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Abstract The pollination syndrome of the genus Aloe, with gaudy inflorescences and orange–red flowers, suggests
bird pollination. However, the diversity of flowering phenologies and structures suggests that generalizations within
the group are currently uninformative because few studies have addressed the role of multiple pollinator guilds, espe-
cially mammals.Aloe peglerae, endemic tomontane grassland of theMagaliesbergMountains, South Africa, is primarily
bird pollinated, although small mammals are recorded nocturnal visitors. We compared the independent contributions
of diurnal and nocturnal visitors, i.e. birds and small mammals respectively, to reproductive success by assigning 12
flowering A. peglerae plants to each of four pollinator selective exclusion treatments: (i) no-visitors; (ii) nocturnal-
visitors; (iii) diurnal-visitors; and (iv) all-visitors (control). Birds alone contributed more to fruit set (1.2–2.6 times),
average seed/fruit (1.0–1.8 times) and total seed production (1.1–2.8 times) than both the all visitors (birds and small
mammals combined) and the small mammal visitors respectively. The exclusion of all visitors resulted in no fruit set,
suggesting that A. peglerae requires pollinators to set seed. Germination trials over six weeks and viability testing with
tetrazolium staining identified no significant differences among the three treatments that produced fruit and seed.
Germination success was 90–97%, indicating that seed quality of small-mammal and bird-pollinated plants are similar.
Aloe peglerae inflorescences were visited continuously throughout the day and night, with the Cape rock-thrush
(Monticola rupestris) and dark-capped bulbul (Pycnonotus tricolor) being the most abundant pollinators, accounting for
68.2% and 13.7% of all visits respectively in the control treatment. Small mammals, i.e. Namaqua rock mouse
(Micaelamys namaquensis) and eastern rock sengi (Elephantulus myurus), while not increasing reproductive success in
the absence of birds, are suitable alternative pollinators. The presence of diurnal bird and nocturnal small mammal vis-
itors provides a diversity of pollinators in this resilient pollination syndrome.
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INTRODUCTION

Phenotypic traits of a flower, including shape, colour,
corolla length, nectar concentration, timing of anthesis
and fragrance, are directed strongly to attract specific
pollinators (e.g. insects, birds and bats; Faegri & van
der Pijl 1979; Ollerton et al. 2009). The variation in
these floral traits is used to create pollination
syndromes which, although highly generalized (e.g.
Hingston & McQuillan 2000), can be used to test
hypotheses regarding potential pollinators in the field
(Hargreaves et al. 2004; Johnson 2010). The floral
characteristics for these syndromes are thought to be
the result of co-evolution for blossom-visitor harmony
(Faegri & van der Pijl 1979), resulting from selective
pressures by efficient pollinators and successful pollina-
tion events (Stebbins 1970; Castellanos et al. 2004;
Hargreaves et al. 2004; Johnson 2010). However, most
angiosperms are visited by a variety of different animals
(Faegri & van der Pijl 1979; Carthew 1993; Botes et al.
2009a), introducing an apparent paradox, the ‘Plant-

Pollinator Paradox’ (Ollerton 1996), where a plant with
evolved floral traits to attract a specific pollinator may
be visited by a wide variety of animals (Ollerton 1996).
It has been suggested that because different pollinators
tend to vary in their effectiveness (Schemske & Horvitz
1984; Ollerton 1996), floral traits act as filters to attract
efficient pollinators and inhibit inefficient pollinators
from accessing pollen and nectar rewards (Thomson &
Thomson 1992; Castellanos et al. 2004; Johnson et al.
2006; Johnson 2010).

Von Marilaun (1904) highlighted the concept of
mammal pollination by suggesting that the Australian
genus Banksia (Proteaceae) was pollinated by
kangaroos, which was later discovered to be pollinated
by small marsupials (e.g. possums) and rodents
(Carpenter 1978; Cunningham 1991; Goldingay et al.
1991; Carthew 1993). Until recently, this pollination
guild was given little recognition (Faegri & van der Pijl
1979), and most evidence for mammal pollination was
inferred through circumstantial observations (Rourke
& Wiens 1977; Carthew & Goldingay 1997). Indeed,
many studies have highlighted the greater importance
of this guild as pollinators (e.g. Rourke & Wiens
1977; Wiens et al. 1983; Johnson et al. 2001; Balmford
et al. 2006; Kleizen et al. 2008; Biccard & Midgley
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2009; Wester et al. 2009; Wester 2010; Johnson &
Pauw 2014; Melidonis & Peter 2015). The
mammalian, or therophilous, pollination syndrome is
thought to be derived from the bird (ornithophilous)
pollination syndrome, and has only recently been
understood in more detail (Rourke & Wiens 1977;
Johnson 2004). However, because of the wide
variation in mammal morphology and behaviour, this
syndrome is not as clearly defined as other
syndromes and a wide variety of floral traits may there-
fore reflect mammal pollination (Carthew & Goldingay
1997; Wester et al. 2009).
Nectar is suggested as the primary attractant for mam-

