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Summary
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Aloe marlothiiis a winter-flowering succulent that is widespread in the savanna biome
of northern and north-eastern South Africa. Plants grow up to 8 m in height and are
commonly found on rocky north-facing slopes. Nectar production occurs through a 24
h period with flowers producing copious amoumts260 pl) of dilute nectarc(12%).

This abundant nectar supply, that is available for a 5-10 week period during June-
August, is utilised by numerous opportunistic avian nectarivores. At a study site in
Suikerbosrand Nature Reserve, 60 km south-east of Johannesburg, at least 59% (38
species) of birds recorded during census transects fed on nectar; throughout the range
of A. marlothiiat least 85 species feed on nectar. This diversity surely far exceeds the
number of species ever recorded feeding on nectar of a single plant. During the
flowering period an influx of birds at the aloe forest occurred, with an overall increase
in abundance and diversity. Pollinator exclusion experiments supported the hypothesis
thatA. marlothiiis pollinated by generalist birds; specialist nectarivores are possibly
excluded as inefficient pollinators by the nectar of low concentration and high volume.
Fruit set was higher in plants that had avian visitors and very low when pollinators
were absent.

Stable carbon isotope analysis of whole blood was used to quantify the
importance of nectar sugars for opportunistic nectarivores. During flowering there was

an enrichment in th&'*C isotopic signature of whole blood of nectar-feeding birds
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towards that of nectad®C = -12.6%.). This shift was most prominent in frugivores,
insectivores and omnivores that typically fed on a diet depleté@ when nectar was

not available. The £grass seed diet of granivores was similar to the isotopic signature
of A. marlothiinectar, so we were unable to determine to what degree granivores
benefitted from nectar. Stable nitrogen isotopes in whole blood may suggest that many
nectar-feeding birds shift their trophic position during flowering. However, we
interpret these results with caution because of insufficient knowledge on diet-tissue
fractionation factors of wild birds and/or temporal changes in vegetation isotopic
values. Stable carbon isotope analysis of breath samples was used to stAow that
marlothii nectar is a readily available income energy source for nectar-feeding birds.
BecauseéA. marlothiinectar is so dilute we expected it to be an important water source
for many opportunistic nectar-feeding bird species. There was no correlation between
the enrichment o5'*C of breath C@(representing metabolised nectar sugars) and the
§'%0 in breath CQ@(representing a highly evaporated water source in nectar); for most
birds thes*®0 in breath C@was more similar to that of free-standing water sources.
However, because our knowledge on the relationship betdvé@rof ingested water

and body water, and fractionation processes whepni€€xhaled is limited, we were
unable to quantify water obtained from nectar. The sugafs ofarlothiinectar are
probably more important, as a food source for opportunistic nectarivores during dry
winter months when insect abundance is low, than the water in nectar, because birds
are able to source water from other drinking sites.
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GENERAL INTRODUCTION

“In all things of nature there is something of the marvellous”
Avristotle (384-322 BC)

Background and motivation

The conspicuous orange to red inflorescencedad species are a distinct feature of

the South African landscape during the austral winter (May-August) (Reynolds 1969;
Reynolds 2004; Van Wyk and Smith 2005). Most species within this genus flower
during winter months (Jeppe 1969; Reynolds 1969; Glen and Hardy 2000; Van Wyk
and Smith 2005; Fig. 1) and it is suggested that they form an important food and/or
water source for numerous animal species. One of the most conspicuous and
charismatic species, with a widespread distribution in the eastern half of South Africa,
is Aloe marlothiiA. Berger (Reynolds 1969). Flowering is often prolific in these large
aloes (up to 8 m) and occurs during the dry season when water and food resources for
animals are often low, thereby providing an important nectar oasis for many

opportunistic nectarivores (Oatley and Skead 1972). In addition, the flowering of other



Aloe species also provides an important nectar source for numerous bird species
(Marloth 1915; Oatley 1964; Oatley and Skead 1972; Nicolson 2002; Nicolson and
Fleming 2003; Nicolson and Nepi 2005).

In southern Africa, specialised nectarivores are from the family Nectariniidae
(sunbirds; 12 species) and Promeropidae (sugarbirds; 2 species) (Skead 1967).
However, additional opportunistimectar feeders include white-eyes (Zosteropidae),
weavers (Ploceidae), bulbuls (Pycnonotidae), barbets (Lybiidae), mousebirds
(Coliidae) and starlings (Sturniidae) (Marloth 1915; Oatley 1964; Skead 1967; Jacot
Guillarmod et al. 1979; Craig and Hulley 1994; Oatley 2001). In southern Africa
numerous insectivores are also known to occasionally utilise aloe nectar, and also

likely benefit from the abundant supply of insects visiting aloes (Oatley 1964).

No detailed study has been conductedomarlothii despite it being a
common and widespread species in South Africa (Reynolds 1969; Glen and Hardy
2000; Van Wyk and Smith 2005). Broader studies have incladeahrlothii in
assessing the effects of browser impact at an ecological level (Thrash 1998; Wiseman
et al 2004), investigating chemical properties (Cavallini 1993; Viljoen.&it946),
and resolving taxonomic issues and understanding aloe biogeography (Brandham
1969; Bayer 1972; Holland 1978; Riley and Mujamdar 1979; Smith 1991; Smith et al
2001; Treutlein et al. 2003). A few studies of other aloe species have addressed
pollination (Hoffman 1988; Ratsirarson 1995; Stokes and Yeaton 1995; Paliller et al.
2002; Johnson et al. 2006), whilst some have made reference to the relationships
between aloes and birds (Oatley 1964; Oatley and Skead 1972; Hoffman 1988;
Ratsirarson 1995).

Since the early works of Oatley (1964) and Oatley and Skead (1972), where the
use of aloes by birds in general was described, no studies have quantified or analysed
aloe-avian relationships. A number of aloe species are considered important for birds,
particularly those that flower during winter months when food resources may be low

(Fig. 1). More specifically, it is the larger species of aloe includingarlothiiandA.

2 Throughout this thesis | have opted to use the term opportunistic rather than facultative nectarivore. Opportunistic
aso implies a reliance on nectar to a lesser degree than facultative. In some instances | have made use of occasional,
which similarly implies less reliance on nectar than facultative.



ferox (see below) that provide an abundant and important food supply to birds,
particularly in the eastern half of South Africa (Oatley 1964; Oatley and Skead 1972).

In the drier western parts of the country large tree aloes suthdashotoma, A.

pillansii andA. ramosissimanay be important nectar sources for birds. Understanding
the interactions between consumers and these valuable nectar resources will enable us
to develop a better understanding of the importance of potential pollinators for aloes,

and in particulaA. marlothii
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Figure 1. Number of South African (after Jeppe 1969) and southern African (after Reynolds
1969,n = 133)Aloe species flowering in different months of the year. The different references

may have included each aloe species flowering in more than one month.
Aloe marlothiiA. Berger

There is debate concerning the taxonomic statés ofarlothii andA. ferox
with recent publications recognizidg spectabilisandA. candelabrunas synonymous
with A. marlothiiandA. feroxrespectively (Reynolds 1969; Viljoen et 4096; Glen
and Hardy 2000; Van Wyk and Smith 2005). Before proceeding | will attempt to
resolve basic issues concerning the taxonomic status within this allied group, which

are similar in a number of morphological and ecological respects.



Aloe marlothiioccurs on the highveld of Limpopo, Mpumalanga and Gauteng
provinces, South Africa (Reynolds 1969; Glen and Hardy 2000; Van Wyk and Smith
2005; see Fig. 2). Despite its xeromorphic growth form it is confined to predominantly
the savannah biome in the mesic north and north-east of the sub-region (Fig. 2). It
ranges west into Botswana, east into southern Mozambique and Swaziland, and south
into northern KwaZulu-Natal and the southern hills of the Witwatersrand (Reynolds
1969; Glen and Hardy 2000; Van Wyk and Smith 2005). To the north its range
terminates in the Soutpansberg, and does not extend into Zimbabwe (Reynolds 1969).
It is sometimes recognised as a species distinct fospectabiligshat occurs further
south in the central hills of KwaZulu-Natal, in the regions of Bergville, Ladysmith,
Dundee, Muden and the central Tugela River valley (Reynolds 1969; Glen and Hardy
2000; Fig. 2a).

SNR

Figure 2. Distribution ofA. marlothii andA. ferox Aloe marlothiiincludesA. marlothii and
A. spectabiligecognised by Reynolds (1969). Two subspeéies). marlothiiandA. m.
orientalisare identified;A. m. orientaliss not synonymous withA. spectabilisas recognised
by Reynolds (1969)loe feroxincludesA. feroxandA. candelabrummecognised by Reynolds
(1969). Digitised from maps 75 and 80 in Glen and Hardy (2000).



Figure 3. (a) Aloe marlothii plants in flower showing horizontal racen{b};matureA.
marlothii plants showing rosulate growth form and persistent dry leaf skirt characteristic of
most plants(c) Sub-erect growth of racemes characteristispafctabilisform of A. marlothii
(formerly known af\. spectabilif (d) Secund flower arrangementAf marlothii flowers;

(e) flower arrangement dk. spectabilifrom Ladysmith, KwaZulu-Natal. See Appendix for

further descriptions of taxa.

The distinguishing feature &f. marlothiiis its inflorescence, a branched
panicle with up to 30 racemes (sometimes 50 have been recorded) that develops from
the apex of the rosulate growth form (Fig. 3a, b, c; Reynolds 1969; Glen and Hardy
2000; Van Wyk and Smith 2005). Across the wide geographical range the flowers of
A. marlothiivary in shape, size, colour, and raceme angle. In the north of the range the
racemes of each inflorescence develop horizontally, with the KwaZulu-Natal form
(previously known aé.. spectabiliy bearing racemes at an angle, but not erectAs in
ferox (Fig. 3a, c¢; Van Wyk and Smith 2005). Bright-red to golden-yellow flowers are
subtended by bracts 4-9 mm long (Fig. 3d, e; Reynolds 1969; Glen and Hardy 2000;



Van Wyk and Smith 2005). IA. feroxthese bracts are about twice as long (Glen and
Hardy 2000).

An additional subspecies recognised by Glen and Hardy (2806),
orientalis occurs to the east of the distribution and prefers sandier soils (Fig. 2a). This
subspecies is, however, not synonymous WiteBpectabilisFor the purposes of this
study and until further evidence is furnished to the contrary | will follow the taxonomy
of van Wyk and Smith (2005). Allusion to the formsrlothii andspectabilisis done
with reference to the species recognised by Reynolds (1969). These forms relate to the
horizontal and oblique raceme angles characteristic of the northern and southern forms

respectively.

Aloe ferox(hereafter including\. feroxandA. candelabrumaccording to
Reynolds 1969) occurs to the southPoimarlothii (see Fig. 2), where it fills a similar
ecological niche for birds (Skead 1967; Botes 2007). This taxonomic grouping is
supported following findings by Viljoen et al. (1996) that there is no single
morphological, chemical or biochemical character, or character combination, to
supportA. feroxandA. candelabrunas distinct species. Also, there is no distinct
geographical separation between these two taxa (Reynolds 1969; Glen and Hardy
2000; see Fig. 2).

Aloe marlothiiis a common plant in South African bushveld habitats and is
often seen growing with a clumped distribution. It is predominant on north-facing
slopes and frequently occurs at ecotones between habitat types (Reynolds 1969). Its
distribution is also thought to be closely associated with early inhabitants of South
Africa and it is more widespread than many othiere species (Holland 1978;
Bredenkamp and Van Vuuren 1987; Van Wyk and Smith 2005). Flowers occur from
May/June-August/September (austral winter), the colour varying with geographical
location (Reynolds 1969; Glen and Hardy 2000; Van Wyk and Smith 2005). The red
form in the Utrecht district of KwaZulu-Natal contrasts with the yellow to orange
colour evident in flowering plants further north (Van Wyk and Smith 2005). Plants are

thought to flower every year (Johannsmeier 1976) but this remains to be investigated.



In addition, there is debate concerning higher classification afittesgenus.
Early classifications traditionally placed aloes in the family Liliaceae together with the
true lilies and tulips (Marloth 1915; Holland 1978; Cavallini 1993). More recent
classifications have considerAtbe species as members of the Asphodelaceae
together with red-hot pokers and bulbines (Van Wyk et al. 1993; van Wyk and Smith
2005; Human 2006). However, a more refined classification congMisess part of
Aloeaceae, a group that includes other plants with succulent leaves i.e. haworthias and
gasterias (Viljoen et all996; Glen and Hardy 2000; Smith et2001; Reynolds
2004). For the purposes of this study we considee as a member of the family

Asphodelaceae.

The importance oA. marlothii to nectar consumers

Numerous studies have indicated the importance of nectar sources for bird
communities in southern Africa (Frost and Frost 1981; Daniels 1987; Tree 1990; Craig
and Hulley 1994; Symes et @001). In addition to widespread (and dispersed)
flowering species providing nectar over a number of months, less abundant (and
clumped) stands of certain species (Kigphofig) may provide food over a shorter
period (Skead 1967; Niven 1968; Dowsett-Lemaire 1989; Symes2&(dl; Tree
2004). A number of strategies, on both a temporal and spatial scale, may be used by
different nectarivores, and in particular sunbirds, in accessing these food resources
(Tree 1990; Craig and Hulley 1994).

Aloe marlothiiacts as a source of nectar and nutrients for numerous organisms
(Marloth 1915; Oatley 1964; Oatley and Skead 1972; Maclean 1993). The flowers of
A. marlothiiare visited by a number of bird species for possibly different reasons. The
inflorescences oA. marlothiisuggest a bird pollinated syndrome (ornithophilous) that
is supported in studies of other aloes,AeferoxandA. divaricata(Hoffman 1988;
Ratsirarson 1995). However, numerous nectar-feeding species may rob aloes of nectar
without benefitting the plant (Hoffman 1988). The attraction for birds visiting
flowering aloes is the abundant supply of nectar, with at least 98 species in 26 families
recorded probing flowers (Oatley 1964; Oatley and Skead 1972; Hoffman 1988;
Maclean 1993). Seventy-three bird species (including three sunbird species) have been



recorded feeding oA. marlothiiin particular (Oatley and Skead 1972). These include
numerous species not typically classified as nectarivores; moreover such feeding
occurs at a time when natural food supplies may be low (Oatley 1964; Oatley and
Skead 1972; Maclean 1993). Similarly in Bra&iythrina dominguezinectar is an
important food source for bird species when environmental food reserves are low
(Ragusa-Netto 2002). However, in the case of Australian honeyeaters large variations
in nectar production did not affect seasonal abundance of birds, indicating that
honeyeater density was related more to the spacing behaviour of the birds than to food
availability (Pyke et al1993). The importance &. marlothiinectar for birds remains

to be investigated.

Oatley (1964) suggested that it seems unlikely that opportunistic avian
nectarivores rely on aloe nectar as a food source during winter months because of a
shortage of natural food items. Feeding on aloes occurs at a time when many birds are
preparing to breed, and they benefit from a high energy food source in this preparation
process (Oatley 1964). However, the response of certain feeding guilds to feeding on
nectar may be different. For example, food supplies for seed eaters (granivores) may
reach a maximum in winter when grass seeds remain dormant on the ground, and
nectar may supplement an already abundant food supply. In contrast, insect abundance
may be low by the end of a dry season, with periods of low food abundance for
insectivores. The appearance of insectivores at aloes may thus be a response to insects
attracted to aloes, with some individuals turning to nectar as an additional source of
energy (Oatley 1964). Some opportunistic nectarivores probing aloe flowers may
fortuitously feed on insects, yet it is still unclear what aloe feeders target (Oatley
1964). Our understanding of bird resource availability is unclear and periods perceived
as low food availability (e.g. winter) by humans may not be so for birds. For folivores
that prefer the new buds of plants, flowers may act as an important food source; grey
go-awayCorythaixoides concoldbirds have been observed feeding on the whole
flowers of A. feroxand dark-capped bulbuPycnonotus barbartusave been observed
feeding on whol&niphofiaspp. (Asphodelaceae) flowers (C.T.S. pers. obs.). The
importance of aloes to non-nectarivores (species that would typically feed on fruit,

seeds and insects, or a combination of these) is not apparent. Investigating these



relationships on a broad scale will enable us to develop a greater understanding of the

importance of this unique food source to numerous avian consumers.

Aloe marlothiiis important for a number of other organisms. It has been
recorded as browsed by elahdurotragus oryxand nyalalragelaphus angasi
(Anderson and Pooley 1977; Glen and Hardy 2000), and is also appreciated by kudu
Tragelaphus strepsicerdM. Panagos pers. comm.). It is heavily browsed in areas
where black rhinocerdsiceros bicornisoccurs (Wiseman et.@&004) and is also
favoured by African elephantxodonta africangA. Shrader pers. comm.). In each
of these cases it is the succulent leaves that the animals prefer. Vervet monkeys
Cercopithecus aethiogsgave been recorded with pollen-covered faces whilst in pursuit
of A. feroxnectar (Skead 1967; D. Koen pers. comm.). The nectar attracts bees, ants
(Hymenoptera), flies (Diptera), small beetles (Coleoptera) and thrips (Thysanoptera)
which may in turn satisfy avian insectivores (Oatley 1964). These insect visitors, as
observed irA. ferox may be important pollinators (Hoffman 1988). Birds have also
been recorded in nests built on the horizontal naviculate leaves (Laughing Dove
Streptopelia senegalensasid Cape Sparro®asser melanurysand Pied Barbets
Tricholaema leucomeldsave been recorded excavating nesting cavities in the stem

(Johannsmeier 1976).

The importance of birds tA. marlothii

Features of flowers that are attributed to a bird-pollination syndrome
(ornithophily) include: i) diurnal anthesis with nectar peak and flower opening in early
morning; ii) large pollen-nectar distance; iii) vivid colours, bright reddish-orange
flowers; iv) absence of odour and nectar guides; v) distinctly curved tubular flowers;
vi) secund flower arrangement, and; vii) abundant nectar held in flower by capillarity
(Faegri and Van der Pijl 1979; Smith 1991; Maclean 1990; Proctor et al. 1996). These
features are nearly all representedimmarlothii. However, it is still unclear who

pollinates most aloe species.

The flower morphology of\. feroxandA. candelabrunsuggests an
ornithophilous syndrome (Hoffman 1988, Stokes and Yeaton 1995). Simfarly,
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marlothii with its horizontal to slanting racemes (Van Wyk and Smith 2005) is
suggestive of a system focussed towards bird pollination. Inflorescences are robust,
being able to support large bird species such as grey go-away bird and columbids
(>300 g) (Proctor et all996). Generalist bird pollinators are most often attracted to
flowers with low concentratiorc(8-12%) and high volumes(40-100 ul) whilst
specialist nectarivores prefer nectar of high concentratidtb(25% w/w) and low
volume €. 10-30 pl) (Johnson and Nicolson 2008). The long tubular flower shape of
most aloes excludes certain insect species, although honéyfieasellifera are able

to access the nectar of some flowers (Reynolds 1969; Hoffman 1988; Human 2006,
Human and Nicolson 2008). IA. castanedhe open perianth makes the dilute (8-
10%) nectar accessible to bees that prefer pollen (Nicolson and Nepi 2005); whilst in
other aloes with a fused perianth, constricted tubular corolla and tightly packed

stamens (likéA. marlothi), nectar may be more difficult for bees to access.

Aloe marlothiiflowers during periods of little to no rainfall, so it is likely that
copious nectar production supplies birds with both water and a sugary food source
(Oatley 1964). IrA. feroxfour of five bird visitors and five of eight insects were
classed as pollinators (Hoffman 1988), andAodivaricata in Madagascar the
Souimanga sunbirdectarinia souimangappeared to be the most effective pollinator
(Ratsirarson 1995). On Mayotte Island, the endefnimayottensisvas primarily
pollinated by a single sunbird specibigctarinia coqureliwith occasional visits from
Zosterops maderaspataifdosteropidae) and an unidentified hymenopteran (Pailler et
al. 2002). Numerous cases have demonstrated the importance of insect visitors for
plants (see Proctor et 41996). In many instances a specialised pollination syndrome
is indicated in which a plant taxon relies on a specific pollinator (or specialised group
of pollinators), as occurs with the relationship between nemestrinid and tabanid flies
and long-tubed flowers (Manning and Goldblatt 1997; Johnson and Steiner Alg@7).
vryheidensidas been demonstrated to filter flower visitors with long bills (those
perceived as nectar robbers) through increased concentrations of bitter tasting phenolic
compounds in the nectar (Johnson eR806). Despite obvious perceptions of a bird
pollination syndrome, the contribution of different animals to pollinatioA. of

marlothii remains to be investigated.
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Stable isotopes

Stable isotopes are atoms of an element with different atomic masses i.e. they
have the same number of protons (same atomic number) but different numbers of
neutrons in their nuclei (Hoefs 1980). For example the natural stable isotopes of
carbon aré>C and*’C, with relative atomic masses of 13 and 12 respectively (Hoefs
1980). Only 21 elements occur as pure elements, the rest are mixtures of at least two
isotopes (Hoefs 1980). In most cases one isotope is predominant while others present
in trace amounts, but they are not found in uniform ratios in nature (Hoefs 1980). It is
this lack of uniformity, brought about by physical and biological processes, that is of

interest to many scientists.

The ratios of isotopes are expressed relative to arbitrary element-specific
standards using delta-valug (totation (Hoefs 1980; Ehleringer and Osmond 1989;
McKechnie 2004). For numerous reasons absolute measurements are not reliable and it
is more common to calculate these ratios relative to a standard reference material
(Gonfiantini 1978; Ehleringer and Osmond 1989), e.g. standard mean ocean water
(SMOW), or more recently Vienna standard mean ocean water (V-SMOW), for
hydrogen (D/H) and oxygeri®0/*°0) in water;Belemnitella american&rom the
Cretaceous Peedee formation, South Carolina (PDB or Peedee Belemnite) for carbon
(**c/**C) and oxygenfO/*°0) in carbonates and organic material; atmospheric air
(N,) for nitrogen (N*/N*%): and troilite (FeS) from the Canyon Diablo iron meteorite
(Canyon Diablo meteorite, CD) for sulphur (Gonfiantini 1978; Hoefs 1980; Ehleringer
and Osmond 1989; Lee-Thorp and Thalma 2000; McKechnie 2004). The isotopic
compositions of natural materials can be measured with great accuracy with a mass
spectrometer (Peterson and Fry 1987) and the accepted isotopeviltie, expressed

in parts per thousand (per mil), is calculated by:

dsample (%0) = [(RsampidRstandard) - 1] X 1000

where R represents the isotopic ratio of the sample and standard respectively
(Hoefs 1980; Peterson and Fry 1987). These standards, obtained from the IAEA
(International Atomic Energy Agency), are often used to calibrate other laboratory
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standards that are run with samples. This is because some of these original standards
are long exhausted. Therefore, when expressing results the standard used is always
noted. This also facilitates conversions that relate to other standards®@ gaow=
1.030915%0 ppg + 30.91, when comparing different studies.

Research applications of stable isotopes

Stable isotopes have been used as a tool in palaeontological research for
decades (Hoefs 1980; Ehleringer and Osmond 1989; Lee-Thorp and Thalma 2000).
Also, botanists have long studied the pattern$®@fistribution in plants resulting
from climatic, altitudinal and photosynthetic factors (Park and Epstein 1960, 1961,
Smith and Epstein 1971; O’Leary 1981). It is only recently that the technique has been
applied in the zoological arena (Peterson and Fry 1987), with a plethora of research
publications appearing in the last five to ten years (McKechnie 2004; West et al.
2006). The use of variations in unique stable isotope signatures in particular
environments, and the changes in these ratios due to physical and biological processes,
has gained popularity as a research tool for biologist’s worldwide (Ehleringer and
Osmond 1989; Lee-Thorp and Thalma 2000; McKechnie 2004).

Implicit in the application of isotope techniques for biologists is the assumption
that the isotope ratio of a consumers’ tissue is related to its diet (Hobson and Clark
1992). Isotope compositions change in predictable ways as elements are cycled
through ecosystems (Peterson and Fry 1987). For example, differential isotopic
fractionation occurs during carboxylation because lighter isotopes react faster than
heavier isotopes (Bigeleisen 1965; Park and Epstein 1961; Hoefs 1980; Kelly 2000). In
incomplete reactions more of the lighter isotope is used up and the reaction products
become depleted (i.e. they contain more of the lighter isotope). The unreacted material
thus becomes enriched (i.e. containing more of the heavier isotope). In photosynthesis,
the degree of carbon isotope fractionation is established during two rate-controlling
processes; the diffusion of G@to the chloroplasts, and the carboxylation process
itself (Hoefs 1980; Ehleringer and Monson 1993). In photosynthesis there is thus a
depletion of**C in the remaining C©because the lightC is concentrated in the
synthesized organic material (Hoefs 1980). kplants (trees, shrubs and herbs, and
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temperate or shade grasses), where the initial product of photosynthesis is a three-
carbon molecule, the GG@ixing enzyme Rubisco (ribulose-1,5-bisphosphate
carboxylase/oxygenase) discriminates agdii@tmore strongly than another O
fixing enzyme, PEP (phosphoenolpyruvate) carboxylase, that occurgrima®@ly
tropical grasses) and CAM (Crassulacean acid metabolism) plants (Park and Epstein
1960, 1961; Smith and Epstein 1971; Ehleringer 1991; Lee-Thorp and Thalma 2000).
Plants exhibiting €photosynthesis become more depletetfanrelative to G and
CAM plants. Fractionation thus occurs at significantly different levelsjra@d G
and CAM plants; typicab**C values as follows (Vogel et.d1978; Ehleringer and
Osmond 1989; Ehleringer 1991; Dawson e280D2; Fig. 4);

-26.5%o (-37 t0 -24%o) for €

-12.5%o for (-16 to -9%o) for &

-17%o (-19 to -9%o) for CAM

This is in turn represented in the tissue of consumers, with further fractionation
along the food-chain (De Niro and Epstein 1981; Ehleringer and Osmond 1989).
Typically the whole body of animal is enrichedf& relative to its diet by 1%,
although this fractionation can differ among species, diets and tissue types (De Niro
and Epstein 1978; Hobson and Clark 1992). Also, diet-tissue fractionation values can
increase due to nutritional stress (Hobson and Clark 1992; Hobsorl @93).
Because of this it may be necessary to establish levels of fractionation in the laboratory

under controlled conditions (Gannes etl&197).

