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ABSTRACT

In arid environments, shade provided by vegeta-

tion forms the crux of many facilitation pathways

by providing other organisms with relief from high

levels of solar radiation and extreme temperatures.

Shade is an important determinant that structures

arid ecosystem processes and functioning. While

shade is considered an essential refuge for many

organisms in arid environments, few studies have

assessed how parasitic plants such as aerial mistle-

toes can influence the quality of shade provided by

its host, and how this can subsequently influence

species interactions. Here, we investigate how

mistletoe influences the microclimate and daytime

use of sub-canopy habitat by a large herbivore that

seeks out shady micro-habitats to avoid daytime

heat in Australia’s Strzelecki Desert. We experi-

mentally removed the pale-leaved mistletoe

(Amyema maidenii) from mulga trees (Acacia aneura)

and monitored sub-canopy ambient temperatures

and the daytime use of sub-canopy habitat by red

kangaroos (Osphranter rufus). Results showed that

average hourly temperature during the daytime

and daily maximum temperature were cooler and

that kangaroos were approximately three times

more likely to shelter beneath trees where mistle-

toe was present (control) compared to where

mistletoes had been removed (treatment). By

showing that mistletoe can improve the quality of

shade provided by their host trees, our study offers

a novel insight into how mistletoes can facilitate

the surrounding biota through modifying the abi-

otic environment beyond its physical structure.

More broadly, the results of our study emphasise

the prevalence of positive interactions within eco-

logical communities and how they can occur in

unexpected ways and indirectly between organisms

that never come into direct contact.
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HIGHLIGHTS

� Mistletoes can modify the microclimate at the

scale of its host canopy

� This microclimate effect can indirectly facilitate

kangaroo resting behaviour

� Mistletoes can facilitate a broader range of

organisms than previously anticipated
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INTRODUCTION

Historically much of the focus on the role that inter-

specific interactions play in the organisation and

functioning of ecosystems has been on under-

standing negative interactions such as competition

and predation (Bruno and others 2003). However,

facilitative (positive) interactions occur ubiquitously

and play a fundamental role in ecosystem func-

tioning (Michalet and Pugnaire 2016). Facilitation

occurs when organisms directly or indirectly interact

and at least one benefits while causing no harm to

any of the organisms involved (Bertness and Call-

away 1994; Bruno and others 2003; Bronstein

2009). For example, in many ecosystems foundation

species, such as trees, coral and reef forming mol-

lusks, provide the physical structure which facili-

tates occupancy by an array of other species

(Stachowicz 2001; Angelini and others 2011).

In arid systems, shade is an essential but limited

resource that is the crux of many facilitative inter-

actions (Dean and others 1999; Cain and others

2006; Callaway 2007). This is because shade offers

refuge from high levels of solar radiation and ame-

liorates high daytime temperatures that often occur

in arid environments. Shade is typically provided by

larger shrubs and trees, where even sparse canopy

foliage can screen a significant proportion of

incoming solar radiation and function as a thermal

refuge (Dawson and Denny 1969). For example,

trees often facilitate large terrestrial mammals that

seek the shade they create in order to reduce heat

adsorption and their thermal load (Terrien 2011;

Fuller and others 2014; Hetem and others 2014).

In recent decades, there has been an increasing

acknowledgement of the role that mistletoes play in

ecosystems through a range of facilitative interac-

tions (Watson 2001, 2016; Mathiasen and others

2008). One key mechanism by which mistletoes

facilitate other organisms is by creating resource-

rich patches through redistributing nutrients ac-

quired from their host. For example, many mistle-

toes possess nutrient rich leaves that have short

lifespans and do not resorb nutrients prior to leaf-fall

(March and Watson 2007). Consequently, mistle-

toes contribute to both an increase in quantity and

quality of litter where the understorey soil is more

fertile and can support a greater diversity of non-

host plant species (Ndagurwa and others 2016a).

The increase in litterfall also has indirect flow-on

effects where litter-dwelling arthropods increase in

abundance but also insectivorous birds that prey on

these arthropods (Watson 2015; Mellado and others

2019). Indeed, there is increasing support for the

theory that mistletoes function as keystone species

by directly and indirectly facilitating multiple

trophic levels (Watson 2009).