mals (Rourke & Wiens 1977; Johnson 2004;
Steenhuisen et al. 2015). Plants exhibiting this syndrome
often flower during winter when mammals may have to
supplement their diet with nectar when traditional food
resources are low (Rourke & Wiens 1977; Johnson
2004; Kleizen et al. 2008; Wester et al. 2009). When
these animals visit plants in search of nectar, the transfer
of pollen on the fur between different flowers is ensured
(Carthew 1993; Carthew & Goldingay 1997). Verifying
the contribution ofmammals to plant reproduction is of-
ten difficult because of their nocturnal nature (Kleizen
et al. 2008). Therefore, alternative methods to actual ob-
servations are needed to quantify the contributions by
visitors. Such methods include trapping the animal and
measuring pollen loads on fur and in faeces (Carthew
& Goldingay 1997; Kleizen et al. 2008) and conducting
selective pollinator exclusion experiments to assess the
variable role of specific pollinator guilds to reproductive
output (Kleizen et al. 2008). Recently, camera traps have
been used to record and identify pollinating visitors to
plants, especially in cases where potential pollinators,
such as small mammals, may be shy to human presence
(e.g. Letten & Midgley 2009; Melidonis & Peter 2015).
Aloes (Xanthorrhoeaceae, formerly Asphodelaceae)

are succulent plants endemic to arid and semi-arid
sub-Saharan Africa, with the highest diversity in
southern Africa (Cousins &Witkowski 2012).MostAloe
species, with long, tubular flowers that range from yel-
low to red, suggest pollination by birds (Reynolds
1950; Cousins & Witkowski 2012). This has been con-
firmed in a number of studies identifying both generalist
and specialist nectar feeding bird species as primary
pollinators (e.g. Aloe divaricata, Ratsirarson 1995; A.
vryheidensis, Johnson et al. 2006; A. africana, A. speciosa
and A. ferox, Botes et al. 2009a; A. marlothii, Symes
et al. 2009). However, A. inconspicua (Hargreaves et al.
2008), A. minima, A. linearifolia (Botes et al. 2009b)
and A. greatheadii var. davyana (Symes et al. 2009) are
successfully, and sometimes exclusively, pollinated by
insects (e.g. honeybees [Apis mellifera capensis and A.
m. scutellata] and Amegilla fallax; Hargreaves et al.
2008; Botes et al. 2009b; Symes et al. 2009) where cer-
tain floral traits (e.g. UV reflectance, floral scent, small

quantities of concentrated nectar), re-inforce the argu-
ment for this alternate pollinator guild.

Aloe peglerae Schönland produces a single raceme dur-
ing July–August (Scholes 1988), with flowers typical of
an ornithophilous pollination syndrome (Arena et al.
2013; Fig. 1a). Exclusion experiments have demon-
strated that generalist avian nectarivores, primarily the
Cape rock-thrush (Monticola rupestris), are the major
contributors to reproductive success (about 60% of all
probes by birds), with insects making a minor contribu-
tion (Arena et al. 2013). A. peglerae inflorescences
seldom reach >40cm above ground and, in the grass-
land environment in which they flower, suggest that
visitations from terrestrial small mammals are likely. In-
deed, subsequent camera trap footage has revealed small
mammals, i.e. eastern rock sengi (Elephantulus myurus)
andNamaqua rockmouse (Micaelamys namaquensis) vis-
iting aloes at night (G. Arena, unpubl. data 2011),
thereby prompting an investigation into the role that they
may play in pollination. Given that a number ofAloe spe-
cies flower in winter (55% of 158 species during
June–August in South Africa; van Wyk & Smith 2014),
it is not surprising that there are records of mammal
visitors, including chacma baboon (Papio hamadryas
ursinus), slender mongoose (Galerella sanguinea), four-
striped grass mouse (Rhabdomys pumilio) and Namaqua
rock mouse to A. marlothii (Symes & Nicolson 2008;
Symes 2010), and vervet monkey (Cercopithecus aethiops)
and Rattus sp. toA. ferox (CTS pers. obs.). However, no
studies have quantified the role of mammals as pollina-
tors of Aloe. This study used reproductive success in
different selective exclusion treatments to compare the
effectiveness and contributions of diurnal (birds) and
nocturnal (small-mammals) visitors to the pollination
of A. peglerae.

METHODS

Study site and species

The study was conducted in the Peglerae Conservancy (25°41′
S 27°59′E, 1600–1650ma.s.l., about 56ha), situated in the
Magaliesberg Mountain Range, approximately 25 km west of
Pretoria, South Africa. The area received 530mm of precipita-
tion in 2013 (South AfricanWeather Services 2016) and is clas-
sified as Gold Reef Mountain Bushveld, characterized by rocky
slopes and ridges, with vegetation consisting of grasses,
scattered trees and shrubs (Mucina & Rutherford 2006; Fig.
1a and b in Arena et al. 2015). Where aloes grow (about 5 ha;
Arena et al. 2015) in the Conservancy, the estimated mean
density of plants is 142 plants.ha�1.

Aloe peglerae has a limited distribution in South Africa,
consisting of only three known populations, the largest being
along the Magaliesberg Mountain Range (Pfab & Victor
2003). It is a stemless aloe with a single rosette of green leaves
edged with red spines (Scholes 1988; Fig. 1 in Arena et al.
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2013; Fig. 1c). Adult plants (≥20 cm in diameter) produce a
single, densely packed raceme during winter (July–August)
and have been known to producemore than one raceme on rare
occasions (Scholes 1988). Although flowering is annual at the
population level, it is variable between individual plants each
year, while fruit and seed set can be evenmore variable between
years (Scholes 1988). Flowers are tubular and approximately
30mm in length; buds are a dull red, becoming a greenish-
yellow as the flowers mature, with deep purple stamens and
anthers that become exserted (about 25mm) at maturity
(Scholes 1988; van Wyk & Smith 2014; Fig. 1a). Flowers open
sequentially from the base of the inflorescence, over a period of
approximately 15 days (SLP unpubl. data 2013). Each flower
produces copious amounts of dilute nectar (standing crop

mean volume=47±7 (SE) μL, range= 1–150μL; mean
concentration=10.2± 0.5 (SE) % w/w, range= 7.5–23.0%
w/w, n=36 flowers; measured with hand-held refractometer,
Bellingham & Stanley, Tunbridge Wells, UK; CTS unpubl.
data 2010). A. peglerae is slow-growing (Scholes 1988), and
listed as Endangered because of habitat transformation and
the illegal collection and trade of seeds and whole plants (Pfab
& Victor 2003; Pfab & Scholes 2004; Phama et al. 2014).