Stable isotopes have been used to reconstruct the proportions of isotopically
distinct diets in different animals. These dietary reconstructions rely on linear mixing

models, with the proportions of two food sources in an animal’s diet calculated by:
0X tissues= POXa + (1 - p)ﬁXB +A

wheredX tissuesiS the isotope ratio in the animal’s tissugs, andoXg are the
isotope ratios of the respective food sources and p is the proportion of food A in the
diet. The discrimination factor between the diet and the food source is represented by
A (Hoefs 1980; McKechnie 2004).



14

These levels of fractionation provide the ideal opportunity to test hypotheses
concerning the diets of grazing and browsing herbivores in tropical environments
(Cerling et al. 2003; Sponheimer et2003a). A study across species of southern
African bovids using analysis of tooth enamel, bone collagen and hair supported
literature on previous diet reconstructions, as determined through other techniques
(Sponheimer et aR003a). However, isotopic analysis indicated that eland
Taurotragus oryxand steenboRaphicerus campestreat/assimilate less grass than is
widely believed, and red hartebe@$tephalus buselaphugaze more than expected
(Sponheimer et ak003a). These data are likely to vary geographically (Gagnon and
Chew 2000). This is evident in a study of impa&pyceros melampus the Kruger
National Park, wher&**C ands™N in faecal and hair samples indicated regional sex
based dietary differences based on habitat use (Sponheime2@d3th). Analysis of
§'3C indicated that northern impala fed on 41% grass in a mopane-dominated habitat
while southern impala fed on 63% grass in the marula-knobthorn and bushwillow
woodlands of the south, and males grazed more than females (Sponheimer et al.
2003b; Gertenbach 1983). The lack of variatios™#N indicated that impala
optimised their diet quality irrespective of plant composition (Sponheimer et al
2003b).

Stable isotope analysis has been instrumental in reconstructing the diets of
early hominins (Sponheimer and Lee-Thorpe 1999). In addition, prehistoric foodwebs
can be reconstructed. Analyses of extinct elephant tooth enamel and tusks have also
shown that early elephants (eQinotherey were grazers and that an evolution to
grazing occurred approximately 7.5 Mya (Cerling eil8B9). The modern elephant
Loxodonta africanas a browser as is indicated by tooth structure; but isotope analyses
of modern elephants indicate a mixed diet (75/25 to 25/75) unlike that of most other
African herbivores (Cerling et.al999). This switch to £grasses occurred
approximately 100-150 kya, at the same time as when the savannah elephant

underwent a genetic bottleneck (Cerling etl@b9).
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Research applications of stable isotopes for birds

The use of stable isotopes provides a powerful tool that can be used in
reconstructing the importance of different food sources, reconstructing trophic level
ecology and tracing the use of water in the diets of birds (Peterson and Fry 1987; Kelly
2000). By analysing stable isotope rati®B (5:°C, *°N, §'%0) of different tissues
inferences on diet and diet switching, movements, trophic levels and water use can be

made.

Large CAM aloes such & marlothiiandA. feroxare a conspicuous feature
of the South African landscape in many regions; not unlike the saguaro cactus
Carnegeia giganteaf the arid regions of the Americas (Fleming etl896). Studies
using stable isotopes in the Sonoran Desert have provided insight into the use of
saguaro fruit for individual species and bird communities (Wolf and Martinez del Rio
2000; Wolf et al2002; Wolf and Martinez del Rio 2003). The fruit of saguaro cacti
have a unique stable isotope composition (Wolf et al. 2002). Using this feature,
temporal analyses 6f°C andSD revealed the importance of fruit as a source of
nutrients and water for white-winged do&maida asiatica mearsn{iVolf et al
2002). These results were confirmed by a positive correlation betwe&riGhie dove
liver tissues and percent saguaro fruit in the crop contents (Wolf and Martinez del Rio
2000). Further investigations revealed that two different desert doves relied on saguaro
fruit for different reasons: white-winged doves predominantly perched atop saguaros
and fed on flowers or fruit, whilst Mourning DovEenaida macrourded exclusively
on the ground (Wolf et aR002). These differences in feeding mode affected the
importance of saguaro fruit for these two dove species. Saguaro provided an important
source of nutrients and water for White-winged Doves, whereas for Mourning doves

saguaro provided nutrients and less importantly water (Wolf 208P).

The provision of fruit by saguaro cacti can be compared with the provision of
nectar by aloes in southern Africa. marlothiiis a CAM photosynthesizer (Eller et al
1993), as i\. arborescengKluge et al 1979); they display typicaf*C values like
most other aloesA. marlothiis**C = -14.93 and -12.09 %4. greatheadiivar.
davyana= -14.41%0;A. arborescens -16.92%o; J. Vogel unpubl. data.; Fig. 4).
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However, thes**C values of aloes vary for aloe samples collected throughout Africa,
ranging from -28.48%o t0 -11.51%0 (mean £ SD = 17.26 *+ 4.94%o) (Fig. 4), so the
application of isotope techniques needs to be conducted with caution, or rather a sound

understanding of the isotopic environment.
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Figure 4. Frequency distribution &*C (%) for 64Aloe speciesr{ = 72) (J. Vogel unpubl.
data). Arrows indicate means fog £26.5%0), CAM (-17%0) and £(-12.5%o0) plants (Vogel et
al. 1978; Ehleringer and Osmond 1989; Ehleringer 1991; Dawson2§041).

By monitoring the changes in isotope ratios of carbon in different tissues (e.qg.
blood, feathers) it may be possible to detect shifts in diet and the importance of aloe
resources for consumers (Rubenstein and Hobson 2004). For example, it can be
expected that th&**C isotope signature of a sunbird feeding on a broad range of C
plant nectars will be reflected in tissues utilised or grown during the period of feeding
on those plants. Any shift in diet to CAM plants (e.g. aloes) will then lead to a change
in isotope ratios in metabolically active tissues to reflect the new diet, as has been
shown in White-winged and Mourning Doves feeding on saguaro fruit (Wolf et al
2002). However, certain specialist nectarivores (i.e. sunbirds) may feed regularly on
aloe nectar. It would therefore be difficult to detect a change in isotope composition
when switching from one aloe species (Agarborescensvhich flowers beforé\.

marlothii) to the next.
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It is also possible, with the analysis of O6 breath samples, to determine the
contribution ofA. marlothiito metabolism. This is possible because nectar sugars can
be routed directly to metabolic processes instead of being assimilated into body
tissues. The immediate use and importance of ingested substrates can therefore be
guantified. This is different to using tissues where the turnover rate of stable isotopes
(e.g. bone collagen) is low and the stable isotope signature of the diet not immediately
represented in the tissue. It is thus important to acknowledge the isotopic turn-over
rates for different tissue types when gaining dietary information; breath and bone
collagen (or enamel in mammals) represent short- and long-term turnover rates
respectively (Hobson and Clark 1992; Hobson e€1@93; Perkins and Speakman
2001). When studying the importance of aloe nectar for non-nectarivores the
confounding effects of other dietary components may be implied. The importance of
aloe nectar may be over emphasized if granivores are feedinggrassSes at the same
time as CAM aloe nectar. Therefore, when determining dietary information and
investigating trophic level reconstructions it is important to understand the isotopic

ratios of the substrates involved.

Nitrogen isotopes are a useful tool in testing hypotheses concerning food web
structure, energy and nutrient transfer within an ecosystem and analyses of trophic
levels within an ecosystem (McKechnie 2004). Nitrogen is a useful element in
determining one trophic level from the next in an ecosystem becau'Sh! thiea
consumer’s tissue is typically enriched relative to its diet by 3-5%. (Minagawa and
Wada 1984; Fry 1988; Mizutani et 4992; Hobson et al994; Hobson and
Wassenaar 1999). This fractionation results from the differences between nitrogen

assimilation and nitrogen excretion. An animals’ trophic position can thus be estimated

by:
Tl’OphiC level = + [(815Nsecondary consumer— 615Nbasa /An]

wherel is the trophic position of the organisim=< 1 for primary producers)
used to estimate tE°N base 5" Nsecondary consumdiefers to the tissues of the consumer
of interest,3"°Npaseis the corresponding value at the base of the food weh\asche

>N enrichment per trophic level.
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Different bird species may visit aloe inflorescences for different reasons, some
primarily for nectar (e.g. true nectarivores) and others for insects. The results of
isotope analyses may assist in unravelling the complexities of trophic position and
foodweb links in a bird community that utilises nectar during the short flowering

period ofA. marlothii

Objectives of study

On a broad scale this project sought to investigate the relationships between an avian
community (both nectarivores and opportunistic nectarivorespanaarlothii The
importance of a seasonally abundant source of nectar for birds witAinnaarlothii

bird community, and the importance of birds as effective pollinator&.forarlothi

was investigated. A number of techniques were implemented to investigate these
relationships, including the use of stable isotope ratio analysis. Through the use of
stable isotopes, the study sought to reconstruct the representative dietary components
within a nectar-feeding community, and quantitatively assess the importafice of

marlothii nectar within this community.

Initially the study focussed on the biologyAfmarlothii then incorporated
the relationships between birds aldmarlothii Finally, a study of stable isotopes, to

investigate these interactions, was conducted.

The objectives were as follows:

1. Investigate flowering phenology and nectar productioA.aharlothii
with an emphasis on the consequences of flowering during dry winter
months.

2. Investigate the temporal useAf marlothiinectar by birds in aA.
marlothii-bushveld habitat.

3. Investigate the importance of birds and insects as pollinatéts of
marlothii.

4. Investigate the contribution of aloe nectar to the carbon intake of bird

species.



19

5. Establish degrees of trophic level shifting through a season of aloe
flowering in a bird community feeding gq marlothiinectar.

6. Determine the importance 8f marlothiinectar (sugar and water
components) for avian consumers using stable isotopes in blood, breath

and feather samples of opportunistic nectarivores.

Study site

The study was carried out at Suikerbosrand Nature Reserve (NR) 60 km south-east of
Johannesburg, Gauteng Province. Recent land purchases now include additional
grassland and old agricultural lands north of the park. Suikerbosrand NR covers an
area of 19 779 ha and incorporates the Suikerbosrand mountain range (Fig. 7). Altitude
ranges from 1 545 to 1 917 m a.s.l. and includes the highest range on the
Witwatersrand Rainfall averages 650 to 700 mm p.a. (Fig. 5a). Summer and winter
temperatures around the reserve range from 14°6€ 2@éd 2 to 19C respectively

(Fig. 5b). Temperatures are cooler in the reserve because of altitude effect and may

often reach below freezing during winter nights.

The reserve is rich in botanical diversity and includes numerous species (+600
plant species identified to date) in the transition from true highveld to bushveld
habitats. The flat hilltops support pure grasslands, characteristic of the unique
Bankenveld vegetation type (Acocks 1975), whilst the warmer northern slopes and
protected rocky outcrops support shrubs and wooded vegetatiacia karrooand
Acacia caffraare common tree species within the bushveld components of the reserve.
The geology of the reserve is distinct, separated into the Ventersdorp system,
consisting of igneous basalt rocks, found in the west of the reserve and the sedimentary
sandstones of the Witwatersrand system in the east. In the reserve the dominant force
is fire so trees and aloes persist more rigorously in protected habitats such as valleys
and rocky outcrops. These rocky slopes tend to occur on steeper and more fertile

slopes in the west of the reserve (Fig. 7).

3 The Witwatersrand, literally meaning the “ridge of white waters" and often shortened to Rand refers to the mining
region south of Johannesburg known primarily for rich deposits of gold and other minerals.
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Figure 5. Mean monthly rainfall at Heidelberg (26.58@28.370 E, alt. 1520 m a.s.l.) and
nearby localitiega), and mean monthly maximum and minimum temperatures for localities
surrounding Suikerbosrand NB). (Springs, 26.20% 28.433E, 1592 m a.s.l.; Bethal,
26.470S 29.450E, 1640 m a.s.l.; Ermelo 26.4%729.983E, 1769 m a.s.l.). (Data for
duration of study, 2005-2007; data supplied by South African Weather Bureau: extracted
15/08/2007).

Most of the field work was conducted in the western portiofi $2650” S 28
10" 07" E,c. 1 600 - 1 700 m a.s.l.) of the reserve, where large stands of aloes occur

(Fig. 6a, b). Tens of thousands of plants, some measuring >6m in height, occur on
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north-facing slopes. Plants grow at a higher density in thick bushveld habitat in a
region of transition between highveld grassland and bushveld. Individual aloe plants of
all age classes are represented in most stanisnaérlothiiin the reserve. Flowering

in previous years is evident by the presence of dry inflorescences with dehisced seed
pods. In addition, the remains of dry inflorescences are incorporated in the dry leaf
skirts of adult plants; the space between inflorescences indicating successive flowering

events.

Figure 6. Aloe marlothii stands in Suikerbosrand Nature Reséayek (b) Section ofA.
marlothii forest in western part of reserve showing aloes growing on gentle north-facing slope;
main area of studyc) & (d) A. marlothiiplants growing on steeper, less wooded, north-facing

slope.

Aloe species in the reserve inclullezebrinaA. greatheadivar. davyanaA.
arborescensandA. marlothii The former two are small aloes, never exceeding 0.5m
in height (Reynolds 1969A. zebrinaflowers during summer months whikt
greatheadiivar. davyanaflowers during winter. HoweveA. greatheadivar.davyana
is visited less by birds, and attracts honeybees that visit for nectar and pollen (Nepi et

al. 2006; Human 2006A. marlothiiis the predominant aloe species in the reserve
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where it is common on north-facing slopes, especially in the west of the reserve. It is
conspicuous in abundance and size and is a characteristic of the landscape during
flowering in July to September, later than other winter-flowering aloes in the sub-

region. Additional sites include north-facing slopes with less woody vegetation where
aloe density is less dense (Fig. 6¢ & d).



Figure 7. Map showing location of study site at Suikerbosrand Nature Reserve in Gauteng Province, 60 km south-east of Johannesburg, South Africa.

Altitude (m a.s.l.) and geology of reserve shown in relation to major habitat types (Panagos 1999). Main circular tourist route (asphalt road) also indicated.
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Glossary

abaxial - directed away from the stem of a plant.

acropetalous -describes the development of structures (e.g. flowers) in succession fron
base towards in the direction of the apex.

adaxial - directed toward the stem of a plant.

adnate- joined to a part of a different kind, e.g. stamens joined to petals; growing close
attached.

bract - the modified leaf at the base of the pedicel, between the calyx and normal leave

dehisce- burst or split open.

divaricate - diverge at a wide angle; spread apart.

filiform - thread like; thin in diameter.

inflorescence- the complete flowering parts of a plant; an aggregate of flowers on an axi

naviculate - boat-shaped.

panicle - a branched inflorescence or flower cluster; a raceme whose branches are the
racemes.

pedicel -the short supporting stem of a single flower in an inflorescence.

peduncle -the stalk of a flower cluster or inflorescence, in the case of an aloe the portig
below the first branch.

perianth - the floral envelope formed by a fused calyx and corolla.

pistillate - having pistils but no stamens; female flowers are pistillate; or referring to the
mature female stage of a flower.

protandrous - relating to a flower where the anthers release their pollen before the stig
the same flower becomes receptive.

raceme- a type of inflorescence in which cluster of flowers from a single common or
lengthened axis; these pedicellate flowers are borne in acropetal succession on
stalk.

rosulate - having a rosette.

secund -flowers turned up in one direction only.

staminate- having stamens but no carpels; male flowers are staminate; or referring to t
mature female stage of a flower.

xeromorphic - having special devices which protect the plant from desiccation.
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Appendix. Distinguishing characteristics 8f marlothii(see Fig. 3d and @ndA. ferox giving past and present classifications. Descriptions after
Reynolds (1969), with additions from Glen and Hardy (2000), and Van Wyk and Smith (2005). Distinct characters highlighted in bold.

Van Wyk & Smith A. marlothii Berger

A. feroxMiller

(2005)

Reynolds (1969) A. marlothii Berger A. spectabiliReynolds A. ferox Miller A. candelabrumBerger

Ht (m) 2-4, sometimes 5-7 (Fig. 3b) 2-4 2-3, sometimes 4-5 3-4

Inflorescence single much branched panicle, branched panicle (1-3) single branched panicle divaricately branched panicle
c. 80 cm hight (usually 1)

Raceme horizontal to sub-oblique erect or sub-erect (up to 14)  erect (5-8) erect and branched low (6-

racemes (20-30; 50)Fig. 3a) (Fig. 3c)

12), terminal raceme longer

Raceme dimensions 30-50 cm long, 5-6 cm brodd 25 cm long, 9-10 cm dia.

50-80 cm long, 9-12 cm diaslightly acuminate 50-80 cm

at base, 6 cm dia at apex

long, 10 cm dia.

Flower time April-July June-July May-Aug (later if colder) June-July

Flower colour deep gold, to red in KwaZulu- buds redder than yellow to golden orange to bright creamy-pink, through orange,
Natal golden yellow flowers scarlet (white form) to red

Flower position markedly secund, orientated evenly arranged around axis buds horizontal horizontal, or spreading slightly
towards base of branch downwards

Pedicel 5 mm long, 3 mm diameter 3 mm long green, 4-5 mm 6 mm

Inner segment free, but dorsally coheringto  free, but dorsally adnate to free, but dorsally adnate to  free, but dorsally adnate to
outer forc. 10 mm,deep outer for 1/3 of lengthmargins outer for 1/3 of lengththin outer for 1/3 of lengththin
purple near apex almost white, tipped glossy whitish margins, tipped white marginal border

purple to black dark-brown to black
Filaments flattened, pale in perianth flattened, pale in perianth flattened, lemon in perianth filiform flattened, included part

3inner lengthening exserted portion deep purple exserted part orange
in advance of 3 outer

exserted part orange to
brownish-orange, then deep
brown to black

lemon,exserted portion deep
orange

Style exserted part pale brown exserted part paler orange
lighter than exserted filaments than filaments

exserted part lighter than
filaments

lemon colour in perianth,
exserted part yellow

Note: The KwaZulu-Natal form of.. marlothiiis formerly referred to a&. spectabiliswhich is not synonymous with. marlothii orientalisas referred to by Glen and

Hardy (2000). The KwaZulu-Natal form @ feroxis previously referred to @ candelabrum' height of aloe increased by 30 + 9 am=(40) with inflorescence’; mean

raceme length (£ SD) = 366 £ 91 mm£ 39).
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Abstract

Aloe marlothiiis a CAM succulent plant which is widespread in the northern and
north-eastern summer rainfall region of South Africa. Flowering occurs during dry
winter months (June - September) and the large inflorescences attract a wide range of
birds. Flowering phenology and nectar production were studied during three seasons
(2005 - 2007) at a dense population of aloes in Suikerbosrand Nature Reserve. Three
flower stages were recognised; 1) immature phase, 2) male phase, and 3) female phase,
with extremely high nectar volumes (mean = 248 pl/flower) in stage 2, the stage to
which most avian visitors are attracted. Nectar sugar concentration was very low (12 %
w/w) in stage 2 when the volume was highest. Nectar volume and concentration
showed little diurnal variation, despite a 24 h temperature range of ufGoTite

extremely high volume and low concentration of the nectar proved to be consistent

with a generalist bird pollination syndrome. A wide range of avian visitors (42 species;
59% of the resident bird community recorded during flowering) fed on nectar
throughout the day, but a decrease in nectar standing crop was only evident at mid-day.
Chacma babooriRapio hamadryasirsinusforaged on nectar and caused significant

inflorescence damage.

Key words:Aloaceae; Baboon; CAM; Mass flowering; nectarivore; sunbird
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Introduction

The conspicuous yellow to red inflorescences of members of the gals
(Asphodelaceae) during the austral winter months is a distinct feature of the South
African landscape (Reynolds, 1969; Glen and Hardy, 2000; Van Wyk and Smith,
2005). One of the most charismatic species, with a wide distribution in the northern
and north-eastern summer rainfall regiorilise marlothiiA.Berger [section
Ortholophae(Christian) Glen & D.S.Hardy] (Reynolds, 1969; Glen and Hardy, 2000).
It occurs in large numbers as a dominant and conspicuous plant on especially rocky
north-facing aspects (Reynolds, 1969; Glen and Hardy, 2000; Van Wyk and Smith,
2005). The inflorescence is a branched panicle of up to 30 nearly horizontal racemes,
with orange or red flowers that vary in shape, size and colour across the geographical
range of the species (Reynolds, 1969; Glen and Hardy, 2000; Van Wyk and Smith,
2005).

Although studies have investigated nectar production in aloes (Hoffman 1988;
Nicolson and Nepi 2005; Human and Nicolson 2008), and some have addressed
pollination (Hoffman 1988; Ratsirarson 1995; Stokes and Yeaton 1995; Pailler et al.
2002), few have considered flowering phenology and the consequences of visitations
by a broad pollinating community during a dry winter flowering period (Oatley 1964;
Oatley and Skead 1972). This study investigated flowering phenology and nectar
production ofA. marlothii over three flowering seasons, with emphasis on the
consequences of flowering during dry winter months for certain associated animal
communities. The inflorescence structuredofmarlothiiis typical of a bird
(ornithophilous) pollination syndrome; sturdy axes for perching, bright orange to red
flowers, long floral tube, absence of odour and nectar guides, exserted anthers and
stigma, secund flower arrangement, and large pollen-nectar distance. We therefore
hypothesized that nectar properties were also characteristic of a bird pollination
syndrome; such traits including abundant nectar held in flowers by capillarity, low
nectar sugar concentration, and diurnal anthesis with nectar volume highest in the early
morning. The flowering period &&. marlothiiis characterised by cold nights and clear
warm days, with low relative humidity. We thus investigated whether nectar was
affected by the large diurnal changes in temperature and relative humidity. During the

flowering period bird abundance at the aloe study site increases significantly (Chapter
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2). We therefore investigated whether continuous feeding by birds affected nectar

availability for subsequent visitors.

Materials and Methods

Study site

The study was conducted during 2005 - 2007 at Suikerbosrand Nature Reserve,
60 km south-east of Johannesburg, South Africa, during the flowering season of
marlothii (June - September). Data collection occurred predominantly within the high
density site of thé\. marlothii population (dense site; 281’ 50" S 28 10’ 07" E,c. 1
600 - 1 700 m a.s.l.) in the west of the reserve. At this site aloes occur on gradually
sloping north-facing aspects and number tens of thousands of plants. An additional site
within the reserve, approximately 4 km north, where stands are less dense, was

included for comparative phenological studies (sparse site).

Phenology and flower development

Prior to flowering in 2005, 138. marlothiiplants along an old track through
the dense site were randomly marked with flagging tape for future identification. Aloes
from a range of height classes were included and height was recorded using a
measuring pole. In May 2006, prior to flowering, an additional 100 plants were
selected and marked along a transect through the sparse site. Reproductive phenology
of plants was assessed at intervals (7 - 19 days) during the flowering season by
counting, i) the number of racemes on each plant, ii) racemes with open flowers, and
iii) racemes with fruit. Data from these plants were recorded in 2005, 2006 and 2007 at
the dense site and in 2006 at the sparse site. An index of fruit set was determined from
the proportion of total racemes that developed fruit. A separate study investigating the
effectiveness of different pollinator guilds #&r marlothiireports on actual fruit set in

randomly selected plants.

The total number of flowers on 28 mature racemes from 9 plants was counted.

This was done randomly at the dense site early in the flowering period (2005) when
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fewer inflorescences were damaged by chacma battapie hamadryasrsinus

Kerr. Raceme length was also measured (cm).

Three racemes were collected and returned to the laboratory to test for stigma
receptivity. A selection of flowers at various stages of development from each raceme
were tested with hydrogen peroxide (3%) and observed under a dissecting microscope
(x15). Stigma receptivity was indicated by the hydrogen peroxide reacting with

peroxidases present on the stigma to form bubbles (Dafni, 1992).