Mistletoes are also thought to facilitate habitat use

of other organisms through the distinct microcli-

mate they create (Watson 2001; Press and Phoenix

2005; Cooney and others 2006). It is theorised that

the shade offered by the dense foliage of mistletoes

coupled with evaporative cooling due to the high

transpiration rates of mistletoes (Glatzel 1983; Ull-

mann and others 1985; Davidson and others 1989)

could ameliorate harsh environmental conditions

and in so doing create habitat for other species

(Watson 2001; Press and Phoenix 2005; Cooney and

others 2006). However, the effects that mistletoe has

on the surrounding climate has rarely been mea-

sured (Ndagurwa and others 2016b), and its effect

on animal behaviour is either anecdotal or deduced

post hoc (Watson 2001; Cooney and others 2006).

Furthermore, studies that have assumed the

importance of a microclimate effect, have been

limited to animals that come into direct contact with

mistletoe by eating it, seeking shelter in mistletoe or

consuming species that live in mistletoe (Watson

2001; Cooney and others 2006). Although it is

conceivable that a mistletoe microclimate effect may

also indirectly influence a broader range of animals

that do not come into contact with mistletoe

(Hartley and others 2015; Mellado and others 2019),

this has yet to be studied.

In this study, we investigate whether the pres-

ence of mistletoe modulates the microclimate be-

neath its host and whether this indirectly facilitates

a large vertebrate in a hot, shade limited arid

environment. In our Strzelecki Desert study area,

red kangaroos (Osphranter rufus, hereafter kanga-

roos) frequently use the shade (Figure 1A) pro-

vided by mulga trees (Acacia aneura) as resting sites

where they avoid daytime heat (Dawson and

Denny 1969; Dawson 1973; Roberts and others

2016). Mulga trees are often infected by mistletoes,

which significantly augment the canopy of their

hosts (Figure 1B, C). Consequently, we hypothe-

sised that the presence of mistletoe modifies the

microclimate under mulga trees by improving the

quality of shade and thus influence kangaroos’

choice of resting sites. We tested our hypothesis by

experimentally removing mistletoe from mulga

trees and then measuring the daily maximum

temperature under the mulga canopy and daytime

use of mulga trees by kangaroos over a 4-month

period. Our predictions were: (1) that daily maxi-

mum temperature would be greater under trees

where mistletoe was removed and (2) that daytime

kangaroo activity would be lower under trees

where mistletoe was removed.
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METHODS

Study Site

This study was conducted in Sturt National Park

(29� 24¢ S, 141� 2¢ E) in the Strzelecki Desert in

north-western New South Wales. The vegetation of

the study area is classified as Sand Plain Mulga

Shrubland that constitutes sparse overstorey shrubs

and ephemeral grasses (Ludwig and others 1996).

Mean annual rainfall of the nearest weather station

(Fort Grey: 29� 5¢ S, 141� 12¢ E) study area is

173.8 mm.

In our study site, mulga is the most common tree

and rarely exceeds 4 metres in height (Keith 2004).

Within the canopy of mulga trees in our study area,

two mistletoe species occur—Amyema maidenii and

Lysiana murrayi. However, A. maidenii is signifi-

cantly more abundant than L. murrayi.

Experimental Design

Our tree-scale manipulation study involved three

treatment conditions that were grouped together

within groves of trees situated on separate sand

dunes for a total of 24 trees. The groves of trees

selected for experimentation were situated a min-

imum of 1 km apart. Within each grove, trees were

initially shortlisted according to two conditions:

that the mistletoe A. maidenii was present and that

trees were a similar size and had similar levels of

mistletoe infection.

Within each grove, trees were allocated an

identity and then randomly allocated a treatment

condition (mistletoe removal, control, procedural

control). For the mistletoe removal treatment, all

mistletoe was removed from the tree using

extendable loppers and pruning saws. To ensure

that there was no potential for mistletoe to re-

sprout, cutting was conducted close to the hausto-

rium (Watson 2019). To ensure that the removal

treatment was successful, trees were periodically

checked for mistletoe resprouting during the study.

