rates for A. drepanolobium trees when occupied by a native ant
(Crematogaster sjostedti ) that ineffectively repels herbivores (Martins 2010). Our results similarly show that
P. megacephala invasion triggers large changes in leaf and canopy photosynthetic capacity when co-occurring
with large herbivores. Reduced leaf area in invaded trees is the strongest driver of canopy photosynthesis
decline, but herbivores can also induce changes to leaf structure and function in invaded areas. For example,
A. drepanolobium occupied by less defensive native mutualists increase leaf phenol concentrations in ca .
1-m-tall branches in response to herbivory (Ward & Young 2002), which could be occurring on invaded trees
at our study sites as well. The tradeoff between leaf phenolic concentrations and photosynthetic rates is well
conserved (e.g., Ishida et al. 2008; Sumbele et al. 2012) and plastic (e.g., Keenan & Niinemets 2016 and
references therein) across plant species, and so we may expect to see similar changes in photosynthetic rates
for other plants that experience intense herbivory after ant invasion.

The occurrence of invasive ants in long-term invaded trees directly impacted leaf physiology, though to a
lesser degree than the occurrence of large herbivores in invaded areas. This may be driven by root damage by
nesting workers or through facultative interactions with other insect pests in the canopy. While we did not
explicitly examine these relationships here, P. megacephala tends lycaenid caterpillars (pers. observation T.
Palmer; a widespread association in Australia, Eastwood & Fraser 1999) and appeared to tolerate cerambycid
larvae infestations (pers. observation P. Milligan) in the canopy. Infestations of phloem-feeding insects can
affect photosynthetic rates and water use efficiency of many plant taxa (Cockfield et al. 1987; Meyer &
Whitlow 1992; Haavik et al. 2008; Golan et al. 2015). We did not quantify the size of P. megacephala nests
around tree roots in this field experiment, but the excavation of nest cavities around roots has been observed
in A. drepanolobium saplings (Milligan et al. in preparation). Moreover, resource-limited invaded trees may
also produce fewer fine root hairs (a key factor for water uptake in clay dominated soils, Lambers et al . 2008
) or reduce the production and activation of water channels in cell membranes (e.g., aquaporins). Nesting
by invasive ants near can affect plant water status and soil water content (Moutinho et al. 2003), and water
status influences photosynthesis, transpiration, and solute management of other African acacias (Szarek &
Woodhouse 1978; Kebbas et al.2015). Thus, the simple process of nest excavation around plant roots may
enable invasive ants to affect host plant physiology in this and other systems.

Leaf and canopy gas exchange differed between long-term invaded and uninvaded trees but leaf water po-
tential ranges did not, which altogether may be attributable to differences in leaf water management.Acacia
drepanolobium in long-term invaded habitats may close stomata to minimize water loss, which could result
in similar leaf water potential ranges at a cost to photosynthesis (Farquhar & Sharkey 1982). Additionally,
A. drepanolobium in Uninvaded habitats may have more carbohydrates to support the management of solute
concentrations in leaves, which can allow high gas exchanges rates and capacities without inducing a change
in leaf water potential range (Inoue et al.2017; Zhang et al. 2019). These osmotic adjustments can be metabo-
lically costly but would also allow large increases in carbon fixation, and thus may create net photosynthetic
benefits at the canopy level for uninvaded trees. These proposed mechanisms occur in tissues that can have
high turnover in acacias (Jha & Mohapatra 2010) and so may be reversible if herbivore pressure is reduced.
Recent climate change models predict that the East African region will shift to wetter climates with less
severe droughts over the next century (Shongweet al. 2011; Haile et al. 2020), and physiological adjustments
by A. drepanolobium to these climatic changes may differ in invaded and uninvaded savannas.
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Both herbivore exclusion and P. megacephala removal positively impacted host tree physiology in invaded
habitats, but we did not find a positive effect of herbivore exclusion or a negative effect of C. mimosae removal
in uninvaded habitats. These effects would be expected, because C. mimosae strongly repels herbivores that
can reduce tree performance. The mechanisms underlying this pattern are not clear, but one potential
explanation relates to the idea of “associational defense” (Barbosa et al. 2009), where plants with weak
defenses gain protection by proximity to well-defended neighbors. Our C. mimosae -removal trees in unfenced
areas were typically adjacent (ca. 5 m) to well-defended A. drepanolobium trees occupied by mature colonies
of defensive ants, which may have reduced browsing on removal plants to comparable levels seen both on C.
mimosae -occupied plants in open areas, and host plants within herbivore exclosures. Coverdale et al. (2018)
found evidence for associational defenses at another Laikipia conservancy between otherAcacia species that
deploy inducible defense (i.e. spines) and their understory plant neighbors, though our study suggests that
the same principle applies to ant-defended trees and their conspecific neighbors.