Diurnal and nocturnal pollinator visitation

Exclusion experiments were conducted to measure the contri-
butions of diurnal and nocturnal visitors. In a previous study
of the same Peglerae Conservancy sub-population, each plant

Fig. 1. (a) The tubular, dull red flowers of Aloe peglerae, that become a pale greenish-yellow as flowers mature, and contrast with
exserted deep purple stamens and yellow anthers, suggest bird pollination (scale bar= 1 cm); (b) Exclusion cage constructed from a
bamboo tripod frame and covered with nylonmesh (1mm×1mmpores), to prevent visitors from accessing aloes (scale bar = 15 cm);
(c) Cape rock-thrush (Monticola rupestris) probing A. peglerae flowers, with pollen deposited on the feathers around the beak (scale
bar =10 cm); (d)Namaqua rockmouse (Micaelamys namaquensis) feeding onA. peglerae nectar and/or flowers at night, likely collecting
pollen in the fur on its face (scale bar =10 cm). The figure is available in full colour in the online version. Photographs: A, Craig Symes;
B, Maxine Hullett; C and D, Camera traps.
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(n=550) was numbered and labelled with an engraved metal
tag, and the GPS co-ordinates recorded using a hand-held
GPS (Garmin, GPSMAP 60Cx. USA; Arena et al. 2013).
Shortly after the flowering season started, 56 flowering aloes,
whose flowers had not yet opened, were randomly selected
and assigned to one of four treatments, with 14 plants per treat-
ment, namely:

i No-visitors (NOVISTRT) – Total exclusion, plants covered
with mesh cages for the entire flowering period, all diurnal
and nocturnal visitors excluded;

ii Nocturnal-visitors (NOCTTRT) – Diurnal-visitor exclu-
sion, plants covered with a mesh cage during the day to ex-
clude diurnal visitors, cages removed at night allowed access
by nocturnal visitors;

iii Diurnal-visitors (DIURTRT) – Nocturnal-visitor exclusion,
plants covered with a mesh cage during the night to exclude
nocturnal visitors, cages removed during the day allowed
access by all diurnal visitors;

iv All-visitors ‘control’ (ALLTRT) – plants exposed for the du-
ration of the flowering period, allowing access by diurnal
and nocturnal visitors.

Exclusion cages (Fig. 1b) were constructed of a bamboo
tripod frame (height= about 0.9m, basal area covered= about
0.3m2), covered with a fine nylon mesh (1×1mm pores),
which restricted visitors of all sizes, including insects. Cages
were shared between aloes in close proximity, i.e. a DIURTRT

aloe was ‘paired’ with a NOCTTRT aloe, because these treat-
ments required cages at different times, and to facilitate the ef-
ficient changeover of cages between the two exclusion
treatment groups at dusk and dawn. Care was taken when re-
moving the cages from the aloes to avoid transfer of pollen
from the flowers onto the cage and prevent the accidental
transfer of pollen between plants during the changeovers.
Cages were also large enough to prevent any contact of the
mesh with the inflorescence and inadvertent pollen transfer
between paired plants, even in windy conditions that are com-
mon during the flowering period. Eventually, as the flowering
season drew to an end and more cages became available, re-
maining plants in the trials had their own cages. We also en-
sured that exclusion cages covered individual plants for the
entire sampling period (25 June-27 July 2013) when their
flowers were open.

Temperature data loggers (accurate to 0.5 °C, Thermocron
iButtons, Australia), programmed to record temperature every
hour for 25 days of the sampling period were placed inside the
rosettes of five ALLTRT and five NOVISTRT plants to compare
the temperatures of themicro-habitat environment of the exclu-
sion cage space with that of un-caged plants.

Camera traps (Bushnell, models 119456 and 119477,
China) were used to confirm the presence of the expected visi-
tors for the treatment to which the aloe was assigned, i.e. bird
visitors to DIURTRT plants (n=12 cameras during day, one
not paired), small mammal visitors to NOCTTRT plants
(n=11 cameras during night) and both groups to the ALLTRT

(n=nine cameras during day and night). To verify the effective-
ness of the exclusion cages in excluding all visitors, cameras
were set at two NOVISTRT plants. Each camera was pro-
grammed at high sensitivity to take two photographs when mo-
tion sensors were activated, with three-second intervals
between activations. Cameras were placed on tripods at least
one metre from the plants, facing southwards to minimize sun
glare, and downwards onto the aloe to minimize vegetation
moving in the wind activating the camera.

Changeovers of camera traps and cages took place in the
hour after sunrise (06:45–07:45) and the hour before sunset
(16:30–17:30). This strategy attempted to select for the visitors
relevant to each exclusion treatment but because of the gradual
transition of day to night, and night to day, ‘inappropriate’ vis-
itors, (e.g. birds feeding very early in the morning or very late in
the evening on NOCTTRT plants), could not be controlled for
(see later). The ‘diurnal’ period was defined as 07:00–17:59,
and the ‘nocturnal’ period as 18:00–06:59; small-mammals
and birds visiting during each of these periods respectively were
defined as ‘inappropriate’ visitors. Memory cards (SanDisk
2GB and 4GB) and batteries in the cameras were replaced as
needed. Three cages were torn and broken by chacma baboons
and strong winds, but were replaced with undamaged cages
during a changeover period, i.e. within 12 h of damage.