No resprouting mistletoe was found. As the

mistletoe removal condition involved the modifi-

cation of the canopy structure, a procedural control

was used to ensure that the results of our study

Figure 1. A Pale-leaf mistletoe (Amyema maidenii) infection on mulga (Acacia aneura), B pale-leaf mistletoe clumps within

the canopy of a mulga tree, C red kangaroo (Osphranter rufus) resting beneath one of our procedural control trees where

mistletoe was present in the canopy, D dead red kangaroo beneath a mulga tree.
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were due to the removal of mistletoe and not due

to the modification of the canopy structure. For the

procedural control, mistletoe was left undisturbed,

but we disturbed the canopy structure by removing

a volume of mulga foliage from the northern aspect

of the canopy, similar to the volume of mistletoe

removed in the mistletoe removal tree within the

same grove. For the control trees, the mulga ca-

nopy and mistletoe were left undisturbed.

Temperature Loggers

Onset� HOBO U22-001 data loggers were used to

measure the temperature beneath the canopy of

each tree. Because the sun traverses across the

northern sky in the southern hemisphere and our

initial observations suggested that kangaroos pre-

dominantly rest on the south side of trees to

maximise shading each logger was placed on the

south side of the tree. Loggers were suspended

within the canopy approximately 75 cm from the

ground and 1.5 m from the base of the tree. The

temperature measurement range of each data log-

ger is from - 40� to 70 �C with an accuracy of

± 0.21 �C. Each HOBO logger was programmed to

record the temperature once every hour. Due to

one malfunctioning data logger, data from 23 trees

were used in this study (control: n = 7, procedural

control n = 8 and mistletoe removal, n = 8).

Kangaroo Activity Under Trees

We used time-lapse photography to provide an

index of the amount of time kangaroos spent in the

shade of our experimental mulga trees (n = 24

trees). The cameras were programmed to take a

photograph every hour. The rationale for using

time-lapse photography as opposed to motion-

triggered photography was because kangaroos tend

to be immobile for long periods while they rest

under trees, then the time they spend under trees

could be reliably quantified by taking periodic

photographs. An additional rationale was that we

wanted to optimise detections of kangaroos versus

the risk of filling the camera memory cards with

false triggers due to movement of vegetation and

litter by wind. This subsequently ensured that the

battery life of the cameras would last longer,

reducing the need for human replacing batteries at

our remote study site.

We deployed a RECONYX HC600 Hyperfire

(RECONYX, Holmen, WI, USA) trail-camera at

each of our experimental trees. Cameras were each

mounted to a stake placed approximately 10 m

from the tree base. Cameras were placed on the

south side of the trees because our initial observa-

tions suggested that kangaroos predominantly rest

on the south side of trees to maximise shading as

the sun traverses across the northern sky in the

southern hemisphere. All photographs were man-

ually reviewed, and any daytime observations of

kangaroos were logged. Camera traps were de-

ployed from June 2018 until March 2019. How-

ever, due to drought related mortality, the

population of kangaroos had severely declined by

October 2018 such that no photographs of kanga-

roos were recorded between November 2018 and

March 2019. Therefore, for analysis, the number of

daytime observations for each camera was calcu-

lated as the number of kangaroo sightings divided

by the numbers of days that the camera was

operational between June 2018 and October 2018.

Data Analysis

Generalised estimating equations are an extension

of generalised linear models that are suited to the

analysis of data with repeated measurements of the

same individuals (Zuur 2009). We used generalised

estimating equations with a Gaussian distribution

to investigate the effect that the mistletoe removal

treatment had on maximum daily temperatures

under the tree canopy. Day of measurement was

treated as a repeated measure with an independent

error structure. Planned post hoc comparisons were

made using Fisher’s least difference test to further

investigate how the treatments differed from one

another. SPSS 24.0 software (IBM Corp 2016) was

used for this analysis.

Using the software environment R4.0.0 (R Core

Team 2020), a generalised linear model (GLM) was

used to analyse the difference in kangaroo usage of

trees that had mistletoe and trees without mistle-

toe. Count data were analysed with a negative

binomial distribution, using the ‘‘mass’’ package

(Venables and Ripley 2002). The number of days

that cameras were operational was used as an offset

in the model as not all cameras functioned equally.

Planned post hoc comparisons were conducted to

further investigate how the treatments differed

from one another. Tukey¢s honest significant dif-

ference test were conducted using the ‘‘multcomp’’

package (Hothorn and others 2008).

RESULTS

Temperature Loggers

During the daytime, the understorey microclimate

was cooler where mistletoe was present compared

to where mistletoe was removed. This was evi-

denced by the average hourly temperature during
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daytime hours 0900–1700 h being consistently

cooler where mistletoe was present (Figure 2).