Our study demonstrates how an invasive ant can interact with vertebrate herbivores to limit carbon fixation,
and in turn contribute to a carbon “deficit” in a foundational plant. Such deficits have been shown to initiate
plant performance declines in many systems. For example, both McDowell (2011) and Wiley and Helliker
(2012) discuss the process of carbon starvation, where plant mortality rises due to large declines in carbon
fixation or strong increases in metabolic costs. Allen et al. (2010) primarily attribute observed contemporary
global increases in plant mortality to climatic shifts, while McDowell (2011) describes how invasive insects can
increase mortality before the tree has even exhausted its resources. As demonstrated in this study, invasive
insects can also strongly affect carbon fixation via system-specific interactions with vertebrate herbivores
that may be difficult to generalize for broad carbon starvation hypotheses.

Some aspects of our observed decline in carbon fixation are context-specific, but others are clearly paralleled
in other systems. In dry conditions, herbivores are often more selective for high quality forage both in this
system (Veblen 2008) and other savannas (e.g., Roques et al. 2001; Kos et al. 2012; Abraham et al.2019),
and herbivory thus becomes frequent and intense for plants likeA. drepanolobium with leaves containing
high amounts of crude protein and minerals (Rubanza et al. 2007). Chronic herbivory imposes cumulative
respiration costs for both undefended A. drepanolobium (regrowing lost foliage, Gadd et al. 2001; producing
defense metabolites, Ward & Young 2002) and for plants in many other systems (e.g., Kozlov & Zvereva 2017;
Wilson et al.2018). Inducible responses to herbivory (osmotic adjustment, Freelandet al. 1985; tannin/saponin
production, Sharpe et al.1986; spine production, Young & Okello 1998) can consume a large portion of the
tree’s carbohydrate budget and contribute to a decline in photosynthetic rates (as well as metabolism,
regeneration, and chemical defense; reviewed by Wiley & Helliker 2012).

Our results also contribute to our understanding of the A. drepanolobium -ant model mutualism and ant-
plant mutualisms more broadly. The results from our recently invaded Transition sites support the argument
that ant-plants prioritize resources for ant symbionts despite the cost of these allocation decisions for other
biological processes. Ant mutualists may impose costs to host plants in a variety of ways, including consuming
plant-provisioned food bodies (O’Dowd 1980; Heil et al. 1997; Stanton & Palmer 2011), disrupting pollinator
visitation (Ness 2006; Villamil et al. 2020), or causing floral castration (Stanton et al. 1999; Gaume et
al. 2005). However, ant-plant partnerships typically yield long-term net benefits for the plant by reducing
herbivore damage (Chamberlain & Holland 2009) or even increasing competitiveness against other plants
(Fiala et al. 1989). Our study adds to this literature, demonstrating that native ant associates impose
significant metabolic costs to host plants, while yielding positive net effects on photosynthesis across longer
time scales owing to effective herbivore protection.

The long-term loss of photosynthetic capacity for ant-plants in invaded habitat reduces A. drepanolobium ’s
carbohydrate pool, which may affect other ecosystem processes to which this foundational tree contributes.
For example, nitrogen is a limiting resource for plant productivity in black cotton savannas, and A. drepa-
nolobiumimports nitrogen into these systems through N-fixation (Fox-Dobbset al. 2010). If host plants must
reduce their photosynthate allocation to roots in invaded habitats, this could in turn reduce both N-fixing
symbiont activity and soil respiration, similar to effects seen in a large-scale girdling experiment in a boreal
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forest by Högberget al. (2001). Potentially compounding this effect, elephants may reduce tree cover within
invaded savannas over the longer term, further reducing N inputs into the system, as has been shown in
other areas of East Africa where removal of acacia species reduces both the total content and mineralization
of C and N in soils (Glaser et al.2001). Finally, Acacia drepanolobium has density-dependent effects on the
productivity of understory plants (Riginos et al.2009), and thus the carbon fixation performance of invaded
trees may also be linked to understory productivity. By increasing the mortality (Riginos et al. 2015) and
decreasing the performance of this monodominant tree species, P. megacephala invasion may fundamentally
alter carbon cycling and connected ecosystem processes in these savannas.
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Figure Legends (also included below figures in this draft form)