A visitor was considered a legitimate visitor if it touched the
plant or inflorescence (e.g. probing flowers, standing on leaves
and/or inflorescence), because the visitor had the potential to
transfer pollen. All visitors were identified to species. The time
and date of each visit were recorded, and a visitor was recorded
as the ‘same visitor’ if it was recorded in a similar position or a
specific feature had remained the same (e.g. aberrant feather
positioning on bird, pollen deposition patterns, etc.) after suc-
cessive three-second intervals between activations. A visitor af-
ter a period of 30 s between camera activations was recorded as
a new visitor, unless it was clear that it was the same individual
as the previous visitor, as noted above. Mean visitation rate per
1000 plants (visits/1000 plants/h) for each treatment was calcu-
lated for all visitors (Table 1).

Reproductive success

Reproductive success, used as ameasure of pollinator contribu-
tions, could only bemeasured for 12 aloes in each treatment, as
two inflorescences per treatment were either broken or missing
between flowering and fruiting (a period when no camera trap
footage was available). Approximately five weeks after the end
of the flowering season (9 September 2013), fruit produced
by each aloe were removed and counted. A maximum of five
fruit per plant were randomly selected and the remaining fruit
scattered around the aloe (Arena et al. 2013). The number of
flowers on each raceme (represented by the number of pedun-
cles; Symes et al. 2009; Arena et al. 2013) was counted to calcu-
late the mean number of flowers/plant. Fruit set (proportion)
was calculated by dividing the number of fruit by the number
of flowers (peduncles). The harvested fruit were left in open
bags to dry at ambient laboratory temperatures at theUniversity
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of the Witwatersrand, Johannesburg. When the fruit opened,
the number of seeds from each fruit was counted and the aver-
age number of seeds/fruit for each plant was calculated (seed

set). The estimated total seed production for each plant was cal-
culated by multiplying the average seed set by the total number
of fruit produced by that specific plant.

Table 1. Percentage contribution to visitation by each species in each of the exclusion treatments. (NOCTTRT, DIURTRT and
ALLTRT=Nocturnal-Visitors, Diurnal-Visitors and All-Visitors treatments respectively). Bold values indicate visitors on the ‘correct’ treat-
ment (i.e. appropriate visitors); values in parentheses are mean visitation rates (number of visits/1000 plants/h± SE). Significant differences
in overall visitation rates per treatments are indicated by different letters (Kruskal–Wallis multiple comparison test; P< 0.05). An animal
was recorded as a visitor if it touched the plant (e.g. perched) or inflorescence in any way. No visitors were recorded inside the exclusion cages
of the total exclusion treatment. Taxonomy for birds follows Hockey et al. (2005) and Chittenden (2014).

Visiting species NOCTTRT (2274h; 11 plants) DIURTRT (1599 h; 12 plants) ALLTRT (3316 h; 9 plants)

Birds:
Cisticolidae
Wailing cisticola 0.8 0 0
Cisticola lais‡# (0.52±0.52) (0) (0)
Dicruridae
Fork-tailed drongo 1.5 0.4 0.7
Dicrurus adsimilis†# (1.12±1.12) (0.56± 0.56) (0.56±0.56)
Fringillidae
Streaky-headed seed-eater 3.8 7.9 4.1
Crithagra gularis†§ (1.79±0.96) (12.59± 2.95) (4.29±1.29)
Lybiidae
Crested barbet 0 0.4 1.7
Trachyphonus vaillantii†# (0) (0.56± 0.56) (1.76±1.18)
Motacillidae
Long-billed pipit 0 0.4 0
Anthus similis‡# (0) (0.54± 0.54) (0)
Muscicapidae
Cape rock-thrush 16.0 80.5 68.2
Monticola rupestris† (9.30±3.32) (134.02± 22.40) (60.19±7.58)
Familiar chat 0 1.1 1.0
Cercomela familiaris‡ (0) (1.87± 1.29) (0.66±0.66)
Mountain wheatear 0 0.4 0
Oenanthe monticola‡ (0) (0.69± 0.69) (0)
Pycnonotidae
Dark-capped bulbul 4.6 7.1 13.7
Pycnonotus tricolor† (2.43±1.06) (12.40± 4.20) (12.92±5.12)
Sturnidae
Red-winged starling 0.8 0 0
Onychognathus morio†# (0.52±0.52) (0) (0)
Zosteropidae
Cape white-eye 1.5 0 0
Zosterops virens† (0.67±0.67) (0) (0)
Mammals:
Cercopithecidae
Chacma baboon 0.7 0 1.0
Papio hamadryas ursinus‡§# (0.38±0.38) (0) (1.18±0.65)
Macroscelididae
Eastern rock sengi 3.8 0 0
Elephantulus myurus†# (2.28± 2.28) (0) (0)
Muridae
Namaqua rock mouse 66.4 0 9.6
Micaelamys namaquensis†§# (40.17± 18.75) (0) (7.83±2.45)
Reptiles:
Agamidae
Ground agama 0 1.9 0
Agama aculeata‡# (0) (3.95± 2.21) (0)
Total number of visitors 92, 39 266, 0 292, 0