Nectar measurements

Nectar volume was measured using disposable hematocrit tubes (75 ul). A
hand-held refractometer (Bellingham and Stanley, Tunbridge Wells, UK) was used to
measure nectar sugar concentration (% w/w). During nectar sampling, temperature and
relative humidity were recorded with a portable TES 1365 thermohygrometer (Taipei,

Taiwan) at the height of the flower sampled. Flowers were sampled destructively.

Nectar production (volume and concentration) was measured in three aloe
plants (height =. 1.8 m) over a 24 h period during the peak of flowering (23 - 24
August 2005). Prior to and during sampling, racemes were covered with fine mesh
netting to exclude visitors. Three different flowers of each stage (see Results),
arbitrarily selected from different racemes on each plant, were sampled every 2 h

beginning at 07:00.

To compare nectar standing crop (a measure of nectar availability for
consumers) at the dense site between days with different climatic conditions, three
stage 2 flowers (see Results), from four different unscreened inflorescences, were
sampled every 2 h during the day (07:00 - 17:00). Sampling occurred on a cool and
cloudy day, with light rain during the previous night (atypical during the flowering

period), and a clear warm day, both during peak flowering.

Nectar concentration and volume were compared in screened and unscreened
flowers on 30 August 2006. Three stage 2 flowers on four marked aloes (two screened

to determine nectar production and two unscreened to determine standing crop) were
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sampled every 2 h during daylight (07:00 - 17:00). The inflorescences of screened
aloes were covered in fine mesh to exclude visitors (particularly birds). During the
intervals between sampling the unscreened aloes were observed to record visitors

feeding on nectar.

Statistical analyses

All results are presented as mean + SD. We used non-parametric analyses
because the majority of data did not conform to normal distributions (Shapiro-Wilk W-
test for normality). Comparisons of flowering between years and of heights of plants
that flowered at different frequencies were made using Mann-WHitABgsts.
Correlations of fruit set and plant height, and total number of flowers in relation to
raceme length, were made using Spearman’s rank correlations. Comparisons of fruit
set success on plants in different height classes and of overall volume and
concentration were made using Mann-WhitkkYests. Variation through a day in
nectar volume and concentration was analysed by Kruskal-Wallis non-parametric

analysis. All statistical analyses were conducted using Statistica 6.0 (1984 - 2004).

Results

Phenology

All plants that flowered produced a single inflorescence and the first
inflorescences became visible in June. In 2005 the first flowers opened mid-July and
by late-September flowering was complete. In 2006 and 2007 peak flowering occurred

later than in 2005. Flowering was earlier at the sparse site than the dense site in 2006
(Fig. 1).

Inflorescence damage was attributed to chacma baboons that broke
inflorescences to access the moisture at the base of the peduncle during the early
flowering period, or to obtain nectar once flowering had begun. Baboons destroyed
31%, 33% and 79% of all inflorescences during 2005, 2006 and 2007 respectively. At

the sparse site in 2006, where flowering occurred earlier, 84% of inflorescences were
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completely destroyed by baboons before they could produce fruit. At the dense site,
40%, 47% and 25% of racemes produced fruit (as a percentage of all racemes
produced) in 2005, 2006 and 2007 respectively; whilst at the sparse site only 4% of
racemes produced fruit. There was no significant difference in the maximum number
of racemes per inflorescence produced between 2005 and 2006 at the debise site (
3278.5,p = 0.996), although in 2007 there were fewer racemes than 2005 and 2006 (
= 1462.0U = 1193.5 respectively < 0.01) (2005, 14.0 + 6.7; 2006, 13.7 + 5.0; 2007,

10.1 + 4.1).

100 - —A— 2006 dispersed 0O
—m— 2007 =

80 -

60

% flowering racemes

28-Sep
08-Oct
18-Oct
28-Oct

1

o o O

5 3 3

2 22 2 2 <
1

o o O

S 4 &

Date

Fig. 1 Unimodal flowering curves fohloe marlothiiin Suikerbosrand Nature Reserve, for
the dense site during 2005, 2006 and 2007 {30; marked aloes), and the sparse site during

2006 6 = 100). Flowering indicated as percentage of racemes with open flowers.

In 2005 and 2006 plant height was significantly correlated with the number of
racemes that bore fruit (2005, Spearman’s R = 0/338).05; 2006, Spearman’s R =
0.367,p < 0.05); taller plants had a greater proportion of racemes that eventually set
fruit. Shorter plants were damaged by baboons before fruit set could occur. There was
no correlation in 2007 (Spearman’s R = 0.25#,0.05). Taller plants also flowered
more frequently. Plants that flowered in two years and three years were of similar

height U = 918.0,p = 0.269) but taller than plants that never flowered or flowered in
one year only < 0.01) (Table 1).
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Table 1. Percentage dkloe marlothiiplants that developed inflorescences in different years
(2005, 2006 and 200%,= 130) and height for each flowering frequency category. Data for
high density site at Suikerbosrand Nature Reserve. Significant differences in height for aloes
with different flowering frequencies shown by superscripts (Mann-Whitney Urtes@.05).

) Percentage Mean height
Frequency of inflorescence development

(n=130) (m) £ SD
Developed in three years 45.4 3.03+0.89
Developed in two years 27.7 2.85+0.99
Developed in one year 9.2 2.16 +1.09
No inflorescence 17.7 1.46 +0.7%

Flower development

Flowers on an aloe raceme developed in an acropetalous fashion, with those on
the northern (sunny) side of each raceme opening first, likéoim feroxMill. (Section
PachydendrorfHaw.) Salm-Dyck) (Hoffman 1988). Flowers are protandrous with
flower development similar tAloe castane&chonland (SectioAnguialoeReynolds)
(Nicolson and Nepi, 2005). Although flower development is clearly continuous we
recognised three flower stages; described as follows (Fig. 3).

Stage 1. Immature (pre-fertile) phase. Flowers were closed with the distal end
of the flower swollen. The perianth was slightly open with undehisced anthers partly
visible. The time from emergence of stamens to anther dehiscence was 4 - 14 h (9.2 +
5.6 h,n = 5); during this period the stigma was unreceptive. Darkness retarded anthesis

and took longer in the late afternoon and night.

Stage 2. Male (staminate) phase. The stamens became fully exserted and
anthers dehisced with shorter abaxial stamens following longer adaxial stamens.
Anthers dehiscence occurred when the stamens were at maximum length, with the
stigma secluded between the anthers. Although the stigma was receptive on exsertion,
it was physically not exposed to receive pollen. Flowers were a rich golden colour
(Fig. 2a), and nectar production at a maximum (see below). Stage 2 duration 22 - 38 h
(29.1 £ 5.5 hn = 9). Higher temperatures promoted rapid senescence (desiccation) of

flower parts.
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Stage 3. Female (pistillate) phase. The majority of pollen dehisced and the
stigma was fully exserted. Flowers bent back towards the rachis as senescence
(wilting) occured. Stage 3 duration 18 - 52 h (37.6 + 14ri-hp). End of stage 3
recognised when stigma became unreceptive and the style flaccid. Nectar was only
available in each flower during the early phase of stage 3. Entire flowering duration

wasc.76 h.

Fig. 2 Aloe marlothiiat the high density site in Suikerbosrand Nature Reserve. a) Sequence
of flowers on raceme from unopened flowers to old flowers (scale bar 10 mm; proximal end to
the right), b) inflorescence with visiting African red-eyed bullRytsnonotus nigricanéscale

barc. 20 cm), and, c) small clump of aloes with author (height = 1.8@ siju for perspective
(Photographs: a and b, C.T. Symes; c, Tracy Young).
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1cm 1

Fig. 3 Development oRloe marlothiiflowers indicating different stages (1 - 3) recognised
during nectar sampling (see detailed descriptions in text). The sequence shown demonstrates
the development from an immature flower to an immature un-dehisced fruit. (lllustrator: C.T.
Symes).

Nectar analyses

Temperature and relative humidity varied through the 24 h sampling period and
are shown in Fig. 4a. The nectar volume of stage 1 flowers differed through the 24 h
period (H11, 10s= 20.52,p = 0.04). Volumes did not differ in stage 2 {H10s= 5.88,p
= 0.88), the most important for visitors, or stage 31hbs= 13.05,p = 0.29) flowers
(Fig. 4b). Nectar concentration of stage 1 and stage 2 flowers differed through the 24 h
period (Hi1, 108= 31.02,p = 0.001 and H;, 10s= 24.25,p = 0.01 respectively), but did
not differ for stage 3 flowers during the 24 h periodi{Hs= 14.41,p = 0.21) (Fig.
4c).

Nectar concentration increased with flower age, with wilted stage 3 flowers
having the highest concentration (Fig. 4c). The mean volumes for 24 h were 28 + 32
pl, 248 + 109 pl, and 49 + 64 pul for stage 1, 2 and 3 flowers respectively; nectar

concentrations averaged over 24 h were 9 + 2%, 12 + 4% and 23 + 8% respectively.
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Fig. 4 Nectar volume and concentration in screened stage 2 flowers o\tbeemarlothii
plants through 24 h. (a) Temperatui€)(and relative humidity (%) at inflorescence height
where flowers were sampled £13), (b) volume (ul)r{=9), and (c) concentration (% w/w) (n

= 9). Each flower was sampled once
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Fig. 5 Nectar volume (a) and concentration (b) for unscreened stage 2 flowers of Aloe
marlothii on a cool and warm day: flowers sampled during peak flowering in August 2606 (n

12). Significant differences between days for each time period indicate{Mann-Whitney
U-Test,p < 0.05).

During the cool- and warm-day sampling, daily temperature variatiolc.was
20°C each day. Temperatures on the cool day increased from’2 whilst warm day
temperatures increased from 8 °@6Relative humidity decreased from 74 - 22% on
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the cool day, and from 66 - 20% on the warm day. Nectar volume and concentration
varied significantly during the cool day g+2=22.84p < 0.01 and H, 72=25.74p <
0.01 respectively) but not during the warm day (FH4=7.63,p=0.18 and K 7=

7.63,p = 0.18 respectively) (Fig. 5).
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Fig. 6 Mean nectar volume (a) and concentration (b) for screened and unscreened stage 2
flowers ( = 6) during daylight hours for fouloe marlothiiplants on 30 August 2006.
Significant differences between treatments for each time period are indicatétbgn-
WhitneyU-Test,p < 0.05).
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Temperature and relative humidity on the day when screened and unscreened
flowers were compared were typical of a sunny day during aloe flowering (Temp: O -
20°C; RH: 45 - 5%). Volumes in screened and unscreened flowers were significantly
different at 11:00 = 3.00,p = 0.02) and 13:004 = 4.00,p = 0.02). There were no
differences in concentration during each perjpd (.01) (Fig. 6). Birds (e.g. red-
faced mousebirtdrocolius indicusLatham, fiscal flycatche8igelus silen§haw and
Cape weavePloceus capensis.) were observed visiting unscreened flowers and

probing for nectar during the intervals between nectar sampling.

Discussion

Dry season flowering

Mass flowering ofAloe marlothiioccurs during the dry winter period (June -
September) when few other plant species flower. Many plants flowered each year (62 -
69%), likeA. ferox(59%; Hoffman, 1988), a morphologically similar species with
vertical racemes, that fills an equivalent ecological niche in the south-east of South
Africa. Flowering occurred with remarkable synchrony and for individual plars of
marlothii flowering duration was approximately 3 - 4 weeks. However, because not all
plants began flowering at exactly the same time the entire flowering period was longer,
lasting for 5 - 10 weeks. During this period nectar was available in abundance for
consumers at the driest time of the year. Similarly, in monsoonal woodland of northern
Australia nectar availability has been found to peak during the dry season (Franklin
and Noske, 1999) and in Mexico the overall flowering peak occurs at the end of the
dry season (Arizmendi and Ornelas, 1990). However, in tropical New Guinea flower
resources decrease during the dry season, although there is a wide range of temporal
variation within and among species in length and timing of the flowering period
(Brown and Hopkins, 1996). Birds, bats and insects are attracted to the nectar of
numerousAgaveL. species in Central America and, although flowering of different
species occurs during different seasons, the main attraction is abundant nectar in a
predominantly arid environment (Emlen, 1973; Ornelas et al., 2002; Rocha et al.,

2005). In South Africa most aloes flower during the winter months (Reynolds, 1969;



49

Jeppe, 1969) and #. marlothiithe attraction for numerous birds is an abundance of
dilute nectar during the dry season when there is a shortage of free standing water
(Chapter 2).

Constant nectar availability to visitors

Despite a day-night temperature range of up ¥&€ 200 obvious peak in nectar
volume through 24 h was observed. Stage 2 of flowering lasts 1-2 days and is the most
important stage for visitors. The higher proportion of flowers opening at night ensures
a ready supply of nectar for birds eager to feed after the nocturnal fast (Symes and
Nicolson unpubl. data). Nocturnal nectar production has seldom been measured except
in the context of nocturnal visitors. In fivegavespecies, where the main pollinators
were bats, nectar production was measured through the night (Rocha et al., 2005).
However, despite diurnal visitors contributing to pollination success, nectar volume
was not measured during daylight (Rocha et al., 2005). Maximum nectar production
during darkness is often correlated with visits by nocturnal pollinators (e.g. Lemke,
1984;Arizaga et al., 2000; Ibarra-Cerdefia et al., 200&ctar production ir\.
marlothii does not suggest a clear focus towards a suite of diurnal pollinators.

However, the continuous opening of flowers along the raceme ensures that stage 2
(male stage) flowers, containing large quantities of nectar, are available for diurnal

visitors.

Numerous studies have demonstrated the replenishment of nectar in emptied
flowers (e.g. Navarro, 1999; Castellanos et al., 2002). In floweks cdistaneaectar
removal stimulated nectar production until a critical amount had accumulated
(Nicolson and Nepi, 2005). Because of their shapeparlothiiflowers are difficult to
sample repeatedly without damage, thus preventing similar experiments. On cool
cloudy days, which are uncommon during the flowering period, nectar standing crop
decreased. This may be explained by more bird visitors, with higher energy demands
on cooler days, extracting more nectlne marlothiinectar remains remarkably
consistent in volume and concentration, despite winter days being dry and warm to

hot. Even though the nectar Af castaneas more exposed than thatAf marlothij
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and would be expected to equilibrate faster with ambient RH, the nectar concentration

also remained relatively low (6 - 12%; Nicolson and Nepi, 2005).

Avian visitors were able to reduce standing crop during the midday hours, as
indicated by comparisons between screened and unscreened plants. This was likely
caused by higher feeding rates by birds in the morning (Chapter 2). Although morning
visitors were able to reduce the midday standing crop, nectar volumes by the afternoon

had recovered and were comparable to those in the morning.

Visitors toA. marlothii flowers

Of particular significance in this study is the attraction of a high diversity and
abundance of birds to the large volumes of dilute nectar (Chapter 2). Forty-two species
(59% of the resident bird community during flowering) were recorded as nectar
feeders, and stable carbon isotope evidence suggests that sugar in the nectar is
important for a wide range of species, represented by frugivorous, insectivorous,
granivorous and omnivorous feeding guilds (Chapter 4). Throughout the rafige of
marlothii at least 83 bird species have been recorded feeding on nectar (Oatley, 1964;
Oatley and Skead, 1972; Symes et al., 2008). This nectar is abundant and because very
few inter- and intra-specific interactions are observed between birds, we suggest that
these nectar resources may not be limiting, especially at large stahdsafiothii

like at Suikerbosrand.

Chacma baboons were observed often at both sites during the flowering season.
They climbed onto aloe rosettes, undeterred by the thorny leaves. There they feed on
immature inflorescence bases early in the flowering season, and later sucked open
flowers for nectar. During these activities they contributed significantly to
inflorescence damage and caused reduced fruit set, although this damage may be
compensated for by the mass flowering (Bawa, 1983). Damage at the sparse site,
where flowering occurred earlier, was greatest. This response by baboons to earlier
flowering aloes indicates the importance of aloes for these animals. Small differences
in flowering timing were observed during the three years of the study. In addition,

more damage to inflorescences was observed in 2007 suggesting great annual variation
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in aloe use by baboons. The months prior to flowering in 2007 were particularly dry
and damage of inflorescences was therefore possibly exacerbated by a greater demand
for alternate water sources by baboons. This variation highlights the importance of

long term monitoring for ecological studies of this nature.

Aloe marlothiinectar may also be an important food and/or water source for
other mammals such as striped moReabdomys pumili8parrmann, Namaqua rock
rat Michaelamys (Aethomys) namaquersiSmith and slender mongooGealerella
sanguineaRuppell (Chapter 3). Other aloe species are known to attract mammalian
visitors; ring-tailed lemutemur cattal. fed onAloe divaricataA.Berger flowers on
Madagascar (Ratsirarson, 1995), and vervet monkeysopithecus aethiods fed on
nectar and flowers . ferox(Skead, 1967; Thomas and Grant, 2004; D. Koen pers.
obs.).

During peak flowering oA. marlothii insect abundance is low and in the
gregarious aloe stands very few honeylggis melliferaL. were observed foraging
for pollen or nectar (C.T.S. pers. obs.)Aincastanedhe main attraction for
honeybees appears to be pollen, althoughioe greatheadiSchonland vardavyana
(Schonland) Glen & D.S.Hardy (Sectiictae the attraction for honeybees is both
pollen and more concentrated nectar than that afiarlothii (Nepi et al., 2006;
Human and Nicolson, 2006, 2008). In southern Africa honeybees visit, amongst others,
Aloe candelabrund\.Berger (treated by some workers as synonymousAvitaroy),
A. feroxandA. castanedor pollen (Hoffman, 1988; Stokes and Yeaton, 1995;
Nicolson and Nepi, 2005) and A& divaricatastingless bees and ants were recorded as

visitors for pollen and nectar respectively (Ratsirarson, 1995).

Filtering and generalist bird visitors

The nectar oAloe spp. contains low proportions of sucrose, seldom exceeding
4% of total sugarn(= 47, Van Wyk et al., 1993). Together with the production of
copious and dilute nectak, marlothiiis suited towards attracting a broad range of
occasional avian nectarivores. Also, it may discourage insects (predominantly

honeybees) that are less effective pollinators. This is of added benefit to plants because
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birds are able to carry more pollen greater distances between plants which maximises
cross pollination. IrA. greatheadivar.davyanathe main pollinators are honeybees,
despite the floral features being suggestive of a bird pollination syndrome (H. Human
unpubl. data); higher nectar concentrations (20 + 7%) than in other aloes may be more

important for attracting bees (Human and Nicolson 2008).

In Aloe vryheidensi&roenew. (SectioAnguialog, bitter nectar acts as a
selective filter against sunbirds with long bills that do not effectively transfer pollen
during visits (Johnson et al., 2006). Althoughmarlothiinectar was not tested for
phenolics, to the human taste it is sweet. It therefore seems unlikely that the deterrent
is taste. Only two species of sunbirds (true nectarivores), of a possible four species
within the range of the study site, were observed feedirdy amarlothiinectar, and in
relatively low abundance (Chapter 2). It is possible that these specialist nectarivores
are not attracted to nectar of such low sugar concentration. The dichotomy in nectar
properties of plants pollinated by hummingbirds and passerines has been widely
studied, and sugar type has often been advocated as the factor defining plant visitor
type (e.g. Baker et al., 1998). However, a clearer explanation for nectar differences
within the bird pollination syndrome lies not only in the type of sugar but also in the
concentration and volume; flowers with low voluneeX0 - 30 pl) and high sugar
concentrationd. 15 - 25% w/w) nectars are adapted for specialist nectarivores (i.e.
sunbirds and hummingbirds) whilst flowers with large nectar volumet(- 100 ul)
and low sugar concentrations 8 - 12%) are adapted for generalized avian pollinators
(Johnson and Nicolson 2008). Our evidence therefore supports the hypothesis that
nectar characteristics — copious production of dilute nectar during dry winter days -
support a bird pollination syndrome. This is similar to the nectar properties and type of
associated pollinators recorded in many other speci@kefas well as in species of
Erythrina L. (Fabaceae), namely high volumes, low concentrations and low sucrose
content, adapted towards attracting a guild of generalist pollinators (Steiner, 1979;
Hoffman, 1988; Cotton, 2001; Ragusa-Netto, 2002; Johnson and Nicolson 2008).
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Abstract

In southern AfricaAloe marlothiiflowers during the dry winter season and offers
copious dilute nectar to a variety of birds. Avian abundance and community
composition were monitored at &n marlothiiforest at Suikerbosrand Nature

Reserve, South Africa. Sampling occurred during two summer months (February -
March) when no flowers were present, and six months (May - October) that spanned
the winter flowering. We hypothesized that an influx of occasional nectarivores to the
A. marlothiiforest during flowering would lead to significant changes in the avian
community. Overall bird abundance increased 2-3 fold at the peak of nectar
availability (August). We recorded 38 bird species, of 83 species detected during
transects, feeding ok. marlothiinectar; this diverse assemblage of birds belonged to
19 families, including Lybiidae, Coliidae, Pycnonotidae, Sylviidae, Cisticolidae,
Muscicapidae, Sturnidae, Ploceidae and Fringillidae. Surprisingly, only two species of
sunbird (Nectariniidae) were observed feedinghomarlothii nectar, and both

occurred in low abundance. We predicted that competition for nectar resources would
be high, but few aggressive inter- and intra-specific interactions occurred between
birds while feeding on inflorescences. During peak flowering insect feeders
(insectivores, omnivores, nectarivores) fed on nectar during the cold morning when
insect activity was low, whilst non-insect feeders (frugivores and granivores) fed on
nectar in the middle of the day. Our study highlights the importan&erofrlothii

nectar as a seasonal food and water source for a diverse assemblage of occasional

nectarivores.

Keywords  nectarivore, sunbird, niche partitioning, seasonal flowering
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Introduction

The structure and composition of avian communities change in space and time with the
availability of food resources. Variation tends to be most pronounced among
consumers that feed on patchy and ephemeral food resources such as nectar and fruit
(Fleming 1992). The responses of nectarivores to variation in food availability are well
documented, with increases in abundance and diversity being correlated with increased
nectar availability (e.g. Brown and Hopkins 1996; Franklin and Noske 1999; Cotton
2006). In South Africa, sunbirds (Nectariniidae) respond to patchy nectar resources,
e.g.ProteaandLeonotisspp. (Skead 1967; Tree 1990; Craig and Simon 1991; Craig

and Hulley 1994; Symes et al. 2001), and Gurney’s sugafBiaiaerops gurneyare
recorded using seasonally available nectar sources (De Swardt 1991; De Swardt and
Louw 1994). Cape sugarbir@s caferare also known to appear in greater numbers at
flowering Proteaspp. and movements up to 160 km within their restricted range have
been recorded (Fraser et al. 1989; Fraser and McMahon 1992).

While the examples above concern specialist nectarivores, occasional
nectarivory is recorded worldwide in numerous bird families, with a predominance on
the southern continents (Maclean 1990). In the Neotropics, honeycreepers
(Coerebidae), the New World blackbirds (Icteridae), tanagers (Thraupidae) and finches
(Fringillidae) are common nectar feeders (Stiles 1981; Gryj et al. 1990). In Australasia
a host of insectivores feed on nectar, with the number of species in monsoonal
Australia given as 29 (from 15 families) (Paton 1986; Franklin 1999). Numerous birds
have been recorded foraging on the nectd&rgthrina species, including generalist
passerines (Steiner 1979; Raju and Rao 2004), parrots (Psittacidae) (Cotton 2001) and
hummingbirds (Trochilidae) (Mendoca and dos Anjos 2006). In South Africa, at least
73 bird species in 24 families were recorded feeding ohlddspecies and eight other
flowering plants and trees, although this list is far from exhaustive (Oatley and Skead
1972). Occasional nectar-feeding is therefore more common than previously believed,

and the 1600 birds quoted by Peterson et al. (1968) may be no exaggeration.

In many southern African ecosystems, aloes (8fne) represent an important

source of nectar for birds during dry winter months (Oatley 1964; Skead 1967; Oatley



61

and Skead 1972Rloe marlothiioccurs in the northern and north-eastern summer
rainfall regions of South Africa where winters are dry with warm days°Gand

cold nights ¢.0°C). This species reaches a maximum heiglst 8fm and produces a
single inflorescence with up to 25 racemes in a flowering season, although not all
plants flower each year (Chapter 1). This study was conducted at Suikerbosrand
Nature Reserve during eight months that included the flowering periddnodrlothii

We investigated seasonal variation of the avian community, hypothesizing that bird
abundance and diversity would increase with the availabiliy. eiarlothiinectar.

We predicted that the seasonal response would be most pronounced in true
nectarivores, such as sunbirds (Nectariniidae). Occasional nectarivore species were
also expected to increase in abundance during the flowering season, in proportion to
their degree of nectarivory. We also expected competition for nectar during flowering,
and investigated feeding behaviour of birds throughout the day in order to identify

temporal niche partitioning.

Materials and methods

Our study site was afs. marlothii“forest” in the western part of Suikerbosrand Nature
Reserve, 60 km south-east of Johannesburg, where large numBeraafothii

plants occur mainly on rocky north-facing slopes. Data were collected a during a six-
month period (May - October 2006) that spanned the entire 2006 winter-flowering
event, and during the summer non-flowering season (February - March 2006).
Additional feeding and behavioural observations were also recorded during the 2005

flowering season (July-September).