Figure 1. Leaf photosynthetic rate (Amax-leaf ), leaf transpiration rate (E leaf ) and leaf water potential
range of Acacia drepanolobium trees in Transition sites (that were invaded by P. megacephala in December
2017 after initial wet and dry season surveys) and in paired Control sites (that were protected byC. mimosae
throughout the study). Effect tests are reported in each panel, with significant interactions terms indicating
an effect of invasion distinct from interannual change. In wet seasons, Amax-leaf and Eleaf in Control trees were
significantly lower and leaf water potential range was higher in 2018 than in 2017, yet these leaf physiological
variables for Transition trees did not differ from 2017 (immediately before invasion) to 2018 (ca . 6 months
after invasion) (A ,C ,E ). In dry seasons, trees in Transition sites had lowerAmax-leaf in 2018 (ca . 9
months after invasion) than in 2017 and this difference was significantly larger than the interannual decline
for Control trees (B ). Also, in dry seasons, E leaf increased between 2017 and 2018 for Control trees but
was consistent for Transition trees (D ), and leaf water potential range was consistent for all trees (F ).

Figure 2. Differences in leaf- (Amax-leaf ; i.e., per-unit-leaf-area) and canopy-level (Amax-canopy ; i.e.,
canopy photosynthetic capacity) photosynthesis (means +- SEM) ofP. megacephala - vs. C. mimosae- oc-
cupied Acacia drepanolobium adults in wet and dry seasons at long-term Invaded and Uninvaded sites. (A)
Trees occupied by P. megacephala workers have significantly lower Amax-leaf andAmax-canopy than do unin-
vaded trees in wet conditions; (B) invaded trees have higherAmax-leaf during dry conditions, butAmax-canopy

did not significantly differ for invaded and uninvaded trees during the dry season. Results of pairwise com-
parisons are indicated as significant (* P < 0.05, ** P < 0.001, *** P < 0.0001) or not significant (NS).
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Figure 3. Differences in photosynthesis (means +- SEM) ofP. megacephala -occupied Acacia drepanolobium
adults in a 2x2 full-factorial experiment (presence/absence of ants, large herbivores) conducted at 3 long-
term Invaded sites in wet and dry seasons. Photosynthetic indices are estimated at the leaf- (Amax-leaf ) and
canopy-level (Amax-canopy ). Results of effect tests are reported in panels. In wet seasons, (A ) vertebrate
herbivory causes decline in Amax-leafand (C ) vertebrate herbivory and invasive ant presence both cause
declines in Amax-canopy ; whileAmax-leaf andAmax-canopy are lower during dry seasons, vertebrate herbivores
and invasive ant presence does not affect either response variable in dry conditions (B and D ).

Figure 4. Differences in canopy transpiration capacity (Ecanopy ) and leaf water potential range (means
+- SEM) for Acacia drepanolobium adults in a 2x2 full-factorial experiment (presence/absence of ants, large
herbivores) conducted at 3 long-term Invaded sites in wet and dry seasons. Significant results of effect
tests are reported in subfigures (factors at left, P values at right; refer to main text for full output): in
wet seasons, (A ) vertebrate herbivory and P. megacephalapresence both cause declines in Ecanopyand (C
) invasive ant presence causes a small but significant reduction in leaf water potential range. In the dry
season, (B ) vertebrate herbivory and P. megacephala presence both cause declines in Ecanopy but do not
affect leaf water potential range (D ). The diurnal change in leaf water potential (C and D ) is likely driven
by a combination of increased transpirational water loss (A andB ) and hydraulic resistance.

Figures
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Figure 1.
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