(59.17±20.33)b (167.18±23.75)a (89.39±13.28)ab

†Visitors that touched the plant and/or inflorescence and probed flowers. ‡Visitors that touched the plant and/or inflorescence
only. §Visitors that fed on flowers. #Visitors not previously recorded by Arena et al. (2013).
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Germination trials and seed viability

Amaximumof 10 seeds randomly selected from each fruit were
pooled, resulting in a total of up to 50 seeds/plant. Seeds were
placed into sterilized petri dishes on top of two filter papers
(Boeco Germany, 3 hw, 65 g.m�2, 90 mm diameter), covered
with one filter paper and saturated with distilled water. The
petri dishes were kept in an environmental control chamber,
with daytime temperatures of 25 °C and night-time of 15 °C
(12 h day–night cycle) and a relative humidity of 50%. Germi-
nating seeds, identified by a 2 mm radicle protruding from the
seed, were counted every day for three weeks and, thereafter,
three times a week for an additional three weeks.

Seeds that had not germinated after the six week period were
removed from the control chamber. Empty seed coats were re-
moved and the seed recorded as ‘dead’. Any intact seeds were
sliced in half to expose the embryo and covered in a 1.0%
2,3,5-triphenyltetrazolium chloride (tetrazolium) solution
overnight. The following day, seeds with embryos that had
turned a pale pink were considered to be ‘viable’, while seeds
with embryos that remained white were recorded as ‘dead’
(ISTA 2003). Total seed viability was calculated as the total
sum of all germinated and viable seeds after tetrazolium testing.

Mean Germination Time (MGT) was calculated using the
following equation:

MGT ¼ ΣDn
Σn

where n is the number of seeds germinated on day D, and D is
the number of days counted from the beginning of germination
(Zanjan & Asli 2012).

Data analysis

A non-parametric Kruskal–Wallis rank sum test was used to
test for differences among treatments in: (i) visitation rates;
(ii) mean number of flowers; (iii) fruit set; (iv) seed set; (v) total
seed produced/plant; (vi) percentage germination; (vii) MGT,
and (viii) total seed viability (Shapiro–Wilk normality distribu-
tion test, P< 0.05). Kruskal–Wallis multiple comparison post-
hoc tests were performed on datasets with significant differences
(P< 0.05). The microhabitat temperatures inside and outside
the cages, during the day (07:00–17:59) and night
(18:00–06:59), were compared using an Independent Stu-
dent’s t-test (these data were normally distributed; Shapiro–
Wilk, P> 0.05). All statistical analyses were performed in R
(Version 3.1.2. R Core Team 2014), and are presented as
mean± standard error (SE).

RESULTS

Diurnal and nocturnal pollinator visitation

Although a Kruskal–Wallis test indicated that there was
a significant difference in the visitation rates among
treatments (H2,28=12.72, P=0.0017), the post-hoc test

indicated that only the DIURTRT and NOCTTRT were
significantly different from each other. The DIURTRT

had a significantly higher visitation rate (167.18±23.75
visits/1000 plants/h), with 98.1% (n=266 visits) of these
visits by birds, compared to the NOCTTRT (59.17
±20.33 visits/1000 plants/h), with 70.2% (n=131 visits)
of all night visits made by small-mammals. The ALLTRT

had a mean visitation rate of 89.39±13.28 visits/1000
plants/h which did not differ significantly from the other
two treatments, with birds and small mammals making
up 89.4% and 9.6% of all visits (n=292 visits) respec-
tively. The Cape rock-thrush (Fig. 1c) was the most
common diurnal visitor, in the DIURTRT and ALLTRT

(80.5% and 68.2% of all visits respectively) and the
Namaqua rock mouse (Fig. 1d) the most common noc-
turnal visitor, in the NOCTTRT and ALLTRT (66.4%
and 9.6% of all visits respectively). The balance of visits
in theDIURTRT andALLTRT includes a combination of
eight (19.5%; seven bird and one reptile species) and six
species (22.3%; five bird and one mammal species) re-
spectively. Table 1 lists visitation rates and activities for
individual visiting species for each treatment. Rates dif-
fer from those presented by Arena et al. (2013), a similar
study conducted a few years prior in the sameA. peglerae
sub-population. This is likely the result of different sam-
pling techniques: Arena et al. (2013) conducted 20 min
observations during daylight hours, three times/day
(06h00–10h00, 10h00–14h00, 14h00–18h00) over a
two week period, and used only six camera traps, while
our study used 32 camera traps continuously throughout
the day and night for the five week flowering period.