Across the duration of the study, there was a

significant effect of treatment (Wald v2 7.576, df2,

P = 0.023) on the daily maximum temperature

beneath the tree canopy (Figure 3). On average,

the daily maximum temperature was greater be-

neath trees where mistletoe had been removed

(28.9 �C se 0.8 �C) when compared to control trees

(26.5 �C se 0.2 �C) and procedural controls

(26.7� C se 0.2 �C) where mistletoe was present

(Fisher’s LSD removal vs. control P = 0.01, removal

vs. procedural P = 0.007). Though, there was no

significant difference in the maximum temperature

between the control trees and the procedural con-

trol trees where the host foliage was partially re-

moved in the procedural control (procedural vs.

control P = 0.850).

Macropod Activity

In total, there were 64 daytime observations of

kangaroos beneath the canopy of mulga trees.

Overall, 37.5% of kangaroo observations were be-

neath control trees, 51.5% beneath procedural

trees and 11% beneath treatment trees. There was

a significant effect of the mistletoe removal treat-

ment on kangaroo activity under mulga trees

(Wald test: z = - 6.029, df2, P < 0.001). Kangaroo

activity was greater under control (Tukey’s HSD

control vs. treatment P < 0.001) and procedural

trees (Tukey’s HSD procedural vs treatment

P < 0.001) where mistletoe was present than un-

der the trees from which mistletoe had been re-

moved (Figure 4). Kangaroo activity did not differ

between the control and procedural control (con-

trol vs. procedural P = 0.113) which indicates that

the removal of mulga foliage had no effect on

kangaroo activity under the trees. Kangaroo activ-

ity did not vary according to canopy volume

(P = 0.61) or mulga tree height (P = 0.724).

DISCUSSION

In accord with prediction 1, the presence of

mistletoe contributed to a cooler understorey when

compared to that of control trees and procedural

control trees. In accord with prediction 2, kanga-

roos spent less time resting beneath trees from

which mistletoe had been removed than trees with

mistletoe. Taken together, our results show that the

shade generated by mistletoe can moderate the

understorey microclimate of mulga trees and in

doing so facilitates kangaroos’ use of the sub-ca-

Figure 2. Diel fluctuation of ambient temperature (�C) recorded in the sub-canopy of mulga trees (Acacia aneura) with

mistletoe (control, n = 7), with mistletoe but a proportion of mulga foliage removed (procedural control, n = 8) and

mistletoe removed (mistletoe treatment, n = 8). Each value represents the mean temperature for trees in the same

condition, across all days of the study period (16 June 2018 until 31 October 2018) and at that time (± 95% CI).
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nopy. More generally, our study shows how

mistletoe can moderate the microclimate beyond its

physical structure and influence the behaviour of

animals that do not directly come into contact with

mistletoe.

Our experimental manipulation showed that

mistletoe created a cooler sub-canopy microclimate

during the daytime. This was reflected in both the

daytime average hourly temperatures and the daily

maximum temperatures (Figures 2 and 3). This

effect was likely due to the difference in morphol-

ogy between the leaves and branches of pale-leaf

mistletoe and mulga, where the presence of

mistletoe increases the canopy density of their host.

Mulga trees have a relatively sparse canopy be-

cause their phyllodes are narrow and orientate

vertically to minimise heat adsorption and water

loss from leaf transpiration (Miller and others

2002). In contrast, pale-leaf mistletoes form dense

clumps of intertwining branches and have larger

Figure 3. Time series of the median daily maximum sub-canopy temperature (�C) grouped by treatment condition

(control, n = 7; procedural control, n = 8 and mistletoe removal n = 8) and between July and October 2018.

Figure 4. Mean daytime kangaroo activity beneath mulga trees from which mistletoes had been removed (n = 8), and

control trees with mistletoe (n = 8) and procedural control trees with mistletoe but a proportion of mulga foliage removed

(n = 8) between July and October 2018.
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more horizontally orientated leaves that intercept

more light than the leaves of their mulga hosts

(Fig. 1B; Watson 2019). Consequently, the pres-

ence of mistletoe makes the sub-canopy more

shady and cooler because it reduces direct radiation

from the sun by increasing the canopy’s absorption

and reflectance of incoming solar radiation (Lin

and Lin 2010; von Arx and others 2012). Further-

more, the relatively high transpiration rate of

mistletoes (Ullmann and others 1985) could also

contribute to lowering of the sub-canopy temper-

ature by increasing the rate of evaporative cooling

(Griebel and others 2017).