Diversity and abundance censusing

The avian community was censused in the western porti68{260” S 28
10’ 07" E,c. 1 600 - 1 700 m a.s.l.) of ti#e marlothii“forest”. Each census session
involved a combination of point counts and transect sampling along a disused vehicle
track. Following an initial 10-min point count, an observer (CTS) walked along the

300 m transect route for 20 min. Thereafter, a second 10-min point count was
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conducted at the end of the transect route. After a delay of 10 min, this procedure was
then repeated in the reverse direction, so that each session comprised four 10-min point
counts and two 20-min transects (i.e., a total of 80 min). Sampling took place in the
morning (06:00-10:00), at midday (10:00-14:00), or in the afternoon (14:00-18:00),

with only one session being conducted during each period in a day. Two sessions were
conducted for each period in a month, and bird census sampling was completed over 3-

5 days. Total census time each month was thus 8 h.

During each census period, all birds detected visually or by sound in the aloe
“forest” were recorded. Resightings during each point count and transect were not
included. We also recorded all instances of feeding behaviour on aloes during the
flowering season (i.e. probing flowers; feeding on buds, open flowers or seed pods).
Birds feeding on nectar out of transect periods were also recorded (including pilot
transects walked in 2005). Each species was classified into a broad feeding guild i.e.
frugivore, granivore, insectivore, nectarivore, omnivore, and also as a seasonal migrant
or not, following Maclean (1993) and Hockey et al. (2005).

Some bird species occur in greater numbers than others and we calculated an
abundance index for each species that accounted for inter-species abundance
variations. This was the number of individuals of a species recorded each month as a

proportion of the total number of individuals recorded for that species.

Pollen loads and visitation rates

To confirm the presence #f marlothiipollen on particular species, we

trapped birds using mist nets at two sites, 250 m apart, along a portion of the disused
vehicle track in the aloe forest. Six nets (12 x 2.4 m, 4 shelf, 16 mm mesh 210d/1 ply
nets) were erected (0.6-3.0 m) on aluminium poles (3 m) along a single stretch during
each trapping session. Bird capture took place throughout the day (59.6 h during nine
days). Each bird was ringed and inspected visually for pollen deposited on the bill and
feathers of the facial region. During flowering months, pollen swabs were collected
from representatives of all species on which pollen was not immediately visible, using

a piece of transparent adhesive tape that was dabbed on the bill, frons and throat region
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and then placed on a slide. The slide was later scanned for pollen under a light

microscope at 10x magnification.

To determine visitation rates of birds to floweriagmarlothii we selected 3-8
aloes of varying height within 15 m of a randomly chosen observation point. For each
visitor the time and species was recorded, whether or not it fed, and any interactions
with other birds. Observations lasted for 10-45 min at each station, with sampling
periods throughout the day during peak flowering in late August. For each species, we
calculated the proportion of individuals that were observed feeding at different times
of the day.

Results

Seasonal variation in community composition

Table 1 Number of bird species and individuals detected during transects (total and excluding
migrants,n = 9) during February-March and May-October 2006. Peak flowering month
highlighted. Totals also include unidentified species, e.g. francolin, cisticola, weaver, waxbill

or canary species (See Appendix).

Number of species Number of individuals
Month Migrants Migrants Migrants Migrants
included excluded included excluded
February 52 46 954 771
March 48 44 980 802
May 48 48 892 892
June 42 42 694 694
July 45 44 1074 1065
August 53 52 1746 1746
September 47 45 745 727
October 50 46 632 579

Cumulative total: 89 83
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We observed 83 species during censuses (Appendix), with both diversity and
abundance peaking in August when nectar availability was greatest (Chapter 1; Table
1, Fig. 1). Eight seasonal migrant species were present during summer and only one
migrant species was present during the flowering period in August. During May -
October, abundance was higher during the morning and afternoon sampling periods
than at midday, whereas this pattern was not evident during February or March (Fig.
1). During flowering (August-September) the number of nectar-feeding observations
for each species was correlated with the overall abundance of each species
(Spearman’s R = 0.83/,< 0.05).
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Fig. 1 Monthly bird abundance in adoe marlothiiforest at Suikerbosrand Nature Reserve.
Sampling took place in the morning (am; 06:00 - 10:00), midday (md; 10:00 - 14:00) or
afternoon (pm; 14:00 - 18:00). AssteriskindicatesA. marlothii peak flowering.

When we accounted for inter-species differences in abundance, there was no
significant difference in abundance between months for all birds detected in the aloe
forest during transects (Kruskal-WallB= 0.07) (Fig. 2). However, when nectar
feeders were treated separately there was a significant difference in abundance
between months (Kruskal-WalliB,= 0.002; Fig. 2).
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Fig. 2 Mean abundance (% + SE) of birds recorded each month in the aloe forest at
Suikerbosrand Nature Reserve. Monthly abundance for each species calculated as a percentage
of total abundance for that species. All birds = all species detected during transects; Nectar
feeders = only species recordeddse marlothiinectar feeders. AasteriskindicatesA.

marlothii peak flowering.

Floral visitors

During transects 21 species were observed feeding on nectar. Another three
species were recorded feeding on nectar out of transect periods and an additional seven
species were seen feeding on nectar in 2005. Of 30 species caught, individuals of 26
species were found to have pollen on the facial area (15 with visible pollen, and 11
species with pollen detected from swabs). Seven species were classed as nectarivores
from pollen swabs alone (Appendix); no pollen from other plant species was visible on
the slides. A total of 38 species representing 19 families were thus recorded feeding on
A. marlothiinectar during the study (Appendix). An additional four species known to
feed onA. marlothiinectar, but not recorded doing so during the study, are also
included in the Appendix (Oatley 1964; Oatley and Skead 1972). This gives a total of
42 occasional nectar feeders at the Suikerbosrand aloe “forest”, representing 59.2% of

the community present at the site in winter (migrants and transients excluded).
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The proportion of individuals of various feeding guilds (frugivores, granivores,
insectivores, nectarivores and omnivores) feeding.amarlothiinectar varied
significantly among sampling periods (Kruskal-Walkss 0.05; Fig. 3). Overall
visitation rates to aloes were highest in the morning for insectivores, nectarivores and
omnivores (all insect eaters) but higher at midday for frugivores and granivores (Fig.

3). For all species combined there was a general decrease in feeding through the day.
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Fig. 3 Percentage of individuals belonging to various feeding guilds that were observed
feeding onAloe marlothiinectar at different time periods in a day at Suikerbosrand Nature
Reserve (feeding guilds: fr = frugivore, gr = granivore, in = insectivore, ne = nectarivore, om =

omnivore). Values given as mean + SE. Refer to Fig. 1 for times.

The following seven species accounted for 86.4% of individuals seen feeding

on nectar: African red-eyed bulbRl/cnonotus nigrican&36.6%), Cape weaver

Ploceus capensid 8.6%), Cape white-eygosterops capens(9.0%), red-faced
mousebirdJrocolius indicus(7.9%), southern masked wea®oceus velatugs.7%),
fiscal flycatcherSigelus silen$4.3%) and streaky-headed seede@teinus gularis
(4.3%). Three species (African red-eyed bulbul, chestnut-vented tit-b&aslsoma
subcaeruleunand streaky-headed seedeater) were observed feedfgrarlothii

fruit, and ten species were observed drinking water collected in the cAps of

marlothii leaves (laughing dovBtreptopelia senegalensisscal flycatcher, black-
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throated canargerinus atrogularisblack-collared barbetybius torquatuscommon
scimitarbill Rhinopomastus cyanomelashy titParus cinerascend\frican red-eyed
bulbul, streaky-headed seedeater, Cape buitinigeriza capensiblack-faced

waxbill Estrilda erythronotos A further two species were observed probing unopened

flowers (unidentified canary species and black-chested gniigéa flavicang.

We did not observe any aggressive inter- or intra-specific interactions during
sampling periods, but did observe male malachite sunNiedtarinia famosa chasing
a female sunbird, an ashy tit, a Cape white-eye and a laughing dove at the study site
during 2005 and 2006. Several bird species were often observed feeding on the same

inflorescence, with larger species tending to displace smaller species.

Discussion

Nectar-feeding at a mass flowering event

The occurrence of numerous bird species, with half observed feeding on nectar
at the mass flowering &. marlothii indicates that nectar is an important source of
food and/or water for many occasional nectarivores during dry winters. The abundance
of nectar-feeding bird species increased significantly when aloes flowered, with some
species being present only during flowering months; e.g. wattled st@rgajophora
cinereg red-winged starlin@nychognathus morio and malachite sunbird, which are
known to migrate locally while tracking food resources (Skead 1967; Craig 1996;
Fraser 1997; Symes et al. 2001). Also, the presence of fairy flyc&theostirascita
red-billed oxpeckeBuphagus erythrorhynchyusut-throat finchAmadina fasciatand
golden-breasted buntirgmberiza flaviventri®nly when aloes were in flower

suggests that their arrival in the area was as occasional nectarivores.

Surprisingly, true nectarivores (sunbirds) did not respond significantly to the
seasonal availability ok. marlothiinectar, possibly because the nectar concentration
is too low to be attractive to specialist nectar feeders (Johnson and Nicolson 2008).

Moreover, populations of sunbirds may be equally distributed throughout the range of
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flowering A. marlothii resulting in more dispersed populations. Despite this, the
occurrence of sunbirds in high densities at other patchy and transitory flowering events

in South Africa is well recorded (see Harrison et al. 1997).

a

Fig. 4 Avian nectar feeders iloe marlothiiforest, Suikerbosrand Nature Rese(ag.
Malachite sunbirdNectarinia famosdimmature male) and African red-eyed bulbul
Pycnonotus nigricangb) A. marlothiiinflorescence(c) Cape white-ey&osterops capensis
(d) Malachite sunbird (immature male) probing flowers on racée)&VYattled starling
Creatophora cinereaNote liberally dusted orange pollen on facial area of bulbul (a) and

starling (e) (not in original publication).

Other aloe species are likely to drive seasonal changes in avian communities
like those we observed s marlothii Aloe ferox for instance, occupies a similar
ecological niche and also offers large amounts of nectar to visitors during dry winter

months when few other plants are flowering (Reynolds 1969; Van Wyk and Smith
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2003). The vertical racemes Af feroxand the horizontal to slanting racemeg\of
marlothii both offer copious volumes of dilute nectar (18012.5% w/w and 25Ql,

12 % wiw) (Hoffman 1988; Chapter 1). Oatley and Skead (1972) recorded 28 and 26
bird species visiting\. marlothiiandA. feroxrespectively. In both plants the
inflorescences are robust enough to support birds as large as grey go-away-birds
Corythaixoides concoloand columbids (>250 g) (Oatley and Skead 1972; Chapter 1).
At least 36QAloe species occur throughout the Afrotropical region (Jeppe 1969;
Reynolds 1969; Glen and Hardy 2000). Flowering occurs at different times of the year,
although in southern Africa there is a dominance of winter-flowering aloes (Jeppe
1969; Reynolds 1969). Aloe nectar provided during seasonal mass flowering events is
an important food and water source for a wide range of bird species (Oatley 1964;
Skead 1967; Oatley and Skead 1972; Botes 2007).

A distinct bird community during flowering

In addition to an increase in avian diversity during the flowering period (up to
20%), there was a 2-3 fold increase in overall bird abundance. This occurred despite
the absence of seasonal migrants, which were only present at the aloe forest in summer
months when there was no nectar. Our data thus support the hypothesis that the
availability of nectar in thé. marlothiiforest is associated with significant changes in

avian community diversity and abundance.

Species like African red-eyed bulbul, Cape weaver, Cape white-eye, red-faced
mousebird, southern masked weaver, fiscal flycatcher and streaky-headed seedeater
that accounted for most feeding observations were the species that increased in
abundance during flowering. Chestnut-vented titbabbler and black-chested prinia also
increased in abundance during flowering, but because they were less common, were
seen feeding less often. The importance of nectar for these species is supported by
stable carbon isotope analysis which indicates that nectar contributes up to 15% of

their dietary carbon intake during the aloe flowering period (Chapter 4).

The seasonal variation in avian diversity and abundance associated with nectar

availability is similar to that observed in other systems. Woinarski and Tidemann
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(1991), for instance, identified distinct bird communities between the dry season,
transitional months and wet season months in a Northern Australian woodland bird
community. They also found that nectarivore density was strongly correlated with
flower availability (Woinarski and Tidemann 1991). In monsoonal Australia,
opportunistic nectarivory amongst birds occurs predictably at mass flowering events
and during the cool dry season (Franklin 1999). In Perth (western Australia) a guild of
honeyeaters (five species) responded to peaks in nectar production of a single plant
speciesBanksia menzies{Proteaceae), with significantly more birds being observed
during winter flowering (Ramsey 1989), and in a lowland Amazonian rainforest
seasonal fluctuations in resource abundance were closely correlated with variation in

hummingbird species richness (~17 species) and abundance (Cotton 2006).

Niche partitioning and defending nectar resources

Insectivores are more likely than other guilds to practice occasional nectarivory
(Paton 1986). A greater proportion of insect eating birds (i.e. insectivores, omnivores,
nectarivores) fed on nectar Af marlothiiin the morning. Frugivores and granivores
(non-insect eaters) fed later, and although for each guild the differences are not
statistically significant, the trend indicates some degree of temporal niche partitioning
between insect and non-insect eaters in a day. Timewell and MacNally (2004) showed
similar patterns for a guild of honeyeaters (10 species) feeding on winter-flowering
Eucalyptus tricarpathe birds progressed from an almost exclusive nectar diet in the
morning to increased insectivory later in the day. During cold mornings nectar is
abundant but birds relying on insects are likely to experience difficulty finding food.
Peak flowering ofA. marlothiioccurs at a time of low insect numbers, which possibly
accentuates this separation (Chapter 5). Different temporal feeding patterns between
insect and non-insect eating guilds in a day, together with an abundant supply of
nectar, lead to reduced competition for nectar and possible inter and intra-species

aggressiveness.

There were more flowers available in the aloe forest than could be probed by
birds; a flowering aloe produced, on average, at least 860 ml of nectar (not accounting

for destroyed flowers or replenished nectar in emptied flowers) (Chapter 1). This mass
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flowering event is similar to the Jarrah forest site in Western Australia where the
production of nectar of six plant species (e.g. Jaadalyptus marginajebetween

October and December could have supported more honeyeaters than were actually
present (Collins and Newland 1986). In the aloe forest few inter- and intra-specific
aggressive interactions were observed; in contrast to those at other nectar sources
frequented by sunbirds, honeyeaters and hummingbirds (e.g. Gill and Wolf 1975; Frost
and Frost 1980; Ford 1981; Armstrong 1991; Cotton 1998). Temporal resource
partitioning in nectarivores feeding at Agave marmorataectar oasis has been
interpreted as a way to reduce risk of injury (Ornelas et al 2002). At our study site
temporal feeding patterns in a day were probably caused by responses to daily insect

activity, rather than competition for nectar resources.

Concluding remarks

Community changes at our study site contrast with other studies in that the
birds that arrived in the area in response to increased nectar availability were almost all
occasional or generalist nectarivores rather than specialist nectarivores such as
sunbirds. This observation may be related to nectar preferences: whereas specialist
avian nectarivores tend to prefer nectars of relatively low volamd(- 30 ul) and
high concentrationc( 15 - 25% w/w), generalist nectarivores prefer nectar of large
volumes €. 40 - 100 pl) and low concentratiorts 8 - 12%) (Johnson and Nicolson
2008). A second, and not mutually exclusive, possibility is that these patterns reflect
variation in avian nectarivore species richness at a global scale. Whereas the
Neotropical (324 hummingbird species) and Australasian (159 honeyeaters) regions
have large, speciose nectarivore radiations, the Afrotropical (78 sunbirds and 2
sugarbirds) and Indomalayan (39 sunbirds and 10 honeyeaters) regions do not
(Maclean 1990).
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Appendix. Bird speciesr(= 85) recorded during transects (February - March, May - October) in the Aloe méoleitij western Suikerbosrand Nature
ReserveNectar: feeding on nectar during transects (t), pollen recorded on captured birds from swabs of facial area (s), pollen observed on facial area of
birds in aloe forest (p), birds observed feeding on nectar out of transect times (0), and species known to feed on aloe nectar, 1 = Oatley (1964), 2 = Oatley
and Skead (1972). Birds with pollen visible on the face were not swebBtagds: all birds were observed perched in the aloe forest unless indicated as
transients flying over (tr), or seasonal migrants (mig). Abundance (total number) of birds indicated, O indicates species was heard only. August highlighted

as peak flowering time. Taxonomy follows Hockey et al. (2005).

Species Nectar Status Feb Mar May  Jun Jul Aug Sep Oct Total
PHASIANIDAE

Swainson's SpurfowRternistis swainsonii - - 4 3 17 5 23 0 1 1 54
NUMIDIDAE

Helmeted GuineafowNumida meleagris - - 0 1 0 - - - - 1 2
ANATIDAE

Egyptian Goosélopochen aegyptiaca - tr - - - - 2 - - - 2

Spur-winged GoosBlectropterus gambensis - tr - - - - - = - 1 1
INDICATORIDAE

Greater Honeyguidindicator indicator - - - - - - - - - 0 0

Lesser Honeyguidindicator minor s,2 - - 1 - - - 1 - - 2
PICIDAE

Red-throated Wryneckynx ruficollis - - 1 2 0 0 0 1 0 2 6

Cardinal Woodpeckebendropicos fuscescens S - 0 0 2 0 4 0 0 4 10
LYBIIDAE

Acacia Pied BarbeEricholaema leucomelas t,p,1,2 - 11 12 7 6 4 9 2 12 63

Black-collared Barbetybius torquatus p.1,2 - 0 3 0 1 7 0 1 0 12

Crested Barbefrachyphonus vaillantii t,2 - 2 16 4 4 0 6 5 1 38
UPUPIDAE

African HoopoeUpupa africana - mig - 1 - - - - - - 1
PHOENICULIDAE

Green Wood-HoopoBhoeniculus purpureus - - - - - - - = - 1 1

RHINOPOMASTIDAE



Species Nectar Status Feb Mar May  Jun Jul Aug Sep Oct Total

Common ScimitarbilRhinopomastus cyanomelas t,1,2 - 4 3 2 6 2 6 9 2 34
COLIIDAE

Speckled Mousebir@olius striatus t,p,1,2 - 0 - - 1 0 6 - - 7

Red-faced Mousebirdrocolius indicus t,p,1,2 - 0 31 96 0 5 166 43 13 354
CUCULIDAE

Diderick CuckooChrysococcyx caprius - mig 1 - - - - - - - 1
APODIDAE

Little Swift Apus affinis - tr 2 - - - - = 10 6 18

White-rumped SwifApus caffer - mig 29 - - - 9 - 3 2 43
COLUMBIDAE

Rock DoveColumba livia - tr - - - - 7 1 - - 8

Speckled Pigeo@olumba guinea - tr 59 1 2 2 5 - - 1 70

Laughing DoveStreptopelia senegalensis s,1,2 - 327 323 380 424 73 561 310 191 3252

Cape Turtle-Dovétreptopelia capicola 1 - - - 0 4 0 1 0 - 5

Red-eyed Dové&treptopelia semitorquata - - - - 1 - - - - - 1
CHARADRIIDAE

Crowned Lapwing/anellus coronatus - tr - - - - - = 0 - 0
LARIDAE

Grey-headed Gullarus cirrocephalus - tr - - 2 - - - - - 2
ACCIPITRIDAE

Black-shouldered Kit&lanus caeruleus - - 3 2 - - - 1 - 2 8

Pallid HarrierCircus macrourus - tr - 4 - - - - - - 4

Steppe BuzzarButeo vulpinus - mig 2 - - - - - - 1 3

Jackal Buzzar@®uteo rufofuscus - - 4 - 1 1 1 - - - 7
FALCONIDAE

Amur FalconFalco amurensis - mig 3 83 - - - - - - 86
THRESKIORNITHIDAE

Hadeda IbiBostrychia hagedash - - - - - - - 0 0 1 1
MALACONOTIDAE

BrubruNilaus afer - - - 0 0 0 - 0 0 1 1

Brown-crowned Tchagréichagra australis S - 10 8 3 1 6 1 12 3 44



Species Nectar Status Feb Mar May  Jun Jul Aug Sep Oct Total
BokmakierieTelophorus zeylonus - - 0 0 4 1 2 1 5 4 17
Chinspot BatidBatis molitor - - - - 1 0 0 0 0 0 1

CORVIDAE
Pied CrowCorvus albus 2 - - - - - - 5 0 1 6

LANIIDAE
Common Fiscal anius collaris o] - - 1 0 2 1 3 4 5 16

PARIDAE
Ashy Tit Parus cinerascens - - 5 1 4 3 6 1 3 4 27

HIRUDINIDAE
Barn SwallowHirundo rustica - mig 143 92 - - - - - 21 256
Greater Striped Swallowlirundo cucullata - mig 5 - - - - - 15 29 49

PYCNONOTIDAE
African Red-eyed BulbuPycnonotus nigricans t,p,2 - 51 73 87 50 59 403 65 96 884

SYLVIIDAE
Fairy FlycatchefStenostira scita - mig - - - - - 2 - - 2
Cape Grassbir8phenoeacus afer S - - - - - - - - - -
Long-billed Crombe&Sylvietta rufescens s,1 - 0 - - - - = 1 0 1
Willow Warbler Phylloscopus trochilus - mig - 2 - - - - - - 2
Chestnut-vented Tit-Babbl&arisoma subcaeruleum t,p,2 - 3 6 1 6 3 14 7 8 48

ZOSTEROPIDAE
Cape White-ey&osterops capensis t,p,1,2 - 10 2 18 6 21 63 14 25 159

CISTICOLIDAE
Rattling CisticolaCisticola chiniana 0,1 - 7 9 2 1 - - 4 1 24
NeddickyCisticola fulvicapilla s,1 - - - 5 6 3 4 4 8 30
Black-chested PriniRrinia flavicans t,p - 23 22 17 6 9 19 17 8 121
Bar-throated Apalig\palis thoracica t.p - 0 2 5 1 2 6 2 0 18

MUSCICAPIDAE
Cape Rock-Thrusionticola rupestris t - 4 - - - 1 2 4 0 11
Karoo Thrushrurdus smithi - - 1 - - - - - - 0 0
Marico FlycatcheBradornis mariquensis - - - 1 - - - - - - 1
Fiscal FlycatcheSBigelus silens t,p,1,2 - 27 74 59 29 32 93 68 71 453



Species Nectar Status Feb Mar May  Jun Jul Aug Sep Oct Total

Cape Robin-ChaCossypha caffra tp - 4 16 5 7 6 6 5 18 67
Kalahari Scrub-Robiercotrichas paena - - - - 1 - 1 - - - 2
Familiar ChatCercomela familiaris - - - 1 2 - - - 1 - 4
STURNIDAE
Red-winged Starlin@@nychognathus morio 1,2 - - - - - - 2 - - 2
Cape Glossy Starlingamprotornis nitens 0,2 - - - - - - - - - -
Wattled StarlingCreatophora cinerea t,p - - - - - - 3 - - 3
Red-billed OxpeckeBuphagus erythrorhynchus - - - - - - - 1 - - 1
NECTARINIIDAE
Malachite SunbirdNectarinia famosa t - - - - - - 18 5 - 23
White-bellied SunbircCinnyris talatala t - - - - - 3 8 - 0 11
PLOCEIDAE *
Cape WeavePloceus capensis t,p,2 - - - - - 1 76 38 0 115
Southern Masked-WeavEtoceus velatus t,p,1 - 12 1 33 25 18 55 6 6 156
Southern Red Bishdpuplectes orix - - 2 - - - - - - - 2
Red-collared WidowbirdEuplectes ardens t - 22 2 1 - - 3 - - 28
ESTRILDIDAE
Cut-throat FinclAmadina fasciata - - - - - - - 2 - - 2
Black-faced WaxbilEstrilda erythronotos t.p - 5 2 2 21 14 16 - - 60
Common WaxbillEstrilda astrild 2 - 4 - - 3 - - - - 7
Violet-eared WaxbillGranatina granatina S - - 1 1 8 - 2 1 - 13
Green-winged Pytili#ytilia melba S - 8 3 1 10 3 1 0 3 29
Jameson's Firefincbagonosticta rhodopareia S - - - 4 0 1 1 - - 6
VIDUIDAE *
Dusky IndigobirdVidua funerea - - 3 - - - - - - - 3
Pin-tailed Whydalidua macroura - - 11 17 2 - - - - - 30
Long-tailed Paradise-Whydafidua paradisaea - - 8 12 2 - - - - - 22
PASSERIDAE
Southern Grey-headed Sparrasser diffusus s,2 - 4 5 10 2 12 4 2 7 46
FRINGILLIDAE

Black-throated Canar$erinus atrogularis t - 22 15 4 3 19 4 2 6 75



Species Nectar Status Feb Mar May  Jun Jul Aug Sep Oct Total

Yellow CanarySerinus flaviventris - - 5 9 4 2 - 4 4 - 28
Streaky-headed SeedeaBarinus gularis t,1,2 - - 3 5 1 1 10 13 17 50
Cinnamon-breasted Buntifgmberiza tahapisi - - - - - - 0 - - - 0
Cape BuntindEmberiza capensis t - 15 16 11 13 12 10 17 4 98
Golden-breasted Buntirgmberiza flaviventris - - - - - - - 1 - - 1
Total species 85 42 17 48 45 45 39 42 51 44 48 83

# Fairy flycatchelStenostira scitds recorded as a migrant, but included in calculations since it arrives in the region (aloe forest) during the winter months.