Insects were observed visiting all plants exposed
during the day, but because their contribution to the
reproductive success of the aloe has been shown to be
insignificant, and they occurred at very low abundance,
their contribution is not considered further (Arena et al.
2013). All DIURTRT plants received only bird visitors,
except two plants visited once each by a ground agama
(Agama aculeata). Each ALLTRT plant received both
diurnal and nocturnal visitors, with the exception of
one plant which received only diurnal visitors. Nine
NOCTTRT plants received visits from theNamaqua rock
mouse and/or the eastern rock sengi, while two did not
receive any small mammal visits. Nine NOCTTRT aloes
also received at least one avian visit (a total of seven bird
species), accounting for 29% of all the visits to
NOCTTRT plants (Table 1). These visits occurred just
before sunset (21%) or just after sunrise (79%) when
the cages and cameras were being changed between
DIURTRT andNOCTTRT plants. Therefore, to account
for the avian visits to NOCTTRT aloes, an ‘Inappropriate
Visitors Correction’was applied to each of these aloes by
subtracting the proportion of bird visits from each of the
different measures of reproductive success. This correc-
tion did notmake a significant difference to the statistical
outcomes so the original, uncorrected dataset was used.
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Flower herbivory occurred on multiple occasions at
five plants, where both small mammals and birds were
photographed tearing perianths and/or removing whole
flowers. One plant experienced severe herbivory where
every flower was removed by mice over a period of
10days and this plant produced no fruit at all. Chacma
baboons were twice recorded pulling the racemes and
leaves of the plants, as well as feeding on some flowers.
The mocking cliff-chat (Thamnolaea cinnamomeiventris)
was as abundant as the Cape rock-thrush in the Conser-
vancy (SLP & CTS pers. obs. 2013), but not recorded
on flowering plants, despite being known to occasionally
feed on Aloe nectar (Symes 2010). Wailing cisticola
(Cisticola lais), long-billed pipit (Anthus similis), red-
winged starling (Onychognathus morio), Cape white-eye
(Zosterops virens) and eastern rock sengi were only re-
corded visiting a single aloe, either on one or multiple
occasions. Camera traps also recorded other mammal
species: one slender mongoose, two large-spotted genet
(Genetta tigrina), 12 Smith’s red rock rabbit (Pronolagus
rupestris), one Cape porcupine (Hystrix africaeaustralis)
and one black-backed jackal (Canis mesomelas) near,
but not in any way associating with, the flowering aloes.
Species recorded visiting aloes by Arena et al. (2013) but
not recorded in this study include amethyst sunbird
(Chalcomitra amethystina), Cape bunting (Emberiza
capensis), and lazy cisticola (Cisticola aberrans).

While the high sensitivity setting of the cameras
resulted in a substantial number of photographs (5749,
15331 and 39127 in the NOCTTRT, ALLTRT and
DIURTRT respectively), largely because of vegetation
moving in the wind, it also ensured that all visitors were
detected and, therefore, we are confident that the 689
visitors recorded across the three treatments compre-
hensively surveyed all visitation events. Usually plant
visits were short (<3 s, but still allowing time to touch
the plant or probe at least once) although a single female
Cape rock-thrush was recorded on an aloe for three
minutes and 35 s.

The nylon mesh cages did not significantly alter the
micro-habitat temperature for the plants in the cages,
during the day or night, as there were no differences
between the mean hourly temperatures for the ALLTRT

plants andNOVISTRT plants (Daytime: ALLTRT=20.8
±1.5 °C, NOVISTRT=20.4±1.4 °C, t20=�0.22,
P=0.83; Night-time: ALLTRT=11.1±0.5 °C,
NOVISTRT=12.1±0.5 °C, t24=1.25, P=0.22).

Reproductive success

The mean number of flowers/plant did not differ signif-
icantly among treatments; NOVISTRT (224±35
flowers), NOCTTRT (242±21), DIURTRT (227±24),
ALLTRT (227±19) (F3,44=0.372, P=0.77).

Mean fruit set differed among treatments
(H3,44=23.31, P<0.0001; Fig. 2a). The NOVISTRT

plants produced no fruit, which differed significantly
from the DIURTRT and ALLTRT. Of the 12
plants/treatment, four of the NOCTTRT, one of the
DIURTRT and three of the ALLTRT plants did not
produce any fruit. Fruit set did not differ significantly
between the DIURTRT (23.3%) and NOCTTRT

(9.0%), or between the NOCTTRT and NOVISTRT

(0.0%; Fig. 2a). Coefficients of variation (CV) were
high; 104%, 72% and 71% for the NOCTTRT,
DIURTRT and ALLTRT respectively.

A total of 144 fruit were collected (39 from
NOCTTRT, 55 from DIURTRT, 50 from ALLTRT and
zero from NOVISTRT). Although there was an overall
significant difference among the four treatments for
average seed/fruit (H3,44=25.64, P<0.0001), there
was no significant difference between the ALLTRT and
DIURTRT (43±6 and 43±5 seeds/fruit respectively;
Fig. 2b), nor between these two treatments and the
NOCTTRT, which produced 24±19 seeds/fruit. Varia-
tion among plants was higher in the NOCTTRT, with a
CV of 80%, compared to the ALLTRT and DIURTRT

(48% and 35% respectively).
The estimated total seed produced/plant varied signifi-

cantly (H3,44=23.52, P<0.0001; Fig. 2c), specifically
between the NOVISTRT and both the DIURTRT and
ALLTRT. The DIURTRT plants produced the most seed
in total, with a mean of 2433±456 seeds/plant, followed
by the ALLTRT (2129±424 seeds/plant) and the
NOCTTRT (861±20 seeds/plant). Variation was high
within each treatment (CVs of 129%, 65% and 68% for
theNOCTTRT,DIURTRT andALLTRT respectively).

Germination trials and seed viability

Seeds in all treatments began germinating within four
days, with the DIURTRT and ALLTRT having a MGT
of 6.44±0.24 and 6.46±0.30days respectively (Fig. 3).
The ALLTRT had the highest cumulative percentage ger-
mination (97%), then the DIURTRT (92%), and
NOCTTRT (90%), which also took longer to germinate
(MGT=7.30±0.48days). There was no significant
difference in percentage germination (H2,26=4.57,
P=0.10; Fig. 3), or MGT among treatments
(H2,26=3.02, P=0.22). Germination slowed after
approximately 10days, and the final seed germinated
24days into the trial. Total seed viability (germination
and tetrazolium testing combined) ranged from 90 to
98% and did not differ significantly among treatments
(H2,29=5.80, P=0.06).