Although mulga trees only offer sparse shade,

kangaroos frequently spend the daytime resting

beneath mulga trees (Dawson 1973). This is be-

cause there are few other sources of shade in our

desert system and the shade provided by mulga

trees is still sufficient to enable kangaroos to reduce

their thermal load (Dawson and Denny 1969; Ro-

berts and others 2016). However, our results

showing that kangaroos spent more time resting

under trees with mistletoe whose average maxi-

mum sub-canopy temperature was approximately

2 �C lower than that under trees without mistletoe

suggest that kangaroos actively select trees with

mistletoe because they benefit from the cooler sub-

canopy. We are confident that kangaroos selected

trees with mistletoe for resting as they are not

known to graze on mulga or mistletoe species (Pahl

2019) and there was also no evidence of any

grazing damage to the foliage of mulga or mistletoe

on our study trees.

Kangaroos rely on shade less during winter, but

our results show that shade-seeking behaviour still

occurs in the cooler months and they do this to

reduce their heat load (Roberts and others 2016).

Although we intended to run our study through

the Austral summer, there was a mass die-off of

kangaroos due to drought related starvation during

the Austral Spring. Consequently, kangaroos be-

came rare and stopped using our study trees. Had

kangaroos been present in the same numbers

during summer, we expected that they would have

used the shade more and that the effect of our

mistletoe removal would have been more marked.

Nevertheless, our results showing that kangaroos

prefer to rest under trees with mistletoe provide

evidence that shade is a resource for kangaroos and

that they choose resting sites based on the quality

of the shade they provide.

This finding raises the question; do mulga trees

or mistletoes gain any benefit from kangaroos

resting in the shade they provide? In our study,

mulga trees could benefit from the nutrients that

kangaroos bring in the form of dung and urine

which they deposit while resting (Figure 1D; El-

dridge and Rath 2002). In addition, it is not

uncommon for kangaroos to die while they shelter

under mulga trees and fertilise trees as their car-

casses decompose (Figure 1D: Wilson and Read

2003; Fillios and others 2010). However, we think

it is unlikely that mulga trees benefit from the

presence of mistletoes because mistletoes likely

impose a cost on the trees by parasitising water and

nutrients, but it is conceivable that mistletoes may

benefit from the nutrients that kangaroos transport

to trees (Eldridge and Rath 2002). In support of this

idea, previous studies show that mistletoes are

more abundant on hosts with greater access to

water and fertile soils (Dean and others 1994;

Norton and Smith 1999).

In desert environments, even small modifications

of the climate may make survival through hot and

dry periods more likely for animals and thus elicit

distinct behavioural preferences for thermal refuges

(Dawson and others 2006; Cain and others 2006;

Fuller and others 2014). Many small endotherms

avoid the heat of the day by being nocturnal and

using burrows or cavities as thermal refuges

(Chapman 2013; Amat-Valero and others 2014).

However, while desert endotherms that are too

large to seek shelter underground or lack fossorial

adaptations generally have a relatively high ther-

mal tolerance, they must still reduce their thermal

load during the day but have relatively few sites

available that they can use as thermal shelters

(Fuller and others 2016). Our findings show that

even a relatively small difference in microclimate

(approximately 2 �C) generated by the presence of

mistletoe can influence the daytime refuge selec-

tion of a relatively large-bodied desert endotherm.

Our study offers two unique insights into how

mistletoes can facilitate their biotic environment by

creating a distinct microclimate. First, although our

results concord with previous research showing

that mistletoe clumps are cooler than the sur-

rounding foliage (Ndagurwa and others 2016b), we

demonstrate that the influence of a mistletoe

microclimate can extend beyond the physical

structure of mistletoe clumps to the sub-canopy

microclimate. Second, our study shows how this

moderation of the sub-canopy microclimate by

mistletoe can then indirectly facilitate habitat use

by a larger-bodied animal that does not directly

contact mistletoe. More broadly, the results of our

study emphasise the prevalence of positive inter-

actions within ecological communities and how

they can occur in unexpected ways and indirectly
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between organisms that never come into direct

contact.
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