* Decreases in abundance of certain Ploceidae and Viduidae are likely due to certain species being less conspicuous in non-breeding eclipse plumages during the non-
breeding season.
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Abstract

Aloe marlothiiis a CAM succulent that flowers during dry winter months in the

summer rainfall regions of northern and north-eastern South Africa. Plants grow up to

8 m in height and produce striking inflorescences with bright yellow-orange flowers.
Pollinator exclusion experiments were conducted during two successive years (2006
and 2007) on racemes Af marlothiiat Suikerbosrand Nature Reserve, to identify the
importance of bird and insect pollinators. Fruit set was greatest in control treatments
(14-20%) and lowest (0-2%) in treatments that excluded all pollinators. Generalist bird
pollinators contributed most significantly (12-16%) to fruit set whilst insects, which

were largely absent during the flowering period, contributed very little (3-4%) to fruit
set. Fruit set was similar for tall (>2.5 m) and short plants (<2.5 m) despite taller plants
being visited more often by birds. Pollinator type was an important determinant of seed
production; flowers pollinated by birds produced more seeds than those with insect
visitors or no visitors. Overall seed production was greater in taller plants that

produced more racemes more often, indicating that plant height confers advantages for
reproductive fitness. Pollen transfer occurred via the beak and head region of birds, as
well as other body parts, e.g. feet and belly. Small mammals and chacma baboons also
possibly contribute to pollination, but at Suikerbosrand baboons were responsible for
significant levels of inflorescence damage. These experiments confirm that observed

floral characters of. marlothiisupport a generalist avian pollination syndrome.

Keywords: ornithophily, nectarivore, sunbirilectarinig Cinnyris, exclusion
experiment
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Introduction

Pollination syndromes are typically defined by flower characteristics, with those
attributed to ornithophily as bright orange to red flowers, a long floral tube, an absence
of odour and nectar guides, exserted anthers and stigma, large pollen-nectar distance,
and nectars of low concentration and high volume (Faegri and Van der Pijl 1979;
Proctor et al. 1996). However, the reliability of pollination syndromes for predicting
pollinators has recently been questioned; many plant species may be visited by
multiple pollinators although not all visitors may be effective pollinators (Waser et al.
1996; Ollerton 1998; Johnson and Steiner 2000). Two southern African examples
indicate this clearlyProtea roupelliag which has flower characteristics reflecting
specialisation for bird pollination, is visited by malachite sunbitdstarinia famosa

that successfully pollinate flowers (Hargreaves e2@04). Flowers also attract insects
(beetles and honeybees) but they are less efficient pollinators (Hargreave9ed al

On the other handloe greatheadivar.davyanadisplays floral features typical of a

bird pollinated syndrome yet is pollinated primarily by honeyl#gas mellifera

(Human 2006). In this instance nectar characteristics are an important factor in
pollinator selection (Human 2006). Although birds do visit for nectar they are filtered
against becausk. greatheadivar. davyanaproduces nectar of high concentration (
21%) and low volumec( 34ul) (Human 2006, Human and Nicolson 2008; Johnson
and Nicolson 2008). Flowers may also be difficult to access because they have long
pedicels and are less clustered on the raceme than other aloe species typically
pollinated by birds (Human 2006; Botes 2007; Human and Nicolson 2008; Johnson
and Nicolson 2008).

Aloe marlothiiis abundant on rocky hill-slopes in northern and north-eastern
South Africa (Reynolds 1969; Glen and Hardy 2000; Van Wyk and Smith 2005). The
most conspicuous visitors to the spectacular flowess ofarlothiiare a wide range of
opportunistic nectarivore bird species, although insects and mammals also visit for
nectar and pollen (Oatley 1964; Skead 1967; Oatley and Skead 1972; Chapter 2).
Because birds are the most common visitoi. tmarlothii flowers, we hypothesized
that they would contribute most to pollination success. Insects are infrequent visitors

and were predicted to play a minor role in pollination. Exclusion experiments were
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therefore conducted to investigate the primary pollination agents (birds or insects) of
A. marlothii. The effectiveness of different avian pollinatorshoimarlothiiwas
investigated by measuring the beak lengths of bird species and monitoring bird
behaviour during visits to flowers. In addition, the effect of plant height on
reproductive fitness was investigated by studying fruit set in plants of different sizes in
relation to bird visitation rates.

Materials and methods

Study site

This study was conducted in the Suikerbosrand Nature Reserve, 60 km south-
east of Johannesburg, during 2006 and 2007. Large numb&rsnairlothiidominate
bushveld habitat on north-facing slopes in the west of the reserve. Precipitation is
seasonal and falls predominantly during warm summer months. Flowerng of

marlothii is during winter (June-September).

Exclusion experiments and compatibility

Three treatments, on 20 plants, were conducted as follows: i) control treatment
- no exclusion cage, allowing unrestricted access by all visitors; ii) insects only - cage
constructed of a rigid plastic mesh (apertir20 mm diameter; see Johnson et al.
2006), allowing unrestricted access by bees and other insects, but excluding all birds
and small mammals; and iii) no visitors - exclusion of all potential visitors (i.e. birds,
insects and mammals) using a fine mesh cloth around a supporting wire frame (Fig.
1a). Plants of different heights, selected randomly in the aloe forest each year (2006
and 2007), included 10 short aloes (< 2.5 m) and 10 tall aloes (> 2.5 m). We chose the
division between tall and short aloes as 2.5 m because the mean height of aloes
recorded during a phenology study (Chapter 1) was 2.61 + 1.@#m30) at the start
of the study and 2.75 + 1.07 m#£ 119) at the end of the study 24 months later.
Racemes were bagged at the bud stage to exclude visitors prior to flower opening. At

the end of flowering fruit set was determined by calculating the proportion of flowers
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on each raceme that developed into fruit. Each plant contained a set of three treatments
so the contribution of bird pollinators could be determined by subtracting fruit set on

the bird exclusion treatment from the control treatment. The number of seeds in five
randomly selected fruits from each experimental raceme was counted to determine
seed production. Because we did not have an exclusion technique that filtered bird

visitors we could not determine seed set directly for the bird pollinator guild.

a b
C d
e f

Figure 1. Exclusion cages oA. marlothii(3.14 m plant) during exclusion experiments (a),
inflorescence with fiscal flycatcher Sigelus sil@esched on open flowers (b), and common
avian pollinators showing pollen dusted on facial area from feeding on nectar, Cape weaver
Ploceus capensignale) (c), black-collared barbeybius torquatugd), wattled starling
Creatophora cineregfemale) (e), and red-faced mousehihacolius indicug(f) (see

Appendix for bill measurements; scale bar = 10 mm; Photograph credits: a, Darren Pietersen;

b-f, Craig Symes).

Self-pollination was tested in five racemes that were removed from separate
plants and placed in water in the laboratory. Fruit development has been observed in
racemes removed from. greatheadivar.davyanaA. feroxandA. marlothiiprior to

fruit set (C.T.S. pers. obs.). Also, this isolation controlled for effects of other
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pollination events on each raceme. Eight flowers on each raceme were tagged before
opening; four flowers were then pollinated with pollen from another plant and four

with pollen from the same plant. Pollen was dusted from an anther of an untagged
flower onto the stigma at different times during the female receptive phase (Chapter 1).

Fruit development was then recorded for each tagged flower.

Fruit set and plant height

In order to compare fruit set on aloes of different heights, we determined the
percentage of flowers that developed into fruit on a single raceme from 40 aloe plants
of varying height (henceforth referred to as the height experiment). To control for
effects of damaged inflorescences and aborted flowers, we selected undamaged
inflorescences with high levels of fruit set. Fruit set was determined as the proportion
of flowers on each raceme that developed into fruit. On each raceme five fruits were

randomly selected and the number of seeds in each was counted.

Floral visitors and pollen loads

Point counts were conducted to determine visitation rates of birds to flowering
aloes. Three to eight flowering plants of varying height, within 15 m of an observation
point, were selected and all aloe visitors recorded. The following data concerning each
visitor were collected: i) visiting species, ii) time of visit, iii) perch position on aloe
(buds, open flowers, panicle, rosette leaves, dry leaves), iv) number of probes, v)
destination on completion of visit to aloe. Observations occurred for 10-45 min at each
randomly selected observation point in the aloe forest. Sampling occurred in late-
August 2006 during peak flowering. In addition, the height and number of racemes of
each monitored aloe were recorded. Sampled aloes included individuals from a range

of heights.

Mistnetting and ringing of birds occurred as part of a larger study involving the
collection of blood for stable isotope analysis. Each bird captured was inspected
visually for pollen deposited on the bill and feathers of the facial region. During

flowering months in 2006, a pollen swab was collected from representatives of all
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species where pollen was not visible, using a piece of transparent adhesive tape (after
Wolf and Martinez del Rio 2000). The tape was dabbed on the bill, frons and throat
region and then placed on a slide. The slide was later scanned for pollen under a light
microscope (10x). The method proposed by Beattie (1971), and used successfully by
Hargreaves et al. (2004) for sampling malachite sunblegtdarinia famosand

Gurney'’s sugarbirdBromerops gurneyiwas not used here since ploceids (and
numerous other species) commonly bite and prevent successful swabbing of the facial

area with a fuschin stained gel block.

Bird measurements and flower size

Bill length of all captured birds was measured using digital Vernier calipers
(nearest 0.1 mm). The length of the beak was measured from the tip of the bill to the
feathers on the frons, or in the case of certain birds (e.g. ploceids), to the end of the
bill. Mass was measured with a Pesola 100 g balance to the nearest estimated 0.1 g (for
smaller birds) and with a Pesola 600 g balance to the nearest estimated 1 g (for larger
birds). Additional mass and bill length data on birds caught outside the study area are

also included (C.T.S. bird ringing database, unpubl. data).

During peak flowering small mammals were captured using Sherman small
mammal trapsn(= 10) baited with an oats and peanut-butter mix. Trapping occurred
during peak flowering for two days and a night (31 Aug - 1 Sept 2006) by placing
traps on the ground and on the rosettes of flowering and non-flowering aloes. Traps

were checked in the morning and late-afternoon.

Flower length (base of corolla to flower tip) of 30 mature flowers was
measured (Stage 2 flowers, Chapter 1) for comparison with the bill length of avian
pollinators.

Statistical analysis

Comparisons of plant height between years were made using student t-tests.
Where data were not normally distributed (Shapiro-Wilk W-test) non-parametric
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statistical analyses were conducted. Because each of three different treatments were
applied to a single plant we used a Friedman’'s ANOVA to test for differences between
pollinator guilds for fruit set and seed production (i.e. pollination success). No seeds
were produced in 2006 in the treatment that excluded all pollinators so we used a
Wilcoxon signed rank test to compare the number of seeds produced in the insect
pollinator and all pollinator treatment. We sampled different plants between years so
for comparisons of fruit set and seed production between years for each treatment we
used a Mann-Whitney U-test. For comparisons between reproductive characteristics of
different height plants we used a Mann-Whitney U-test. All tests were conducted using
Statistica 6.0 (1984-2004).

Results
Fruit and seed set

The mean height of the aloes used in exclusion cage experiments was not
different between years (t-teft= 0.91; 2006, 2.43 £ 0.42 m; 2007, 2.41 + 0.48 m).

There was a significant difference in fruit set between the different pollinator
guilds during both years (Friedman’s ANOVA; 2096= 34.86,n = 18, df = 3; 2007,
v? = 45.21n= 18, df = 3P < 0.01) as well as for both years combingd«79.74,n =
36, df = 3,P < 0.01; Fig. 2). In 2006, no fruit set occurred in the total exclusion cages
due to a frost event that damaged many inflorescences, so for each treatment
(pollinator guild) there was a significant difference in percentage fruit set between
years (Mann-Whitney-test, No pollinatoré) = 120.0,P = 0.030, Insect pollinators,
U = 119.5,P = 0.048; Bird pollinatord,) = 99.0,P = 0.046), except for the all
pollinator treatment where fruit set was similar between yéars11.0,P = 0.068;
2006, 14.3 + 18.6%; 2007, 19.5 + 12.8%; Fig. 2). Also, in the exclusion experiment
control treatments there was no difference in the number of flowers on each raceme
between yeard) = 115.0,P = 0.06; 2006, 237 + 73; 2007, 279 + 55).
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Figure 2. Percentage fruit set (+ SD) Afoe marlothiicalculated from the number of flowers

on each raceme that set fruit for different classes of pollinater2( plants each year).
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Figure 3. Seed production per fruit (+ SD) for different classes of pollinatoralémr
marlothii during 2006 and 2007. Sample size for each treatment given. (No fruit produced in

total exclusion during 2006).
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There was a significant difference in seed production between no pollinators,
insect pollinators and all pollinators treatments for each year (2006, Wilcoxon test [no
seeds produced during 2006], Z = 4.B% 0.01; 2007, Friedman's ANOVA? =
9.31,n= 26, df = 2P = 0.01). Overall seed production for the different treatments
were significantly different (i.e. no pollinators, insect pollinators only, all pollinators;
Friedman’s ANOVA;? = 9.31,n = 26, df = 2P = 0.01; Fig. 3). Overall there were
more seeds per fruit in 2006 (73 + 815 83) than 2007 (53 + 36,= 187) (Mann-
Whitney,U = 5050.0P < 0.01). Between years there was a significant difference
between the number of seeds per fruit for insect pollinatbrs §15.0,P < 0.001), but
not for all pollinatorsy = 2109.5P = 0.057).

Fruit set in cross-pollinated plants (258; 20) was greater than in self-

pollinated plants (5% = 20), showingA. marlothiito be self-incompatible.
Fruit set and plant height

Although the number of flowers on each raceme and percentage fruit set in the
height experiment was similar between tall and short aloes, taller plants had more
racemes per inflorescence, bore more fruit on each raceme and produced more seeds
per fruit (Table 1). Fruit and seed set on the height experiment aloes was significantly
greater than that on control treatments of the exclusion experiments (Fruit set in
control treatments, 2006: 14.3 + 18.6%, 2007: 19.5 + 12L8%99.0,P < 0.001,
seeds per fruit in control treatments = 70 £33; 9597.5P < 0.001).

Table 1.Mean values of flowering characteristics for aloes from which seed set was
determined (height experiment), showing differences for two height classeX0(per height

class; Mann-Whitney U-test,-value significantP < 0.05).

<25m >25m u All aloes
Height (m) 2.09+0.24 3.26+050 - 2.67+0.70
Number of racemes on aloe 95 12+ 4 101.520.3 £ 4.6
Number of fruit on raceme 125 + 52 151 +45 127.0138 +50
Number of flowers on raceme 260 £ 76 300 =59 144.5 280 £ 70
Number of seeds per fruit 84 £ 23 98 £ 23 103.0*91 £ 24

% fruit set 49 + 16 50+10 188.0 50+ 13
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In the exclusion experiment during 2006 fruit set was similar between tall and
short plantsy = 25.0,P = 0.17), although in 2007 taller plants had higher fruit set
than shorter plantd)J(= 17.0,P = 0.02). However, for both years combined there was
no difference in fruit set for plants of different heigt<£ 168.0,P = 0.927).

Floral visitors

Birds

The number of individual birds visiting each aloe was greatest in the morning
and decreased though the day, peaking again in the afternoon (Fig. 4). There appeared
to be an increase in visitors to shorter aloes (< 2.5 m) as the number of visitors to taller
aloes (> 2.5 m) decreased; however, this correlation was not significant (Spearman’s R
=-0.43,P > 0.05). The overall number of visitors to tall aloes was much greater (3.7 +
2.0 visitors.H) than to short aloes (0.3 + 0.3 visitor§ h

Birds fed on nectar by probing flowers, and in doing so became liberally coated
in pollen on the facial area. Pollen counts of bird species where pollen was not visible
to the naked eye are given in the Appendix. Usually the most pollen appeared on the
throat region (C.T.S. pers. obs.). Some individuals did not have pollen recorded from
swabs although the species may have been recorded as a nectar feeder (Appendix). Of
the two species with the longest bills, only malachite sunhirdX) did not have
pollen visible; common scimitarbiRhinopomastus cyanomel@s= 2) had pollen
visible on the facial area. Birds that visited inflorescences mostly perched on the
inflorescence peduncle (59.9%); 45.0% perched on open flowers (see Fig. 1b), 24.3%
perched on unopened flowers and 20.3% perched on aloe leaves, whilst 1.0% perched
on dry leaves (see Fig. 1a). Birds collected pollen on other body parts (e.g. feet, belly)
whilst perching on flowers. Most birds flew out of sight (>15 m; 67.8%,159) when
leaving aloes, whilst 14.5% flew to a nearby tree, 12.6% flew to another inflorescence,
4.4% to another aloe, 0.6% to the ground and only 0.6% remained on the aloe at the

end of the observation session.
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Figure 4. Bird visitation rates during two-hourly time periods (06:00 indicates 06:00-07:59,
etc) to aloes of different sizes during pe&lloe marlothiiflowering. Visitation rate was

calculated as the overall number of visitors for all observation periods as a proportion of total
observation time during each time period. Total observation time (aloe min) for each period

given on figure.

The mean number of racemes (+ SD) on each aloe visited by each visitor was
2.2 £ 2.6, whilst the mean number of racemes on each aloe was 12.4 + 5.5. Each aloe
had 2.7 £+ 2.0 visitors per hour and during a visit each bird probed 5.5 + 8.8 times per

inflorescence.

Other visitors

Chacma baboorf3apio hamadryasirsinuswere regular visitors to
inflorescences. Before flowering they fed on emerging inflorescences, often removing
the inflorescence and feeding on the base. During flowering they fed on nectar and
were observed with pollen dusted around the mouth. Many inflorescences were
damaged as they climbed plants to feed (Chapter 1). Slender monGadesedia
sanguineawere also observed climbing inflorescences and feeding on nectar (C.T.S.

pers.obs.). Striped mouhabdomys pumili(n = 5) was captured in traps placed on
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the ground and Namaqua rock rat Michaelamys (Aethomys) namadquendiswas
captured in traps placed in aloe rosettes; pollen was detected on pollen swabs from

both species.

Insects observed feeding on nectar included the following species; Xylocopinae
(1 sp.), Formicidae (2 spp.), Bombyliidae (1 sp.), Muscidae (2 spp.) and Mordellidae
(1 sp.). A species of thrip (Thripidae) occurred in abundance on many flowers, often

inside the corolla of newly opening flowers.

Bird measurements and flower size

12 _
B Generalists

10 - O Specialists

Number of species
o

10 20 30 40 50 60 70 80 90 100
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Figure 5. Mass frequency distribution of nectar-feeding bird&lae marlothiiforest,
Suikerbosrand Nature Reserve. Specialist nectarivores include malachite Bladbénthia
famosaand white-bellied sunbir@innyris talatala.X-axis mass category 10 indicates birds
with mass 0-10 g, 20 indicates 10.1-20.@etg,

The length of most bird bills was significantly shorter than flower length (mean
flower length + SD = 32.7 £ 2.3 mm,= 35). Bill size ranged in length from 8.7 mm
in black-throated canaigerinus atrogularigo 43.4 mm in common scimitarbill, and
included a wide variety of different bill shapes (Fig. 1c-f; Appendix). Two species had

bills greater in length than aloe flowers (malachite sunbird and common scimitarbill; t-
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test,P < 0.01; Appendix). Pollen grain counts of birds that were swabbed are noted in
the Appendix.

Bird masses of nectar-feeding birds at the study site ranged from 8.3 g (white-
bellied sunbirdCinnyris talatalg to 96.0 g (laughing dov@treptopelia senegalenkis
A frequency distribution of bird masses as are shown in Fig. 5.

Discussion

A generalist bird pollination syndrome

Flower and nectar characteristicsfofmarlothiisupport a generalist bird
pollination syndrome, which is confirmed by experiments excluding different classes
of pollinator. At Suikerbosrand a large proportion of the bird community was recorded
feeding on nectar during a 5-10 week flowering period in August and September
(Chapter 1). This included at least 42 bird species (59% of the resident bird
community), made up of mostly residents with some nomadic species such as large
flocks of wattled starlingCreatophora cineregChapter 2). The diverse assemblage of
opportunistic nectar-feeding birds included frugivores, granivores, insectivores and

omnivores (Chapter 2, 4).

Little is known of the pollinators for at least 48lbe species that occur in the
Afrotropical region (Reynolds 1969; Reynolds 2004). Aloes occur in a range of
habitats with some species being localised and endemic, whilst others are common and
widespread (Reynolds 1969; Glen and Hardy 2000; Van Wyk and Smith 2005). The
pollination syndromes are therefore likely to vary and a comprehensive review of
pollination in this genus is warranted. However, there does appear to be a relationship
between flowering period and pollinator type. In an assessment &fld@Species,
those that flower predominantly during summer months are insect pollinated, whilst
those that flower during winter are pollinated by occasional nectarivores, and those
pollinated by true nectarivores (sunbirds) flower throughout the year (Botes 2007). In

addition, winter-floweringA. marlothiihas rigid racemes, like those/Afferox that
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are able to support the weight of large generalist avian pollinators (Chapter 2). This is
probably an important feature of large generalist bird pollinated aloes with
conspicuous, gaudy and robust inflorescences. In other aloes with less rigid

inflorescence stalks the pollinators may be more specialist i.e. sunbirds (Botes 2007).

A few aloes have been studied in detail. For examplégrox which occupies
a similar ecological niche in the south-east of South Africa, produces similar nectar
(180 pl; 12.5% w/w) té\. marlothiibut is pollinated by both specialist (sunbirds) and
generalist avian visitors as well as honeyb®&gis mellifera(Reynolds 1969; Hoffman
1988; Van Wyk and Smith 2005; Botes 2007). Although pollinator exclusion
experiments were not conductedAnferox(Hoffman 1988) they have been
conducted o\. candelabrun{synonymous witlA. feroy; here birds were identified
as the most important pollinators, with the role of insects being insignificant (Stokes
and Yeaton 1995). Without experimental evidence, Tribe and Johannsmeier (1996)
considered both sunbirds and bees the major pollinators of three species of tike aloe,
dichotoma, A. pillansiandA. ramosissimathat flower in late-winter and spring.
However, exclusion experiments are needed to confirm the true pollinators of each
species; because bees visit plants does not necessarily mean they are important
pollinators. Two smaller island endemic specfsdivaricataandA. mayottensjs
similar in size toA. greatheadivar.davyana are each pollinated by a sunbird species,
with a minor pollination role attributed to bees and other insects (nectar characteristics
were not investigated) (Ratsirarson 1995; Pailler.2@02).Aloe vryheidensjsa
winter-flowering aloe with conspicuous inflorescences simila.tferox produces
dilute nectar (6-17%) that attracts generalist birds; specialist sunbird pollinators that
are inefficient pollinators are excluded by the bitter tasting nectar (Johnson et al
2006).Aloe greatheadiivar. davyana although suggestive of bird pollination, is
pollinated by honeybees (Human 2006).

Pollen transfer and fruit set

It is suggested that a large and dense food source to attract pollinators has the

potential to reduce inter-plant movements and result in low percentage fruit set for

self-incompatible species (eAy. feroxandA. marlothi) (Janzen 1967; Augspurger
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1983). However, pollen transfer & marlothiiis ensured by an active movement of

birds between plants; most birds recorded probing flowers flew out of sight after
feeding (67% of observations) or flew to a nearby inflorescence (12%), whilst only
0.6% of birds remained at aloes at the end of the observation period. Pollen from other
plant species was not detected in pollen swabs, so visits for nectar were mostly (if not
all) to A. marlothii plants. Larger pollinators like birds are more reliable pollinators

and move pollen greater distances (Brown et@r8). However, to attract larger
pollinators, plants must secret®re nectar (Brown et al. 1978); A1 marlothii this is

achieved by the continuous production of copious nect@5@ ul; Chapter 1).

BecauseéA. marlothiiis self-incompatible, like most aloes, effective cross
pollination is required for successful seed set (Brandham 1969; Riley and Mujamdar
1979; Hoffman 1988; Pailler et.&002; Botes 2007; Human 2006).Anmarlothii
more seeds were produced from flowers with more pollinators; and cross pollinated
flowers produced four-fold more fruit than self-pollinated flowers. However, this was
not as prominent as . vryheidensisvhere seed production in cross-pollinated plants
was 10-fold greater than self pollinated plants (Johnson et al. 2006). The probing of
flowers by short billed birds to remove nectar ensures that pollen is dusted onto the
entire facial area of many bird species, and transferred between plants. This appears to
be most effective on aloes that attract generalist avian pollinators where the relatively
short flowers are densely packed on the inflorescence (Botes 2007; Human and
Nicolson 2008). Movement of birds along the raceme is over the densely packed
flowers, so pollen is also collected on the feet and belly of visiting birds (see Fig 1b).
Feeding birds make contact with adjacent male and female phase flowers, and
successful pollination is ensured. The dense packing of flowers is reminiscent of
Banksiainflorescences that are important nectar sources for honeyeaters. Honeyeaters
probe a substantial proportion of the circumferenddastksia menziesii
inflorescences, making contact with pollen presenters and stigmata of many florets
(Ramsey 1989). IB. menziesjialthough there were more visits by bees, fruit set was
10 times greater on inflorescences visited by birds (Ramsey 1988alnkaia
woodland near Perth, where the flowering seasons oBfiveksiaspecies were
sequential with slight overlapping, honeyeaters appeared to be the most important

pollinators (Whelan and Burbidge 1980), and in a study of several autumn-flowering
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plants in Western Australia honeyeaters carried greater pollen loads of four species
(two Banksig than honey possums (Hopper 1980). We recorded at least three small
mammal species that may contribute to pollination, but because they do not move as

great distances as birds their role as pollinators may be less important.