DISCUSSION

Birds were identified as themost abundant pollinators of
A. peglerae, contributing more to all measures of repro-
duction, when compared to the NOVISTRT. Birds alone
appeared to make more of a contribution to
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reproduction when compared to the ALLTRT (birds and
small-mammals combined, where the small mammals
may be reducing plant reproductive success through
herbivory), and the NOCTTRT (small-mammals only),
i.e. fruit set (1.2–2.6 times greater), average seed/fruit
(1.0–1.8 times greater) and total seed production (1.1–
2.8 times greater), than the ALLTRT and NOCTTRT

respectively. DIURTRT and ALLTRT aloes received
multiple bird visitors; in the ALLTRT the Cape rock-
thrush (68.2%) and dark-capped bulbul (13.7%) were
the most common visitors. These results are consistent
with those of Arena et al. (2013), who showed that the
Cape rock-thrush and dark-capped bulbul were themost
important pollinators, with the Cape rock-thrush
accounting for about 60% of all probing visits that

contribute to pollination and reproductive success. In
addition, 12 other bird species have been recorded visit-
ing A. peglerae (Arena et al. 2013; this study) but less
frequently, and all of these were recorded as visitors to
other aloe species, such as A. vryheidensis (five generalist
bird species), A. marlothii (39 bird species) and A. ferox
(16 bird species) (Johnson et al. 2006; Symes et al.
2008; Kuiper et al. 2015). This finding therefore specif-
ically emphasizes the important role that a single gener-
alist avian nectarivore, i.e. the Cape rock-thrush, plays
in the pollination of A. peglerae.

The relatively high abundance of Cape rock-thrushes
in the areamay be a response to nectar availability at high
altitudes in resource-limited winters, as they appear to
be transient at the site; only one Cape rock-thrush was

Fig. 2. Reproductive success of Aloe peglerae for pollinator selective exclusion experiments in 2013 (NOVISTRT, NOCTTRT,
DIURTRT and ALLTRT=No-Visitors, Nocturnal-Visitors, Diurnal-Visitors and All-Visitors treatments respectively), as measured
by, (a) fruit set (proportion of flowers that set fruit), (b) number of seed produced/fruit, (c) total seed produced/plant (n=12
plants/treatment). Boxes represent median and inter-quartile range, bars represent minimum and maximum and solid circles repre-
sent outliers. Treatments with different letters are significantly different (Kruskal–Wallis multiple comparison test; P< 0.05).
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re-sighted 2h after ringing six individuals in two
flowering seasons (SLP and CTS unpubl. data 2012,
2014). The Cape rock-thrush is a resident species, but
during resource-limited winter months, migrates to
lower altitudes (<900m; Johnson & Maclean 1994),
yet A. peglerae is found at altitudes greater than 1500m
(Arena et al. 2013; SLP unpubl. data 2013), suggesting
that the birds are temporarily moving to higher altitudes
in search of resources. This seasonal movement of polli-
nators in response to nectar availability has been
recorded in A. marlothii and A. ferox, where the peak
abundance of nectarivores coincided with peak
flowering and nectar availability in aloes (Symes et al.
2008; Kuiper et al. 2015). However, the lack of
re-sightings of marked individual birds, given the patchy
availability of nectar is intriguing, and requires further
research; the temporary presence and continuous move-
ment of birds through the areamay suggest that, (i) alter-
native food resources elsewhere are available to sustain
birds and/or, (ii) the nectar resource is not that critical
for these birds.

The role that small-mammals appear to play in polli-
nation cannot be overlooked in A. peglerae. Small mam-
mals, (e.g. rodents), in South Africa, have been
identified as the primary pollinators of Protea nana
(Proteaceae; Biccard & Midgley 2009), Leucospermum
arenarium (Proteaceae; Johnson & Pauw 2014), Liparia
parva (Fabaceae; Letten & Midgley 2009), Whiteheadia
bifolia (Hyacinthaceae; Wester et al. 2009; Wester
2010), Massonia depressa (Hyacinthaceae; Johnson et al.
2001), and Cape grey mongoose (Galerella pulverulenta)
and large-spotted genet have been suggested to occa-
sionally pollinate four Protea spp. (Steenhuisen et al.
2015). Although there are reports of mammals feeding
on Aloe nectar (Symes & Nicolson 2008; Symes 2010)

this, to our knowledge, is the first study to quantify the
contribution of small mammals to pollination in an Aloe
species. Arena et al. (2013) noted small mammals visit-
ing A. peglerae plants at night, and suggested that they
may contribute to pollination. Indeed, the results of this
study suggest that small mammal, i.e. Namaqua rock
mouse and eastern rock sengi, contributions to repro-
duction, as measured by fruit set, seed set and total seed
production, were important. It is likely that these mam-
mals are visiting the plants in search of nectar during
the resource-limited winter, as they were also recorded
removing flowers from the inflorescence (this study),
and collecting and/or transferring pollen between
flowers in the process. Despite this herbivory it may still
be possible that seeds are produced so long as flower
destruction is not too severe and the pistil remains intact
(Faegri & van der Pijl 1979).