Table 2. Fruit set in differenfloe species, giving percentage fruit set and major pollinator
type. Values for our study include control treatment results for exclusion experiments for two

years (1 = 20 aloes/year) and seed set on selected racemes during ome=yd@rrbcemes).

Species Fruit set Major pollinator type Reference
(%)
A. marlothii 14-20; 50  generalist birds This study
A. greatheadivar.davyana 45-55 bee Human 2006
A. mayottensis 30 single sunbird pollinator  Pailler et 2002
A. ferox 27 generalist birds Hoffman 1988
A. divaricata 15 single sunbird pollinator  Ratsirarson 1995

Note: Stokes and Yeaton (1995) only report fruit set succeSsaaindelabrumpollinated by generalist
birds, as the number of fruit per cm of raceme, which is not comparable to these studies.

We found conflicting results for fruit set & marlothiiwith the percentage
fruit set on the height experiment (50%) greater than that during exclusion experiments
(14-20%). This was likely an artefact of sampling where the most successfully fruiting
plants were selected. Fruit set measured in the exclusion experiments, where plants
were selected randomly before flowering, is likely a true reflection of fruiting success.
This is compared t8loe species from other areas where variation between species
was high (Table 2). This variation may be linked to methodology and temporal and/or

spatial variation between these studies.

At our study site only two sunbird species were recorded feeding on nectar
(Chapter 2). They did not increase in abundance during flowering, like many other
opportunistic nectar feeders (Chapter 2). Pollen was also not observed on the facial
area of malachite sunbirds, but only on the bill tip, suggesting they play little role in
pollination (Fig. 6a,b,d). However, common scimitarbill, which had the longest bill of
all nectar feeders, and is not a specialist nectarivore, was observed covered in pollen

on the facial area (Fig. 6¢). Feeding method, rather than bill length, may therefore be
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an important factor for ensuring that pollen is transferred by birds between plants. In
five sympatric winter-floweringhloe species§luridens lineata, africana speciosa
andferox) in the Eastern Cape, South Africa, the specialist-generalist bird pollination
community is structured according to nectar properties, floral architecture and pollen
deposition sites (Botes 2007). Depending onAloe and bird species involved, pollen

is deposited on the frons, bill, throat and/or chest and belly (Botes 2007). This is
determined by the arrangement of flowers on the raceme and the position of the
feeding bird, with densely packed flowers attracting generalists (Botes 2007). In most
Aloe species the flowers are more widely spaced th@n marlothiiwith the

orientation changing during flower development.

<

Figure 6. Malachite sunbirdNectarinia famosdjuvenile male) feeding oA. marlothii
flowers showing delicate probing of flowers with tip of bill whilst standing on old floars
and pollen collected on tip of bill (shown by arrails). Common scimitarbilRhinopomastus
cyanomelagjuvenile) with pollen collected on face and culnfey) and malachite sunbird
(adult male) with clean billd) (see Appendix for bill measurements; scale bar = 10 mm;

Photographs: Craig Symes).
Height benefits for plants

In some aread. marlothiiis known to reach heights in excess of 8 m
(Reynolds 1969) with the tallest plant recorded at our site measuring 6.30 m. At our
study site shorter plants flowered less often and were also damaged more by baboons

(Chapter 1). Together with mass flowering and spiny leaves that reduce predation by
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baboons, taller plants benefit by avoiding predators. Taller plants also produced more
seeds and more racemes, thus exhibiting greater reproductive fitness through higher
fruit and seed production. Although there was a similar proportion of seed in both
height categories, the resulting seed crop of taller plants may also have greater genetic
diversity because of a greater number of pollinators (Donnelly et al. 1998). Plant

height ofA. feroxwas not correlated with percentage fruit set, but was correlated
positively with the number of racemes on inflorescences and the number of fruits on
each plant (Hoffman 1988).

Conclusion

Within the aloe family (Asphodelaceae) there appears to be a wide range of
pollination syndromes defined by different floral characteristics and plant size.
Recently, nectar characteristics have been identified as an important factor determining
pollinator type (Johnson and Nicolson 2008). Nectars of high volume (40-100
pl/flower) and low concentration (8-12% wi/w), asAinmarlothii (250 pl/flower; 12%
wi/w), typically attract generalist pollinators whilst those of low volume (10-30
pl/flower) and high concentration (15-25% wi/w) attract specialist nectarivores e.qg.
sunbirds and hummingbirds (Johnson and Nicolson 2008). Most featukes of
marlothii are thus typical of a bird pollinated plant (Table 3), with the most prominent
and characteristic being the orange to red flowers on conspicuous inflorescences
whose abundant and dilute nectar attracts a wide range of generalist pollinators
(Chapter 1).

There are a number of other characteristio&. gharlothiithat contribute to its
reproductive succesAloe marlothiiis a CAM photosynthesizer (Denius and Homan
1972; Kluge et al1979; Eller et al1993) that flowers during periods of little or no
rainfall; therefore water conserved prior to flowering can be used for flowering and
nectar production during dry winter months, with water replenishment in the succulent
leaves occurring soon after rains in early-spring (September-October). Flowering also
occurs at a time of the year when few other plants flower, thereby reducing
competition with other plant species. The synchronousandassélowering in

dense populations of aloes also ensures that more nectar is produced than can be
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consumed, thereby attracting a wide range of visitors (Chapter 2). However, the
transfer pollen between plants is ensured by the active movement of birds in the aloe

forest; most birds observed flew out of sight from the aloe where they fed.

Table 3. Summary of bird pollination syndrome characters (Proctor. &886); related to

Aloe marlothii * Symes and Nicolson unpubl. dateGhapter 1.

Ornithophilous syndrome characteristic Aloe marlothii

Vivid colours; bright reddish-orange flowers  YES, bright orange to red flowers (Fig. 1b)

Longer floral tube YES, flower length = 32.7 + 2.3 mm
Exserted anthers and stigma YES, anthers exserted before stigma
Inclined flower YES, flowers face upwards on horizontal raceme

Absence of odour and nectar guides (less YES, no landing platform

pronounced landing platform)

Distinctly curved tubular flowers YES, although curvature not distinct
Secund flower arrangement YES, pedicel length 5.5 mm
Large pollen-nectar distance YES, c. 10-30 mm, nectar fills entire corolla tube

in stage 2 flower$
Diurnal anthesis with nectar peak and floweNO, flowers continuously opening and nectar
opening in early morning always available
Abundant nectar held in flower by capillarity ~ YES, 280lower (stage 2 flower$)

Low concentration of nectar YES, 12% (stage 2 flowefs
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Appendix. Bird speciesr(= 39) recorded feeding dkloe marlothiinectar at Suikerbosrand Nature Reserve (Chapter 2, C.T.S. pers. obs.). Nectar feeders
were recorded feeding on nectar during transects (t), birds observed feeding on nectar out of transect times (0), pollen observed from swabs of facial area
(s), and pollen observed on facial area of birds in aloe forest (p). Pollen counts (mean * SD) given for species not seen feeding on nectar or without pollen
observed on facial area, sample size in parentheses, * indicates all netted birds observed with pollen. Bill length significantly different to flower length for
all species (# bill longer than flower; t-teBtg< 0.05). Taxonomy follows Hockey et al. (2005).

Species Nectar feeder Pollen count Mass Bill
INDICATORIDAE

Lesser Honeyguidmdicator minor s 25(2) 28.8+2.1(12) 10.0+£ 0.8 (12)
PICIDAE

Cardinal Woodpeckddendropicos fuscescens s 3.5(2) 32.4 £ 3.0 (10) 17.9+1.4(9)
LYBIIDAE

Acacia Pied BarbeTricholaema leucomelas tp * 36.5+ 2.6 (37) 19.1 +1.2 (37)

Black-collared Barbetybius torquatus p * 58.6 + 7.8 (36) 22.6 +1.6 (36)

Crested Barbefrachyphonus vaillantii t * 72.4+£11.1 (29) 23.5+1.1(29)
RHINOPOMASTIDAE

Common ScimitarbilRhinopomastus cyanomelas t * 34.2+5.9 (3) 43.4+413)#
COLIIDAE

Speckled Mousebir€olius striatus tp * 52.7 £ 8.5 (35) 13.0+£1.1(35)

Red-faced Mousebirdrocolius indicus tp 0(1) 61.8+7.6 (32) 13.5+£0.5(33)
COLUMBIDAE

Laughing DoveStreptopelia senegalensis s 1.6+£2.1(7) 96.0 + 15.9 (119) 15.3+1.4 (119)
MALACONOTIDAE

Brown-crowned Tchagrachagra australis s 1.0 (2) 33.1+4.2(10) 17.7+£1.1(12)

BokmakierieTelophorus zeylonus o] * 65.8 £ 5.4 (8) 22.5+2.4(8)
LANIIDAE

Common Fiscalanius collaris o] 02 42.8 £ 4.2 (60) 16.6 + 1.3 (58)
PYCNONOTIDAE

African Red-eyed BulbuPycnonotus nigricans tp * 37.1+£2.8(138) 17.0 £ 0.9 (138)
SYLVIIDAE

Cape Grassbir8phenoeacus afer s 6.0 (1) 32.2+4.0(3) 17.0£ 1.4 (3)

Long-billed Crombe&Sylvietta rufescens s 18.0 (1) 11.2 +1.8 (10) 13.8+1.5(13)



Species Nectar feeder Pollen count Mass Bill

Chestnut-vented Tit-Babbl&arisoma subcaeruleum tp 8.0+11.3(3) 15.0+£1.2 (36) 10.6 £ 0.9 (34)
ZOSTEROPIDAE

Cape White-ey&osterops capensis tp 44.3+£75.1(3) 12.1 + 3.7 (379) 11.5+0.9 (377)
CISTICOLIDAE

Rattling CisticolaCisticola chiniana o] * 13.9+£3.1(13) 12.7 £1.6 (13)

NeddickyCisticola fulvicapilla s 0.7+1.1(3) 9.6 £ 0.9 (25) 10.4 £ 0.8 (25)

Black-chested PriniRrinia flavicans tp 03 9.8+ 0.9 (46) 10.1 £ 0.8 (33)

Bar-throated Apalig\palis thoracica tp 55 (1) 10.6 £ 1.5 (32) 13.0+£ 1.3 (27)
MUSCICAPIDAE

Cape Rock-ThrusMonticola rupestris t * 63.6 + 2.9 (6) 21.9+1.5(6)

Fiscal FlycatcheSigelus silens tp 18.8 £ 26.5 (6) 28.0 £ 5.2 (85) 14.0£ 0.9 (78)

Cape Robin-ChaCossypha caffra tp * 29.0 £ 3.3 (165) 15.3 + 1.3 (156)
STURNIDAE

Cape Glossy Starlingamprotornis nitens o] * 83.2+13.0(7) 22.1+2.7(7)

Wattled StarlingCreatophora cinerea tp * 60.3 + 25.8 (6) 21.0+1.8 (6)
NECTARINIIDAE

Malachite SunbirdNectarinia famosa t * 18.6 £ 3.3 (7) 36.1+3.7(7)#

White-bellied Sunbir€Cinnyris talatala t * 8.3+ 1.3(33) 20.9+1.2 (35)
PLOCEIDAE

Cape WeavePloceus capensis tp * 44.9 + 4.8 (46) 21.5+1.1 (46)

Southern Masked-WeavPtoceus velatus tp * 27.5+ 4.4 (190) 16.1 £1.2 (192)

Red-collared WidowbirdEuplectes ardens t * 19.0+£ 2.0 (14) 13.7 £ 0.7 (13)
ESTRILDIDAE

Black-faced WaxbilEstrilda erythronotos tp 129 (1) 9.2+0.8(9) 9.4 +0.7 (8)

Violet-eared WaxbillGranatina granatina s 217.0+176.0 (5) 10.9 + 1.0 (30) 10.2 £ 0.5 (26)

Green-winged Pytili#ytilia melba s 19+3.2(13) 15.7 + 7.1 (185) 12.5+ 0.6 (169)

Jameson's Firefindbagonosticta rhodopareia s 0.5+0.6 (4) 9.9+1.7 (39) 10.0 £ 0.7 (46)
PASSERIDAE

Southern Grey-headed SparrBasser diffusus s 3.0(2) 246 +2.7 (31) 12.0 £ 0.7 (30)
FRINGILLIDAE

Black-throated Canar$erinus atrogularis t * 13.7 (1) 8.7 (1)

Streaky-headed SeedeaBarinus gularis t * 18.1£4.5(5) 12.2 £ 0.8 (5)

Cape Buntindemberiza capensis t 0(2) 23.9+2.1(8) 11.3+£0.5(8)
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Abstract

Numerous bird species feed on the nectaloé marlothij a CAM plant that flowers
during dry winter months in the summer rainfall savannah biome of South Africa.
Carbon isotopic signatures were measured in whole blood samples from birds mist-
netted over a six-month period before, during and after flowering (May-October) at an
A. marlothiinectar oasis. The nectarA4f marlothiihad an isotopic signature &fC =

-12.6 £ 0.5%0 VPDB (mean + SD), whilsg@lants and ¢grasses measured -27.2 +
1.5%0 and -14.7 = 2.5%o. respectively. Wh&nmarlothiinectar was available, most
insectivores, frugivores and omnivores, that typically relied opl@a€ed diet, showed
significantly enriched whole blood!C values compared to during the non-flowering
period. All the bird species that exhibited shifts in bl6b¥C towards enriched values
were regularly observed feeding Anmarlothiinectar during the flowering season,

and it is highly likely that the enrichment of their tissues reflects the incorporation of
carbon from nectar. We avoided the use of mixing models to quantify the nectar
carbon contribution for different species because of limitations in our understanding of
diet-tissue discrimination factors for different species and diets, and routing of
different food types. Because sugar carbohydrates are likely immediately metabolised
and not routed to tissue for storage, a shift in the bsdii towards nectar during
flowering may depict a gross underestimation of the importance of nectar carbon in the
birds’ diet. Our ability to accurately quantify the contributiorAoimarlothiinectar to

the birds’ blood carbon pool, particularly in granivores, is also limited by the small
isotopic difference betweeh marlothiinectar and £grasses. Despite nectarAof

marlothii being dilute ¢. 12% w/w) compared to plants pollinated by specialist
pollinators, it is probably a more important food source for many bird species during

dry South African winters than is realised.

Keywords  8"°C - nectarivores sunbird- winter-flowering- South Africa
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Introduction

Major avian nectarivore families have evolved independently in the Neotropical,
Afrotropical and Australasian regions where they are represented by hummingbirds,
sunbirds and honeyeaters respectively (Maclean 1990). Studies on nectar-feeding in
birds have focused primarily on these true nectarivores, with the diversity of
opportunistic nectarivores largely ignored, particularly in the Afrotropics. In Africa the
number of occasional nectarivores is comparatively high compared to other
zoogeographical regions (Maclean 1990; Chapter 2). They feed on a range of plant
nectars, with aloes (Asphodelaceae) forming an important nectar source for many
species, particularly during the dry winter period when most aloes flower (Oatley
1964; Skead 1967; Reynolds 1969; Oatley and Skead 1972; Pettet 1977; Chapter 2).

Aloe marlothiiA.Berger is one of. 450Aloe spp. found in Africa and occurs
in the summer rainfall savannah regions of northern and north-eastern South Africa
(Reynolds 1969; Glen and Hardy 2000; Reynolds 2004; Van Wyk and Smith 2005).
Plants grow in excess of 6 m high and produce large inflorescences with up to 39
racemesd. 250 flowers/raceme) (Chapter 1). The flowers produce large quantities (
250ul) of dilute nectarg. 12% w/w) that attracts a wide range of consumers (Chapter
1). At least 82 bird species (25 families), including granivores, frugivores, insectivores
and omnivores, have been recorded feeding opportunistically on the ne&tar of
marlothii (Oatley 1964; Oatley and Skead 1972; Botes et al. 2008; Chapter 2).

However, the nutritional importance of this nectar to birds is not quantitatively known.

Naturally-occurring variation in stable carbon isotope ratios provides a
powerful tool for reconstructing the importance of different dietary items for
organisms (Peterson and Fry 1987; Kelly 2000). Implicit in such applications is the
assumption that the stable isotope ratio of a consumers’ tissue is related to its diet in a
predictable manner (Kelly 2000; Hobson and Clark 1992a; Hobson and Clark 1993).
Stable carbon isotopes in plants vary predictabdyplénts and ¢grasses typically
show significant differences i*C values because of contrasting use of ©O
different photosynthetic pathways (Smith and Epstein 1971; Vogel et al. 1978; Hobson
1999). Therefore, by monitoring the temporal changes in carbon isotope ratios in
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different tissues it is often possible to detect dietary shifts with regards to carbon
resources obtained fromy@nd G components of the ecosystem (Rubenstein and
Hobson 2004; Dalerum and Angerbjorn 2005). These changes can be detected in a
non-destructive manner over a relatively short period if tissues with a short turnover
period, such as blood (5-30 day half-life depending on bird size), are analysed (Hobson
and Clark 1992b; Bearhop et a002; Carleton and Martinez del Rio 2005).

Aloe marlothiiis a CAM photosynthesiser (Denius and Homan 1972; Kluge et
al. 1979; Eller et al. 1993) aid’C values of plant tissues are similar to those.of C
grasses (Vogel et al. 1978). This study was conducted to determine the importance of
A. marlothiinectar sugars for an avian community using stable carbon isotopes. Bird
community abundance and diversity increase significantly during.therlothii
flowering period (August-September) with >50% of species recorded during transects
seen feeding on nectar (Chapter 2). We therefore hypothesized that a shift in blood
§13C towards more enriched values, in avian species that feed on nectar, would
coincide with the onset of flowering . marlothii Species that fed most often on
nectar were expected to show the greatest enrichméhtrvalues. Because nectar
consists predominantly of rapidly metabolizable hexose sugars (Van Wyk et al. 1993)
we predicted that the isotopic signature of nectar would rapidly appear in whole blood
of nectar-feeding birds once flowering began, and would disappear after the flowering

period.

Materials and Methods
Study site

This study was conducted during 2005 and 2006 at Suikerbosrand Nature
Reserve (SNR), a 19,779 ha reserve 60 km south-east of Johannesburg, with sampling
spanning months before (May-July), during (August-September) and after (October)
flowering inA. marlothii Vegetation in SNR is dominated by grassland and savannah
biomes withA. marlothiigrowing predominantly on rocky north-facing slopes.

Rainfall is seasonal falling mainly during summer (October-March) months and
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winters are dry with contrasting night-day temperatures €f to 25C. Aloe
greatheadiivar.davyanaalso occurs in the reserve and flowers prioktonarlothii

but is visited less often by birds, possibly because it offers nectar of lower valume (
34 ul) (Human 2006; Human and Nicolson 2008).

Sample collection

Mist-netting was conducted during May-October each year (2005 and 2006)
along a disused vehicle track through a large staid wfarlothiiin the western
portion of the reserve (281'50"S 2810’07 E, c. 1,600-1,700 m a.s.l) (henceforth
referred to as the aloe forest). All birds were ringed (Safring, Cape Town) so recapture
and sampling of the same individual could be monitored. Blood samples (1p-50
were collected from the brachial vein of each bird, using a 25-gauge needle to prick the
vein and a 75l hematocrit tube to collect blood. Blood samples were then transported

to a laboratory and dried to constant mass 4 %®a drying oven.

During each month of sampling, representatiya@ G vegetation samples
were collected, as well as insects associated with each vegetation type. At five grass
sites in the aloe forest ten sweeps with an insect net were used to collect invertebrate
samples; grass (Lsamples gathered during sweeps were also collected. Lgaf (C
samples were collected from five common tree spedieadia karrog Ziziphus
mucronata Tarconanthus camphoratuSymnosporia heterophyll&hus leptodictya
and an insect net (diameter = 42cm) placed beneath each tree was used to catch
invertebrates shaken from the tree (10 shakes). Sample collection occurred during mid-
afternoon (14:00-16:00). The invertebrates collected (henceforth referred amag C
C, insects) were stored in alcohol (75%) and plant samples placed in labelled
envelopes. Samples were returned to the laboratory where they were dried and fine

ground using a mortar and pestle in preparation for isotope analysis.

ThreeA. marlothiiflowers were collected from different plants during July(n
3, unopen flowers), Augush € 9) and Septemben € 7). During peak flowering in
August 2006¢. 2 ml of nectar was collected from each of nine individuals, using

disposable hematocrit tubes (75 pl) and placed in glass bottles. In the laboratory the
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flowers and nectar samples were oven dried to constant mass and ground for isotope

analysis. In 2005 nectar samples were collected from two aloe plants.
Isotope analyses

Isotopic analysis was conducted at the Natural Resources and the Environment
isotope laboratory, CSIR, Pretoria. Representative samplesl&e0.30 mg) were
weighed in tin cups (cleansed in toluene) and combusted atA02CG in an
elemental analyser (Flash EA, 1112 Series, Thermo Electron Corporation). The
13c/A2C isotope ratio was determined using a continuous-flow isotope ratio mass
spectrometer (Thermo Delta V Plus, Thermo Electron Corporation) plumbed inline
with the elemental analyser. During analyses, every six samples were followed with
two laboratory standard aliquots (homogenized dried chicken blood:; &H€an SD
=-17.87 £ 0.15%0n = 331), in order to correct for equipment drift. All samples were
analysed in duplicate. Isotope ratios are express&aatation in permil (%o) relative
to the standard Vienna Pee Dee Belemnite (VPDB). The laboratory chicken blood
standard was standardised against C652 ANU (Australian National University)
sucrose, 1577b bovine liver (National Institute of Standards and Technology) and
SRM (Standard Reference Material) 1547 peach leaves (NIST).

Data analysis

One key limitation in many isotopic studies of consumer communities,
including ours, is a lack of tissue-diet fractionation factors for each species, and
variation in the metabolic routing of different diet components (Voigt et al. 2008;
Chapter 6). Because this study dealt with a wide range of species, and because of the
compounding effects of varying diet-tissue discrimination factors on different diets, we
did not attempt to apply a mixing model to calculate the proportion of nectar carbon
assimilated by birds (Hoefs 1980; Phillips and Gregg 2003). For species where
sufficient samples were collected during each month we used a Friedman’s ANOVA to
compare isotopic values between months. However, for some species sufficient
samples were collected to make statistical comparison between the pre-flowering and

flowering period; here we used a Wilcoxon signed rank test. To compare between
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months for each vegetation/insect category we used a Friedman’'s ANOVA. Because
data were not normally distributed (Shapiro-Wilk W-test for normality), and because
sample sizes were relatively small we used a Mann-Whlithist to compare overall
isotopic values between vegetation types and their associated insect assemblages. All

statistical analyses were conducted using Statistica 6.0 (1984-2004).

Results
Isotopic ratios of dietary items

During our six-month sampling period tH€C values of Gtrees and €
grasses varied significantly between months (Friedman’s ANQ¥/A;14.14,n = 5,
df =5,P = 0.01;* = 17.00,n = 5, df = 5,P = 0.004 respectively). The combin&dC
values of G trees and g£grasses at our study site were significantly different (Mann-
Whitney U-test:P < 0.001; Table 1). Th&"*C values ofA. marlothii nectar were
similar across years (2005, -12.8 + 0.1f%s; 2; Table 1).

Table 1 Monthly 8"3C (%. VPDB, mean + SD) of vegetation and insects in the aloe forest at
Suikerbosrand Nature Reserve during 2006. Monthly sampl®, unless otherwise indicated

in parentheses. * flowers unopen and no nectar available.

Month Cs plant C, grass G insects G insects Flowers Nectar
May -275+16 -135+04 -23.8%1.7 -17.7+4.4 - -
June -279+12 -149+25 -225+3.7 -18.2+5.9 - -
July -28.1+1.0 -188+19 -225+48(3)15.1+3.0 -13.1+0.3(3)* -

August -26.7+16 -126+05 -189+3.8(415.8+3.7 -13.7+0.5(9) -12.6 £ 0.5 (9)
September -27.0+1.6 -143+1.1 -20.1+4.3(4)19.2+5.8 -13.8+0.2(7) -
October -26.1+1.2 -143+19 -192+6.1(417.4+2.1 - -

Total 27.2+14 -147+25 -21.3+472 -17.2+4:43.7+05(19) -12.6+0.5(9)

In neither the ginsects nor ginsects was there significant temporal variation
in 8*°C values (Friedman's ANOVAy? = 8.43n=5, df =5P = 0.13;° = 8.52,n =
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5, df = 5,P = 0.13 respectively; Table 1). Insects were very seldom observed feeding
on nectar. Thé'*C values of the ginsect samples were significantly enriched
compared to the £plant samples (Mann-Whitnéy-test; U = 14.0P < 0.001; Table

1), whilst the G insect samples were depleted compared to jlgasSs samples
(Mann-WhitneyU-test; U = 262.0P = 0.005; Table 1). Thus, where#sC values

differed significantly between insects associated with each habitat type (Mann-
Whitney U-test; U = 184.0P = 0.001; Table 1), in neither case did inse3E values

represent the habitat in which they were sampled.
Isotopic ratios of avian blood

During the 2006 sampling seasons, 402 blood samples were collected from 381
individual birds (41 species) in the aloe forest. Our sampling included 32 of the 38
species known to feed @ marlothiinectar at this site (Chapter 2). The six nectar-
feeding species that we did not obtain blood samples from included two sunbird
species. An additional 56 blood samples from 19 species were collected during 2005
and although not included in the comparisons are summarised as combined data in the
Appendix. Avian community composition and the timing of nectar availability were

similar in both years (Chapter 2).

Changes i*°C values between flowering and pre-flowering months varied
within guilds and ranged from -3.5 to 3.0%. for granivores, -0.7 to 7.3%o. for
insectivores, 1.9 to 4.4%. for omnivores and 1.8 to 3.2%. for frugivores (Fig. 1). Three
feeding guilds, namely frugivores, insectivores and omnivores, tended to exhibit an
enrichment in bloo@"3C values during the flowering season compared to the pre-
flowering season, whereas granivore values tended to become depté®(Fig. 1).

Only one granivorous species (laughing doS8&gptopelia senegalenyshowed
enrichment in bloo@™3C during the flowering season (Fig. 1). For most speies
after flowering became depleted again, returning to values similar to prior to flowering

(Appendix).

In at least 15 bird species, bloddC exhibited a distinct shift towards

enriched values around the time tatmarlothii nectar became available (see Fig. 1
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and Appendix). In many species this enrichment between the non-flowering and

flowering period was significant (Wilcoxon te&t< 0.05 Fig. 1).

Cape bunting
Black-faced waxbill _
Southern grey-headed sparrow Granivore
Violet-eared waxbill
Green-winged pytilia
Jameson'’s firefinch
Laughing dove j 29,12%
Neddicky 52 ]
Common fiscal 5,2 *Df
Lesser honeyguide 12,2
Brown-crowned tchagra E| 2,2
Cape robin-chat D 12,10*
Long-billed crombec j:| 1,1
Fiscal flycatcher 14,8+ Insectivore
Black-chested prinia i:| 10, 4 *
Cardinal woodpecker j:| 1,2
Crested barbet r 13,1
Chestnut-vented tit-babbler r ] 6,3 *
Bar-throated apalis r |6,2*
Southern masked-weaver - 10,5*
Cape white-eye 3,8* Omnivore
African red-eyed bulbul 6,19 *
Red-faced mousebird : 2,12 %
Acacia pied barbet jj 6,1* Frugivore
Black-collared barbet [ 24~

50 30 -10 10 30 50 70 90

613C flowering ~ 613C pre-flowering (%o VPDB)

Fig. 1 Changes in bloo8"*C associated with the onset of floweringloe marlothiiat
Suikerbosrand Nature Reserve Only species where samples were collected during pre-
flowering (May-July) and flowering (August-September) periods are shown. Positive values
indicate enrichment iifC and shift towards nectar isotopic sighature. Sample size showing
pre-flowering and flowering totals, * indicating significant difference between seasons
(Wilcoxon testP < 0.05), no analysis where< 3. All species shown were recorded as nectar
feeders (Chapter 2; Appendix).
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Month
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24
26 -
0O Bar-throated Apalis @ Chestnut-vented Tit-Babbler ~ m Black-chested Prinia

53C (%. VPDB)

(b)

Month
M J J A
-14 ~
o 15
E 16 ]
S -18 ]
o
Q\"/ -20 A
mU 22 |
i _
O 24 -
-26 -
O Fiscal Flycatcher @ Cape Robin-Chat m African Red-eyed Bulbul

Fig. 2 Mean monthly changes #°C (+ SD) for a subsample of avian species recorded
feeding onAloe marlothiinectar in Suikerbosrand Nature Reserve, showing enrichm&la of
during the flowering period (August-September). See Fig. 1 for species’ sample sizes.

Few species were captured in all months, either because of seasonal changes in
abundance (Chapter 2) or low capture rates for species. For species regularly observed
feeding on nectar (Fig. 2; Chapter 2), where there were sufficient samples for analysis,

there was a significant difference in blo¥dC values between months for two species
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(Fig. 2; Friedman’s ANOVA, Fiscal fchatche@z, = 14.23P = 0.01; Cape robin-chat,

v* = 13.48,P = 0.02) and no detectable change in one species (Black-chestedyprinia,
=9.43,P = 0.09). For non-nectar feeding species there was a monthly difference in
blood 5**C values between months for one species (Green-winged pyftitial,1.14,

P = 0.03) and no change in another species (Laughing gowel9.57 P = 0.002).

Table 2 General summary showing changes in bl&d@ for different avian feeding guilds
between pre-flowering (May-July) and flowering (August-September) periods Alobe

marlothii forest, Suikerbosrand. Typical diet for each guild for different periods given (see
Table 1 fors™*C values of diets). To eliminate weighting by more common species each value
was calculated as mean of species averages in each guild. Before flowering and during

flowering values of whole blood (mea&’C + SD) given.

Mean 8*°C of whole blood

Guild Period Diet (% VPDB)
C, grasses, minorC 13.2+2.1
Pre-flowering 4 gcon tribution (S. senegalensisxcluded:;
-12.4+1.0)
Granivore
nectar?, ¢grass, some{L -129+1.8
Flowering (S. senegalensiacludes G (S. senegalensixcluded;
maize) -13.0+£1.9)
Insectivore Pre-flowering G & C,insects -209+2.6
Flowering nectar, €& C, insects -18.4+2.1
Pre-flowering G & C,insects and fruit -20.6 £4.3
Omnivore :
Flowering nectar, G&;rgﬁ insects and 178+36
Pre-flowering Cs & C4 plants, some -23.0+0.8
Frugivore Insects
Flowering nectar, G & Cyplants, 21417

some insects

To investigate whether enrichment of blddtC was related to observed rates
of nectar-feeding, we compared feeding rates from Chapter 2 to theSM@&arhange
for each species, but found no significant correlation (Spearman’s R = -B.426,
0.05,n=9).

The origin of blood carbon varied among avian feeding guilds (Table 2). With

the exception of granivores, all feeding guilds exhibited b&dd@ values
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intermediate between those of &d G photosynthetic pathways, whether derived
from plant or insect diets (Table 2). We suspect that grass seeds were still available for
granivores, possibly in abundance, duringAhenarlothiiflowering period (C.T.S.

pers. obs.).

Discussion

Flowering inA. marlothiicoincides with an isotopic shift towards CAM/zalues in

the resident bird community. Since all the bird species that exhibited enriched blood
§'3C values during this period were regularly observed feedirfy amarlothii nectar
(Chapter 2), it is highly likely that the enrichment of their tissues reflects the
incorporation of carbon from this source. Although we cannot rule out an isotopic
dietary shift caused by an increased reliance gol&hts, this explanation is not
consistent with behavioural observations (Chapter 2). The enrichm¥fa nfas

evident in most nectar-feeding species during peak flowering, although in some
species (e.g. bar-throated ap&salis thoracica it was only evident in September,

and in others (e.g. fiscal flycatch®igelus silensCape robin-chatossypha caffrait

was evident early in the flowering season when few flowers were open (Chapter 1).

Our study highlights a key limitation of community-level isotopic diet
reconstructions: uncertainty regarding tissue-diet fractionation factors. Whereas
“educated guesses” regarding fractionation factors for particular species can be made
on the basis of published data (Hobson and Clark 1992b; Hobson and Bairlein 2003;
McCutchan et al. 2003; Pearson el al. 2003; Carleton and Martinez del Rio 2005;
Herrera et al. 2006), diet-tissue fractionation factors depend on animal body condition
and several other factors (McCutchan et al. 2003; Pearson et al. 2003; Vanderklift and
Ponsard 2003; Podlesak and McWilliams 2006; Voigt et al. 2008). Uncertainty in
fractionation factors becomes particularly problematic when isotopic differences
between dietary items of interest are small, since small errors in fractionation factors
will significantly affect estimated contributions of dietary items. Determining this for

all species was beyond the scope of the study, and until a clearer understanding of diet-
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tissue fractionation is understood, certain assumptions, particularly in field studies,

will need to be made if actual dietary contributions are to be calculated.

Aloe marlothiiand avian nectarivory

Only two true nectarivores (Nectariniidae), white-bellied sun®irthyris
talatala and malachite sunbifdectarinia famosawere recorded feeding on the
copious amounts @&. marlothiinectar, and they occurred in lower numbers than
expected (Chapter 1, 2). The low numbers of sunbirds recorded at the study site is in
contrast to large numbers of sunbirds that feed.deroxnectar in the Eastern Cape,
South Africa (A.Craig pers. comm.). Although this may reflect regional patterns of
sunbird diversity it is more likely due to nectar characteristics. At our study site it is
possible that sunbirds do not feed on nectak.gharlothiibecause it is too dilute.
Nectars of low volumec( 10-30 pl) and high concentration (5-25% w/w) are
utilised by specialist nectarivores (i.e. sunbirds and hummingbirds) whilst flowers with
large nectar volumeg.(40-100 pl) and low concentratiorts 8-12%) are utilised by
generalist pollinators (Johnson and Nicolson 2008). However, despite the apparent low
sugar rewards offered, the nectar is an important resource for numerous generalist

pollinators, particularly during dry South African winters (Chapter 2).

Oatley (1964) suggested that birds feeding\omarlothiinectar in northern
KwaZulu-Natal, South Africa, were not food stressed and used the winter flowering
period in preparation for accumulation of reserves prior to breeding. At a time of little
rain and possible reduced food availability we suggest that the strategy of feeding on
nectar is used efficiently by many birds to supplement normal diets. Other aloe
species, such as ferox A. speciosgA. africang A. barberagA. vryheidensigandA.
greatheadiivar.davyanaare also visited by generalist birds for their nectar (Oatley
1964; Oatley and Skead 1972; Johnson et al. 2006; Botes 2007; Botes et al. 2008;
C.T.S. pers. obs.) and it is suggested that throughout southern Africa the importance of
aloes for birds may be under-estimated. In South Africa, at least 73 bird species in 24
families were recorded feeding on Albe species and eight other flowering plants and

trees (Oatley and Skead 1972); formarlothiithe number of species possibly exceeds
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86 (Oatley 1964; Oatley and Skead 1972; Chapter 2; General Conclusion; C.T.S. pers.
obs.).

Succulent plants and avian consumers

Our study provides further evidence that succulent plants that occur in
moderate to high densities can significantly alter landscape-level energy and water
fluxes if they produce nectar and/or fruit during the dry season. In terms of the
importance of nectar as a resource for a diverse assemblage of avian consumers,
striking similarities exist betweef. marlothiiin southern Africa and the saguaro
cactus Carnegiea giganteaa CAM succulent in the Sonoran Desert of North
America (Wolf and Martinez del Rio 2000; Wolf et al. 2002; Wolf and Martinez del
Rio 2003). In both these systems, a seasonal pulse of food resources by a succulent
species results in broad-scale diet switching in avian communities (Wolf and Martinez
del Rio 2003). However, the timing of these resource pulses is different; flowering and
fruiting of the saguaro occurs during hot summer months whilst floweriAg in
marlothii occurs during winter (Wolf and Martinez del Rio 2003). However, in both
systems, resources become available when conditions are dry and water resources are
possibly limiting (Wolf and Martinez del Rio 2003).

Although the major resource offered to avian consumers by saguaros is fruit,
whereas irA. marlothiiit is nectar (Wolf and Martinez del Rio 2000), in both cases
these resources result in significant shifts in&H€ value of consumers’ tissue.

However, when white-winged dovE&gnaidia asiaticded on saguaro nectar there was

little, if any, shift ind"3C values — the isotopic shift towards a CAM signature only
occurred after fruit became available (Wolf and Martinez del Rio 2000). Nectar is
consumed in significant quantities by white-winged doves and it is surprising, in view

of the isotopic shifts associated with opportunistic nectarivory we observed in our

study, that a similar carbon signal was not detected in white-winged dove tissues. This
may be because the carbon of nectar was routed directly into metabolism and not tissue
synthesis (Wolf and Martinez del Rio 2000; Voigt et al. 2008A. Imarlothii the fruit

offers very little to consumers and only one species, streaky-headed $anans

gularis was very occasionally observed feeding on fruit.
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Although an increase in bird abundance and diversity was observed at the aloe
forest during flowering, the vast majority of species that utilize aloe nectar are non-
migrant, year-round residents (Chapter 2). However, some species like starlings
(Sturnidae) were common nectar feeders and they appeared in the area in large flocks.
Sturnids are unable to digest sucrose (Martinez del Rio et al. 1988; Martinez del Rio
and Stevens 1989; Martinez del Rio et al. 1992; Nicolson and Fleming 2003);
however, aloes contain predominantly hexose sugars in the nectar (Van Wyk et al.
1993). Wattled starlingsCfeatophora cineregare absent from our study site when
aloes are not flowering so their arrival in the area suggests that nectar is of greater
importance to them than previously suspected (Chapter 2). Whergeslothii
nectar is predominantly utilised by year-round resident species, saguaro nectar and
fruit are utilized by both Sonoran Desert residents and long-distance migrants moving
between Central and North America (Wolf and Martinez del Rio 2000, 2003).

Concluding remarks

The ability of animals to utilise seasonal pulses in food resources is particularly
important when the availability of food varies spatially and temporally. The use of
stable isotopes allows ecologists to quantify the use of isotopically distinct food types
in the diets of organisms, and is particularly well-suited to quantifying diet switching
in consumers during seasonal fluctuations in the availability of a particular dietary
component. For example, isotopic analysis of blood samples demonstrated that salmon
carcasses comprised a large proportion of the autumn diets of American martens
Martes americanaluring years of low rodent abundance (Ben-David et al. 1997), and
the annual variation in summer and winter diet of arctic f@depex lagopusvas
correlated with lemmingdicrostonyxandLemmusspp.) abundance (Roth 2002).

Stable isotopes have also been used successfully to demonstrate the relative
importance of various dietary sources for wild birds; some have considered whole
communities (Wolf and Martinez del Rio 2003; Herrera et al. 2003, 2006) whilst most
have considered single or a few species (e.g. Hobson and Clark 1992b; Mizutani et al.
1992; Pain et al. 2004; Podlesak et al. 2005; Yohannes et al. 2005). In glaucous gulls

Larus hyperboreughere was significant temporal and geographic variation in
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terrestrial dietary components (Schmutz and Hobson 1998) and in light-bellied Brent
geeseBranta berniclaisotope analysis of blood demonstrated a temporal change in

diet during the overwintering period (Inger et al. 2006).

By analysing blood, a tissue with a rapid turnover period, we were able to
detect changes in diet for numerous bird species (Hobson and Clark 1992b; Dalerum
and Angerbjérn 2005). We could not control for sampling the same species in all
months so analysed the overall patterns within certain species and major feeding
guilds, thus gaining a broad perspective of the temporal usemaérlothiinectar by
the avian community. However, the variation in the apparent importance of nectar, as
reflected by enrichment in bloddC, may give a gross underestimation of nectar
importance because nectar sugars may be immediately metabolised and not
represented in bird blood (Chapter 6). This may be a broad reflection of individual

species’ responses to nectar and overall food availability at the time of the study.
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Appendix. Mean monthly isotope value3{C + SD%. VPDB) of birds sampled in aloe forest during 2005 and 2006. Number of samples in parentheses;

one unless indicated otherwise. * indicates recorded feediAdpermarlothiinectar (33 species; Chapter 2; C.T.S. pers. obs.). Major feeding guild; gr =

granivore, in = insectivore, fr = frugivore, om = omnivore, with reference to Maclean (1993). Avian nomenclature follows Hockey et al. (2005).

Species Guild May June July August September October
PHASIANIDAE

Swainson's SpurfowRternistis swainsonii ar - -15.8 - - - -
INDICATORIDAE

Lesser Honeyguidmdicator minor * in - -22.2 -20.7+0.5 (2) - -21.5(2) -
PICIDAE

Cardinal Woodpeckedendropicos fuscescens * in -19.7 - - -16.2 (2) - -14.8
LYBIIDAE

Acacia Pied BarbeTricholaema leucomelas * fr -22.8 (2) -22.5(2) -22.7+0.3(2) -19.5 -19.9 -22.6

Black-collared Barbeltybius torquatus * fr -22.4 (2) - - -19.3+1.7 (4) - -

Crested Barbefrachyphonus vaillantii * in -21.8 -21.7 -17.1+£1.6 (2) -14.7 - -
RHINOPOMASTIDAE

Common ScimitarbilRhinopomastus cyanomelas * in - - -23.6 (1) - - -
COLIIDAE

Speckled Mousebir@olius striatus * fr - - - -21.3(2) - -

Red-faced Mousebirdrocolius indicus * fr - - -24.4+0.4 (2) -22.4+0.7 (12) -22.8 -
COLUMBIDAE

Laughing DoveStreptopelia senegalensis * ar -16.8 + 2.5 (8) -16.4+2.2 (7) -13.6 £ 2.2 (15) -12.3+1.3 (4) -129+1.7(9) -13.9+1.7 (5

Cape Turtle-Dovétreptopelia capicola ar - - - -12.9 - -
MALACONOTIDAE

Brown-crowned Tchagrachagra australis * in -22.1 -19.7 - -20.1 -20.9 -20.8

BokmakierieTelophorus zeylonus * in -23.1(2) -20.3 (2) - - - -19.4

Chinspot BatiBatis molitor in -23.8 - - - - -
LANIIDAE

Common Fiscalanius collaris * in -17.7 (2) -18.8 (2) -18.1 (2) - -18.8+1.3(3) -
PARIDAE

Ashy Tit Parus cinerascens in -24.9 - -14.5 (1) - - -

PYCNONOTIDAE



Species Guild May June July August September October

African Red-eyed BulbuPycnonotus nigricans * om -24.1+0.5 (5) -23.4 - -19.6+2.0(26) -19.3+1.5(5) -21.7 (2)
SYLVIIDAE

Fairy FlycatchefStenostira scita in - - -21.9 - - -

Cape Grassbir8phenoeacus afer * in - - - -20.6 - -

Long-billed Crombe&Sylvietta rufescens * in - - -18.3 -14.8 (2) -19.0 -

Chestnut-vented Tit-Babbl&arisoma subcaeruleum * in -25.2+ 0.3 (3) -24.0 -23.4 (2) -17.6 -19.7 (2) -22.7+1.2 (6)
ZOSTEROPIDAE

Cape White-ey&osterops capensis * om -25.2+£0.5(3) - - -21.0+1.4 (11) -22.8 (2) -22.5
CISTICOLIDAE

Rattling CisticolaCisticola chiniana * in -20.6 - - -15.7 (2) - -

NeddickyCisticola fulvicapilla * in - -17.2 -16.2+£0.2 (4) -15.5 -19.3 (2) -18.8 (2)

Black-chested PriniBrinia flavicans * in -24.4 + 0.7 (6) -23.2 (2) -22.5(2) -20.5 (2) -21.4 (2) -20.8+1.5(5)

Bar-throated Apalig\palis thoracica * in -26.1 -22.1+0.8 (4) -23.1 -17.1+0.7 (4) -15.8 -17.7
ALAUDIDAE

Sabota LarlCalendulauda sabota ar - -15.8 - - - -
MUSCICAPIDAE

Cape Rock-ThrusMonticola rupestris * in -20.3 - - - - -

Fiscal FlycatcheSigelus silens * in -20.2+1.3 (6) -19.5+ 0.5 (6) -17.7+0.9 (3) -17.1+1.3(11) -17.8+x0.7(3) -18.0x1.1(5)

Cape Robin-Chatossypha caffra * in -21.2+0.7 (5) -21.4 £ 0.6 (4) -19.3+1.3(4) -18.8+1.5(8) -20.4+08(7) -19.8+1.6(3)

Kalahari Scrub-Robiercotrichas paena in -18.9 - - - - -
STURNIDAE

Wattled StarlingCreatophora cinerea * in - - - -18.7+ 2.3 (5) - -
PLOCEIDAE

Cape WeavePloceus capensis * om - - - -13.1+09(11) -129+1.2(4) -

Southern Masked-Weavetoceus velatus * om -19.3+ 2.3 (6) -14.9 -15.4 + 3.8 (4) -14.6 £ 2.7 (8) - -17.9 (2)

Red-billed Quele®uelea quelea or - - - - - -13.0
ESTRILDIDAE

Black-faced WaxbilEstrilda erythronotos * ar -13.0+ 0.5 (4) - - -15.3+2.7 (3) - -

Violet-eared WaxbiliGranatina granatina * or -12.4+£0.1(3) -12.4+ 0.6 (3) -11.9 -12.7+ 0.7 (3) - -13.0 (2)

Green-winged Pytili#@ytilia melba * or -12.3+0.3(13) -12.1+0.3(18) -11.8+0.2(17) -12.0+0.6(12) -129+19(5) -13.2%+0.7(4)

Jameson's Firefindbagonosticta rhodopareia * ar -11.5(2) -11.4 -11.3 -11.8 (2) -11.5(2) -



Species Guild May June July August September October
PASSERIDAE

Southern Grey-headed SparrBasser diffusus * ar -12.3(2) - - - -13.7+0.9 (3) -
FRINGILLIDAE

Cape Buntindgemberiza capensis * or - - -14.3+ 1.1 (5) - -17.9 (2) -15.5
Number of samples 458 83 60 72 141 58 44
Number of species 41 26 20 21 27 20 18
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Abstract

Aloe marlothij a CAM succulent with a wide distribution in the savannah biome of
northern and north-eastern South Africa, flowers during dry winter months and offers
copious amounts(250 ul/flower) of dilute nectac(12% w/w) to numerous

occasional avian nectarivores. T8f&N andd™>C of avian whole blood was measured
during pre-flowering (May-July) and flowering months (August-Septembeh) of

marlothii to determine possible temporal dietary and trophic level shifts that
accompanied an increase in feeding on nectar. We expected that an increase in the
dietary importance of nectar would result in a decrease in more depletedtissue

values (i.e. lower trophic position.) caused by a diet where the C:N ratio increased.
During flowering the blood of most species that fed on nectar became enricfied in
suggesting that aloe nectar was assimilated as an important food source. The increased
reliance on nectar was, however, not accompanied by the expected downward shift in
8™N values. We did not apply mixing models nor attempt to estimate trophic levels,
since we detected monthly changes in the plant and iB5®¢(food base) values and

our knowledge of diet-tissue discrimination factors for different species, diets and
tissues is limited. Overall, birds that fed more often on insects (insectivores and to a
lesser degree omnivores and frugivores) had higilrvalues and decreased more in
body mass during the winter, when insect abundance (and N intake) decreased, than
those that did not (i.e. granivores). Our results emphasize the need for a better
understanding of changes in diet-tissue discrimination factors associated with changes
in dietary C:N ratios, and temporal variation in 8@ of vegetation forming the base

of food chains. For occasional avian nectarivores, nitrogen contributions from nectar
are probably insignificant compared to that obtained from insects. Never-thA:less,
marlothii nectar represents an important food/carbon source for many bird species. We
hypothesize that the unexpected increaseM values reflects an increase in the C:N
ratios of diets resulting from decreases in N intake associated with opportunistic

nectarivory

Keywords: nectarivore, winter-flowering, dilute nectar, Suikerbosrand,

Asphodelaceae, Aloaceae
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Introduction

Morphological, physiological, behavioural and ecological adaptations to nectarivory
are most pronounced in the sunbirds (Nectariniidae), hummingbirds (Trochilidae) and
honeyeaters (Meliphagidae) (Maclean 1990; Gartrell 2000; Nicolson and Fleming
2003). However, not all rely solely on a nectar diet and for many species insects are
incorporated into the diet as an additional source of protein (Skead 1967; Daniels
1987; Maclean 1990; Markman et al. 1999, 2004; Gartrell 2000). For example, during
breeding adult orange-tufted sunbifdisctarinia oseanay collect a greater number of
insects to fulfil the protein requirements of nestlings (Markman et al. 1999, 2004).
Similarly, for many non-nectarivorous bird species, the incorporation of nectar into the
diet may supplement typical diets of insects, fruit or seeds when normal (staple) food
resources are low (Chapter 4). For example, the common Ifisoals collaris

(Laniidae), a rapacious insectivore/carnivore that was previously not known to feed on
nectar, was recorded feeding on aloe nectar at Suikerbosrand, South Africa (Chapter
2). For other birds, diet may vary temporally because of changes in the availability of
specific food items, different nutritional requirements during breeding and/or changes
in diet when migrating (e.g. Arroyo 1997; Knoff et al. 2002). Therefore, for different

reasons, birds may switch diet in their annual cycle.