The effectiveness of small mammals as pollinators of
A. peglerae is furthermore questioned. A visitor was con-
sidered an effective pollinator, or effective at transferring
conspecific pollen, if plant visits were regular and non-
destructive, and viable seed was produced (Carthew &
Goldingay 1997). The small mammals, particularly the
Namaqua rock mouse, were sometimes regular visitors,
removing all flowers such that no fruit was produced.
However, when the mammal-pollinated aloes produced
seed, the seeds were of a similar quality to that of the
bird-pollinated plants, as demonstrated by the germina-
tion trial. This suggests that small mammals can be
effective pollinators of A. peglerae, provided that herbiv-
ory is not too great. In a poor flowering year, the effects
of herbivory may have counter-productive effects on
overall reproductive success because of the high
proportion of herbivores to flowering plants. Following
the ‘predator-satiation’ hypothesis (Silvertown 1980),

Fig. 3. Cumulative percentage seed germination over the six week germination trial between the three pollinator exclusion treat-
ments on Aloe peglerae. Seeds stopped germinating after 29 October and the trial was terminated on 30 November 2013.
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rodent populations in various mast-fruiting North
American oak species have been shown to be affected
by variations in fruit availability (Clotfelter et al.
2007), although it is unclear how important A. peglerae
is for small mammals during cold, dry winters. Birds
can also be destructive visitors to the aloe. The
streaky-headed seedeater (Crithagra gularis) tears the
perianths of the flowers to access the nectar, feeds on
the flowers and damages fruit to feed on the seeds
(Symes et al. 2009; Arena et al. 2013; this study).
However, this destruction may have a limited effect
on overall reproductive success, because the pistils of
the flowers do not appear to be damaged (Faegri &
van der Pijl 1979; SLP pers. obs. 2013). Similarly for
small mammal herbivory, the overall flowering success
between years may play a role in overall reproductive
success within the A. peglerae sub-population; if the
proportion of flowering plants is low then the relative
impact of herbivory may be greater.
It is unclear how effective feathers (birds) and fur

(mammals) are at transporting pollen (Rourke &
Wiens 1977; Cunningham 1991). However, more im-
portant may be the distances that pollen is transferred.
Less mobile mammals have smaller home ranges (e.g.
E. myurus males have a home range of approximately
3958m2; Ribble & Perrin 2005), and limited vagility
compared to birds, restricting movement between indi-
vidual plants (Faegri & van der Pijl 1979; Cunningham
1991). They may compensate for this by spending
more time foraging at aloes, thereby picking up greater
amounts of pollen on their fur than birds do on their
feathers (Rourke & Wiens 1977; Cunningham 1991).
Therefore, even though small mammals may be visit-
ing fewer aloes over a smaller area, they may be trans-
ferring more pollen because of their potentially higher
pollen load. The germination trial indicated that seed
produced on mammal-pollinated plants was equally vi-
able compared to seed produced by bird-pollinated
plants, suggesting that the limited mobility of mam-
mals compared to birds in visiting a greater number
of inflorescences over a wider area may not signifi-
cantly affect plant reproductive fitness. Therefore, the
contributions of diurnal and nocturnal visitors on an
individual plant may depend on the circumstances of
that plant, whether it falls within the home range of a
small mammal, and the degree of damage by visitors
(Carthew & Goldingay 1997). This may also explain
the high variation in each treatment and the variable
effectiveness of different visiting species.
It appears that A. peglerae is visited throughout the

course of the day and night, and is reliant on these
visitors for the transfer of pollen. The lack of fruit and
seed production in the total-exclusion treatment
suggests that A. peglerae is self-incompatible but this
remains to be tested. However, it is clear that A. peglerae
needs to rely on an external vector for pollen transfer, as

has been found in otherAloe species (e.g.Hoffman 1988;
Botes et al. 2009a; Symes et al. 2009;Wilson et al. 2009).
Although birds are the primary pollinators, visiting dur-
ing the day, this is the first quantified evidence of small
mammals visiting and feeding on aloe nectar at night. Al-
though not measured, it is possible that A. peglerae pro-
duces nectar constantly, to replace that consumed by
visitors, as with A. castanea, A. vryheidensis and A.
marlothii (Nicolson & Nepi 2005; Johnson et al. 2006;
Symes & Nicolson 2008). Should nectar production be
constant, it could serve to attract both diurnal and noc-
turnal pollinators, increasing the probability of successful
pollination. The height of the plant and the inflorescence
(approximately 25cm and 17cm high respectively,
resulting in a total height of about 42cm; Arena et al.
2013; SLP unpubl. data 2014) may also facilitate small
mammal visitation, as the flowers are more accessible
to the mammals, compared to the flowers of taller Aloe
species. At the same time, the inflorescences are conspic-
uous enough above the low grass layer (about 33cm;
Arena et al. 2015) to attract birds. The difference in per-
centage of bird visits in the ALLTRT (89.4%) and the
DIURTRT (98.1%) suggests that the potential depletion
of nectar by foraging small mammals at night could
decrease the nectar available to the birds early in the
morning, thereby decreasing the visitation by birds and
the effect they may have on pollination.

CONCLUSION

Succulent aloes flower predominantly in winter (Cous-
ins & Witkowski 2012; Symes 2012), and can provide
important food resources for many animals during cold,
dry and resource-limited winter periods (Johnson 2004).
For example, Symes et al. (2011) found that A. marlothii
nectar is an important source of nutrition for opportu-
nistic avian nectarivores during the dry winter months.
There are reports of sengis visiting the flowers of the
summer-flowering A. reitzii, an endemic grassland aloe
to the eastern grasslands in South Africa (CTS unpubl.
data 2014). The evolutionary relationship between
diurnal avian and nocturnal small-mammal pollinators
in winter-flowering aloes may be more common than
originally thought, and we predict it to be evident in
other Aloe spp. that have similar growth forms and
morphology (e.g. Aloe aculeata, A. melanacantha, A.
petricola, A. pratensis).
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