Aloe marlothiiis a Crassulacean acid metabolism (CAM) succulent that
flowers during June-September in the savannah biome of South Africa (Reynolds
1969; Glen and Hardy 2000; van Wyk and Smith 2005). At least 86 bird species have
been recorded feeding on the dilute neatat 2% w/w) produced in abundance during
a period when little rain occurs (Oatley and Skead 1972; Chapter 2; General
Conclusion)Aloe marlothiinectar has been shown to contribute significantly to
carbon intake of many bird species during the 5-10 week flowering period (Chapter 2,
4). However, it is not known whether this dietary shift affects trophic position. Many
bird species appear to spend significant amounts of time to feeding on nectar and shifts

in trophic levels during a time of corresponding low food availability are suspected.

Isotopic enrichment along a food chain is typically greatet®fothan for*>C,

making nitrogen a more reliable element for analysing changes in trophic levels of
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consumers (De Niro and Epstein 1981; Minagawa and Wada 1984; Peterson and Fry
1987; Mizutani et al1992; Hobson et a1994; Hobson and Wassenaar 1999).

Typically, thed™N values of a consumer’s tissues are enriched by 3-5%. relative to its
diet (De Niro and Epstein 1981; Mizutani et 892; McCutchan et a2003). If

tissues that turn over rapidly are sampled, it is possible to detect trophic level changes
over short time scales. For example, the isotopic signature of blood typically reflects
the diet of an organism over a time scale of days to weeks (Hobson and Clark 1992a,;
Wolf and Martinez del Rio 2003; Carleton and Martinez del Rio 2005; Tsahar et al.
2008). Therefore, shifts i51°N values related to dietary changes may reflect trophic
shifts.

We hypothesized that feeding Anmarlothiinectar by occasional nectarivores
results in significant dietary shifts during the flowering season; this shift being
manifested as depletion in blo8N values because of a diet shift incorporating less
animal matter. We predicted that this shift would be a response to a change in diet
when nectar became available and nitrogen rich food sources (i.e. insects) became
reduced in the dry winter period. An animal’s trophic position is typically estimated by
using a mixing model of the form,

Trophidevel= A +|("N =N/ A,

secondampnsumer

where is the trophic position of the organisin= 1 for primary producers),
"N secondary consumdiefers to the tissues of the consumer of inte8é3t, paseis the
corresponding value at the base of the food web Aarisi the'>N enrichment per
trophic level (Ehleringer and Osmond 1989; McKechnie 2004). However, we did not
apply mixing models that calculate trophic level position because of a lack of available
knowledge on species-specific discrimination factors, diet quality, body condition and
routing. Also, there is variation it*°N between different consumers (e.g. herbivores
and carnivores; Vander Zanden & Rasmussen 2001) so when the wrong discrimination
factor is estimated there are large errors in the estimation of trophic position. Rather,
we assessed overall temporal changes in species that related to an increase in nectar

consumption during the dry winter period.
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Materials and Methods

Study site

The study was conducted during 2006 at Suikerbosrand Nature Reserve, 60 km
south-east of Johannesburg, South Africa, with sampling covering pre-flowering
(May-July) and flowering periods (August-September)Xomarlothii. Vegetation at
the study site is dominated by open savannah and highveld grassland habitats with
large populations oA. marlothiidominating rocky north-facing slopes (Panagos
1999). Rainfall is seasonal, falling mostly in summer (October-March) months, and

winter temperatures are warm during the da®$%°C) and cold at nightc( 0°C).
Sample collection

Mist-netting was conducted along a disused vehicle track through a large stand
of A. marlothiiin the western portion of Suikerbosrand Nature Reserve. All birds
caught were ringed (Safring, Cape Town) so that recapture and sampling of the same
individual could be monitored. A blood sample (10¢gh0was collected from the
brachial vein of each bird, labelled, returned to the laboratory and dried to constant
mass in a drying oven at %D (Chapter 4)5'°N and$*3C values were then

simultaneously determined on a select number of samples.

During each month representativedhd G vegetation samples were
collected, as well as insectassociated with each vegetation type. Ten sweeps were
conducted at each of five grass sites in the aloe forest; with no attempted bias to collect
either flying or crawling insects. Insects collected were stored in alcohol (75%) and
returned to the laboratory where they were identified and dried. Grass samples
collected at each sweep site were enveloped and returned to the laboratory where they
were dried (Chapter 4). Leaf samples were collected from each of five common tree
speciesAcacia karog Ziziphus mucronatalarconanthus camphoratuSymnosporia

heterophyllaRhus leptodictya) and an insect net placed beneath each plant was used

4 Throughout the text we use the term insects even though sampling included other invertebrates (e.g. spiders) that
insectivores may feed on.



139

to catch insects shaken from the tree (10 shakes). All insects were counted and
identified and then dried before being fine ground in a mortar and pestle for isotopic

analysis. All insect sampling occurred during mid-afternoon (14:00-16:00).
Isotope analyses

Isotopic analysis was conducted at the Natural Resources and the Environment
isotope laboratory at the Council for Scientific and Industrial Research (CSIR),
Pretoria. Representative samples (0.15-0.30 pg) were weighed in tin cups (pre-cleaned
in toluene) and combusted at 1,020n an Elemematal Analyser (Flash EA, 1112
Series, Thermo ™). ThEC/*’C and**N/*N isotope ratios were then determined using
a continuous-flow isotope ratio mass spectrometer (CFIRMS) (Thermo Finnigan, Delta
V Plus) coupled to the EA. Two aliquots of a laboratory standard (dried chicken blood;
meand*®C + SD = -17.87 + 0.09%&™°N + SD = 2.89 + 0.29%d) = 104) were used for
every six unknowns in sequence, with duplicates run for each sample. The laboratory
standard was standardised against C652 ANU (Australian National University)
sucrose, 1577b bovine liver (National Institute of Standards and Technology) and
SRM (Standard Reference Material) 1547 peach leaves (NIST). Isotope ratios are
expressed id notation in parts per thousand (%o) relative to Vienna Pee Dee

Belemnite for carbon and atmospheric air for nitrogen.

For determining plant ({Cand G) and insect (gand Q) isotope values all
samples K = 5 per month) were run to determBt&C values for each month, whilst
three samples were run to determsi®N values for each month (see Table 1). For

plant sample$**C ands'®N values were determined separately.
Data analysis

To compare isotopic values over the five-month period for each plant and
insect category we used a Friedman’s ANOVA. The combined vegetation samples for
each plant/insect category were each compared using a Mann-Wbitasy, To
compare between the pre-flowering and flowering period within each plant/insect
category we used Mann-Whitnéstests. All bird species were not captured in all
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months so we were unable to make comparisons between the pre-flowering and
flowering period for all species. For species where we had sufficient samples to
compare thé™N value of the pre-flowering period and the flowering period we used a
Wilcoxon signed rank test. Samples collected during May-July represented pre-
flowering months and August-September represented flowering months. We did not
attempt to use a mixing model to calculate trophic positions for bird species because
we were unable to account for different discrimination factors that were diet-, tissue or
species-specific. All values are given as mean = SD. All statistical analyses were
conducted using Statistica 6.0 (1984 - 2004).

Results

Blood samples were obtained from 178 birds, representing 32 species (18 families),
during five months that covered the pre-flowering and flowering periods (Appendix;

Chapter 4 for furthe'*C values for birds over six months).
Plant and insect isotopic values

For each vegetation type tBEN values did not differ significantly among
months (Friedman’s ANOVA; gplants,* = 5.33,n = 3, df = 4,P = 0.25; G grassy’
=6.13,n = 3, df = 4P = 0.19; Table 1). There was no overall differenc&‘
values between the vegetation types (Mann-Whitbley,69.0,P = 0.07) nor the
monthly overall plans*>N values among months (Friedman's ANOVA= 8.67,n =
6, df = 4,P = 0.07; Table 1). For insects associated with each vegetation typ8Nhe
values differed significantly among months (Friedman’s ANOVAijrGectsy’ =
9.87,n=3, df = 4P = 0.04; G insects® = 7.60,n = 2, df = 4P = 0.11; Table 1).
However, overall the inseét°N values did not differ significantly among months
(Friedman’s ANOVA;® = 5.44,n= 5, df = 4P = 0.25; Table 1). Overall,{Gnsects
were more enriched N than G insects although this difference was not significant
(Mann-Whitney,U = 57.0,P = 0.06).
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Table 1. Mean (+ SD) oB™°N for C; tree, G grass, ginsect and ¢insect samples during the
study period (May-September) at Suikerbosrand Nature Reserv@ {or each category each

month). G trees measured each month includetarog Z. mucronataandR. leptodictya

Cstree  Cygrass Plantmean Csinsect C,insect Insect mean

Period Month
(%o Air) (%o Air) (%o Air) (%o Air) (%o Air) (%o Air)
May 3.7£06 44+24 6.7+03 54+05
Pre-flowering June 0.6+05 24+0.1 23+18 95+12 3.0+00 5823
July 02+10 24%07 53+£09 29+0.1
) August 01+17 09%16 51+05 8.0+14
Flowering 1.0+1.7 56+1.8
September 1.6 +2.8 15+0.9 46+06 39x0.2

12+19 23=%17 18+1.9 6.2+19 4921 5621

Thed™N of nectar samples were not measured since nectar contains very little
nitrogen; any nitrogen in amino acids occurs in very low quantities and although it
may be of importance to bird diets would be difficult to detect using stable isotope

analysis (Nicolson 2007; see below).

Bird isotopic values

Not all species were captured in all months so we were unable to make
comparisons between the pre-flowering and flowering periods for all the species we
obtained data from; changes in those species with sufficient samples are depicted in
Figure 1, whilst alb*N values are shown in the Appendix. The changé™ varied
between species with a depletionihl was most prominent in an omnivore (African
red-eyed bulbul) and a granivore (violet-eared waxbill, change not significant though)
and an enrichment most prominent in a frugivore (Acacia pied barbet; Fig. 1). All
frugivores for which we obtained sufficient data to compare across seaso3} (

became enriched N while most insectivores became depletetfin
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Acacia pied barbet :| 51*
Black-collared barbet Frugivore | ]1.2
Red-faced mousebird :| 2,5*

Cape white-eye Omnivore 3,6*
Southern masked-weaver 7,4*

African red-eyed bulbul 6,9*

Cardinal woodpecker []1.2
Cape robin-chat 9,7* [
Common fiscal Insectivore 4,1]]
Fiscal flycatcher 10,3 * |:
Long-billed crombec L1 ]
Chestnut-vented tit-Babbler 3,2* |:

Laughing dove 6,7*

Green-winged pytilia

Granivore

Cape bunting 52

Jameson's firefinch

Violet-eared waxbill | 2,2

-2.5 -1.5 -0.5 0.5 1.5
15 15
6N flowering ~ 6N pre-flowering (%0 AIR)

Figure 1. Isotopic depiction of an avian community at &lee marlothiiforest, Suikerbosrand
Nature Reserve, showing changes in blaGN between pre-flowering (May-July) and
flowering (August-September) period. Only species where samples were sampled in both
periods are shown. Positive values indicate enrichménirSample size showing pre-
flowering and flowering totals, * indicates significant difference between seasons (Wilcoxon

test,P < 0.05), no analysis where< 3 (Appendix).

Bird body mass and insect abundance

Body mass data were collected to monitor changes in bird condition related to
changes in food availability (i.e. predominantly insects). There was a general decrease
in the percentage body mass loss of birds in different guilds between the pre-flowering
and flowering months (Table 2). Most individual species decreased in mass during the
flowering period, although these decreases were not significant (WilcoxoR test,

0.05).
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Table 2. Summary of meaf*N (+ SD) values of birds in different feeding guilds duriige
marlothii pre-flowering (May-July) and flowering months (August-September), and
percentage mass decrease (+ SD) of birds between pre-flowering and flowering periods.

Sample size in parentheses indicates number of species.

Feeding "N (%) Mass
guild Pre-flowering Flowering decrease
Frugivore 6.1+0.97 (5) 6.5+1.3(4) 0.8+£7.2(2)
Granivore 5.1 +£0.69 (8) 54+£1.2(9) 22+7.3(7)
Insectivore 7.0+0.9 (29 6.9+0.7 (12) 4.7 £6.6 (9)
Omnivore 6.2+1.0 (5 6.1+1.7 (7) 25+10.5(3)
Total 6.5+ 1.1 (47) 6.3+ 1.3 (32) 3.2+7.0(21)
o0 4 OTree (C3)

" B Grass (C4)

2

Q 15 -

£

©

5 10

e!

5

Z 5

O ]
May Jun Jul Aug Sep Oct
Month

Figure 2. Mean number (+ SD) of insects (including other invertebrates) collected during
sweep (G grass) and shake {@ee) sampling in thAloe marlothiiforest at Suikerbosrand

Nature Reserve.

The mean number of insects collected each month differed significantly
(Kruskal-Wallis testH s, 54= 13.98,P = 0.02) with the lowest number of insects
captured during peak flowering in August (Fig. 2).
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Discussion

Tropic level shifts and a low concentration nectar diet

When birds fed opportunistically @a marlothiinectar there was no change in
the3™N of whole blood; the expected change being one that would represent a
downward trophic level shift. This finding contradicts our prediction that whole blood
of birds that fed or\. marlothiinectar would become depleted'iN because of a diet
shift to nectar. However, if a monthly depletion in 8N of food available (i.e. £
and G, plants) for nectar feeders were accounted for then an upward shift in trophic
position would become apparent in most birds (assuming discrimination factors remain
constant). This upward trophic shift would suggest that feeding on nectar by
opportunistic nectarivores constitutes a significant dietary change, during a period

when normal food resources are possibly low.

However, in our study the interpretation of temporal chang&Shhvalues,
and associated trophic level shifts, is complicated by insufficient knowledge on diet-
tissue discrimination factors, dietary changes in different species and temporal changes
in 8'°N of food sources (i.e. vegetation and insects). Numerous other factors can affect
diet-tissue fractionation and studies to date have addressed these issues for a range of
animal species, mostly under controlled conditions in captivity (see Post 2002;
Vanderklift and Ponsard 2003; Robbins et al. 2005). Interpreting trophic shifts in a
diverse community of consumers, as in our study, is complicated by a number of
factors. For example, discrimination factors may be affected by, i) prey type, ii) prey
quality, iii) temperature, iv) form of nitrogen excretion, v) habitat type, vi) water
stress, and vii) nutritional status (Ambrose 1991; Hobson and Clark 1992a,b; Hobson
et al. 1993; Hobson et al. 1994.; Pinnegar and Polunin 1999; Perkins and Speakman
2001; Bearhop et al. 2002; Vanderklift and Ponsard 2003; Pearson et al. 2003; Evans
Ogden et al. 2004; Cherel et al. 2005; Robbins et al. 2005; Podlesak and McWilliams
2006). Because we do not know more about discrimination factors related to these
factors we are unable to make clear interpretations, concerning trophic positions,

within the community of nectar-feeding birds.



145

Also, we do not know much about changes in fractionation factdralof
caused by changes in dietary C:N. This is a further factor that may confound our
interpretations of trophic levels during the pre-flowering and flowering periods for
different feeding guilds. The dilute nectarAfmarlothiicontains amino acids (that
contribute to the nitrogen content of nectar) in concentrations greater than most other
aloes (Nicolson 2007). However, the overall C:N ratid.imarlothiinectar is very
high (c. 95; van Wyk et al. 1993 for mean of sugar type proportion; Nicolson 2007 for
amino acid data; Chapter 1 for concentration data), so there is likely very little nitrogen
contribution to the diet of birds from aloe nectar. Feeding on nectar thus increases the
overall C:N ratio of ingested food. Unfed animals have been found to show higher
8™N values due to recycling of endogenous nitrogen as body mass is lost without
replacement of preferentially excretétl (Hobson et al. 1993). In studies where
animals have high C:N ratio diets (nitrogen becomes limiting at higher C:N ratios) the
diet-tissue discrimination factor is therefore shown to be higher (Adams and Sterner
2000; McCutchan et al. 2003; Vanderklift and Ponsard 2003; Robbins et al. 2005;
Tsahar et al. 2008), although Hobson and Bairlein (2003) found no significant
difference in discrimination factor for different C:N diets for garden warblers. Thus we
hypothesize that the increas#aN in many species reflects a change in dietary C:N,
rather than a trophic shift. If the discrimination factor were in fact to be increased (e.g.
by c. 0.8%o0) to account for a reduction in nitrogen intake, and we were to account for
the seasonal downward shift in vegetation values between flowering and non-
flowering months, then the trophic position prior to flowering for all birds would, on

average, be the same as that prior to flowering.
The importance of insects

Aloe marlothiinectar has low sugar concentrations and we suggest that nectar
is used as a carbohydrate food resource that is rapidly metabolized during periods of
low food availability (Voigt et al. 2008; Chapter 6). The increase in nectar intake and
decrease in insect abundance, during the dry winter months, coincides with body mass
loss in many species that feed on nectar. Similarly, in Australia where insect
abundance is lowest during the dry season, and many birds tend to lose mass, nectar

may be an important alternate food for insectivores (Keast 1985). Seasonal changes in



146

the use of insects by birds have also been demonstrated, using stable nitrogen isotopes,
in a tropical dry forest in Mexico where an increase in insect consumption in the rainy

season matched the phenology of food resources (Herrera et al. 2006).

During our six-month study period there was little change is'thé signature
of insects, or any correlation with that of the vegetation type(@,) in which they
were found. This implies that although plants may have become nitrogen-stressed
during periods of water stress (indicated by a decreaseNnvalues during June, July
and August for Gtrees and August for@rasses; Table 1), insects did not. Insect
values more likely represent nitrogen incorporated over a relatively long period of
time, covering both the pre-flowering and flowering seasons (see Table 1). The most
reasonable calculation would therefore be to use monthly insect values, a more
accurate representation for food nitrogen base for each month, to calculate trophic
positions for birds (Post 2002). This uniform value may be more representative of diet
for determining trophic position. However, €N values of insects were similar to
those of the birds that fed on them, and certainly no more than2tt%o
fractionation factor we would expect with a single trophic level shift. Either the insects
we sampled are not representative of what the birds were feeding on or the insect-bird
tissue fractionation factors are not as high as the literature suggests. We can only
speculate so far and, without a clear understandid{ffvalues at the base of the
food chain, there is no way to determine whe#i{&\ of organisms reflect changes in

the trophic position or just variation 8°N at the base (Post 2002).

Insect eating guilds (insectivores and omnivores) decreased most in mass,
although not significantly, suggesting they were more food stressed during the
flowering period. To compensate for a decrease in food availability (i.e. insects) they
probably increased their nectar intake, thereby decreasing the proportion of nitrogen
ingested. If the diet-tissue fractionation factor decreases with increased C:N intake, as
suggested by Pearson et al. (2003) who found a general decrease in discrimination
factors with a reduction in insects for yellow-rumped warblers (i.e. reduced nitrogen
intake and increased C:N in diet) (see also Caut et al. 2008), then this could explain a
decrease 6N of whole blood for insect eating guilds (i.e. insectivores and

omnivores) only. For non-insect eaters (frugivores and granivores) the insect reduction
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may have affected the C:N of their diet less because they decreased less in mass.
However, the overall diet of non-insect eaters may still have been reduced in nitrogen
by an increase in nectar intake; although they may be better adapted at coping on diets
of lower nitrogen concentrations. Any increasé'iN values for non-insect eaters

could only be explained by an increase in fractionation factors between pre-flowering
and flowering. However, both these scenarios are assuming that the base remains the
same, which did not. These results may, therefore, be misinterpreted due to our lack of

understanding o§*°N in the environment.
Concluding remarks

The use of stable isotopes has provided insight into the use of food resources
by animals not otherwise possible (Ehleringer and Osmond 1989; Kelly 2000;
Dalerum and Angerbjérn 2005). Whereas diet analyses have usually considered
ingested material, gut contents or excreted matter to infer diets for animals, stable
isotopes are able to provide an interpretation of assimilated matter using non-
destructive means (Hobson and Clark 1993; Phillips and Gregg 2003). Although a
greater understanding of diet-tissue fractionation factors is required before more
convincing conclusions can be reached, our results have demonstrated the
complications faced in elucidating the complexities of trophic levels in a diversity of
opportunistic nectar feeders using nitrogen stable isotopes. For a clearer understanding
of trophic positions more reliable estimate$BN at the base, and changing diet-
tissue fractionation factors related to diet switches, particularly over a long period of

time, are required (Post 2002).

The early publication of Oatley (1964) questioned whether the attraction of
opportunistic nectarivores #. marlothiiwas for nectar sugars, water in the dilute
nectar, or the insects attracted to the nectar. It has previously been demonstrated that
during flowering ofA. marlothiian enrichment of’C in the whole blood of many bird
species that fed on nectar was only detected with a large sample size (Chapter 4). For
nitrogen the situation is more complex, and any apparent dietary shift is complicated
by temporal changes in isotope ratios of food resources (food base) and changing

fractionation factors under different environmental and physiological conditions.
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These factors may even differ between species so inter-species comparisons using
generic diet-tissue discrimination factors should be treated with caution. In recent
years the use of stable isotopes has provided valuable insight into the complexities of
plant-bird interactions (Wolf and Martinez del Rio 2000; Wolf et al. 2002; Herrera et
al. 2003; Wolf and Martinez del Rio 2003; Herrera et al. 2006) and further research
may be required to understand trophic level and isotope partitioning in a diverse bird

community that does not usually feed on nectar.
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Appendix. Mean (+ SD %o Air) of5™°N values for bird species at Suikerbosrand during May-September. Sample size in parentheses for each month,

=1 unless indicated otherwise. No SD where2. * Nectar feeders. Guilds indicated by ins = insectivore, fr = frugivores, gr = granivore, om =

omnivore, with reference to Maclean (1993). Taxonomy follows Hockey et al. (2005).

Species Guild May Jun Jul Aug Sep Pre-flower  Flower Tot
INDICATORIDAE

Lesser Honeyguiddicator minor ins - 6.1 10.2 - - 8.1 - 8.1
PICIDAE

Cardinal Woodpecker Dendropicos fuscescens ins 5.6 - - 5.7 (2) - 5.6 5.7 57+0.1
LYBIIDAE

Acacia Pied Barbetricholaema leucomelas fr 6.2 (2) 5.9 (2) 5.0 7.1 - 5.7+0.7 7.1 6.0+0.7

Black-collared Barbeltybius torquatus fr 5.6 - - 6.2 (2) - 5.6 6.2 6.0+1.3

Crested Barbetrachyphonus vaillantii ins 6.7 7.0 7.1(2) - - 6.9+0.2 - 7.0+£0.2
RHINOPOMASTIDAE

Common ScimitarbilRhinopomastus cyanomelas ins - - 8.7 - - 8.7 - 8.7
COLIIDAE

Speckled Mousebir€olius striatus fr - - - 4.9 (2) - - 4.9 4.9

Red-faced Mousebirdrocolius indicus fr - - 7.6 (2) 8.0+1.5(5) - 7.6 8.0 78+13
COLUMBIDAE

Laughing DoveStreptopelia senegalensis ar - 4.4 (2) 51+0.7(4) 58+04(3) 6.1+£1.7(4) 47+0.5 6.0+0.2 54+1.1

Cape Turtle-Dovéstreptopelia capicola ar - - - 7.7 - - 7.7 7.7
MALACONOTIDAE

Brown-crowned Tchagr@chagra australis ins - - - 7.3 7.5 - 7.4 7.4

BokmakierieTelophorus zeylonus ins - 6.6 - - - 6.6 - 6.6
LANIIDAE

Common Fiscalanius collaris ins 7.2 7.2 (2) 7.0 - 7.1 7.1+0.1 7.1 7.1+£0.1
PARIDAE

Ashy Tit Parus cinerascens ins - - 6.5 - - 6.5 - 6.5
PYCNONOTIDAE

African Red-eyed BulbuPycnonotus nigricans om 6.8+0.3 (5) 55 - 49+1.0(8) 4.5 6.2+1.0 47+03 55+1.2
SYLVIIDAE

Cape Grassbir&phenoeacus afer ins - - - 8.0 - - 8.0 8.0

Long-billed Crombe&Sylvietta rufescens ins - - 6.1 - 5.6 6.1 5.6 59+0.3

Chestnut-vented Tit-Babbler Parisoma subcaeruleuims 7.5 6.9 8.0 6.5 7.2 75x0.6 6.9 7.2+0.6
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Species Guild May Jun Jul Aug Sep Pre-flower  Flower Tot
ZOSTEROPIDAE

Cape White-ey&osterops capensis om 7.5+0.4(3) - - 7.6+£0.9(4) 9.3(2) 7.5 84+12 79x10
CISTICOLIDAE

NeddickyCisticola fulvicapilla ins - - 6.9 - - 6.9 - 6.9

Black-chested Prini&rinia flavicans ins 6.4 6.5 6.5+0.4 (3) - - 6.5+0.0 - 6.5+0.3

Bar-throated Apalig\palis thoracica ins 6.8 6.9+0.8 (4) 6.7 - - 6.8+0.1 - 6.9+0.6
MUSCICAPIDAE

Fiscal Flycatcher Sigelus silens ins 6.2+2.0(4) 7.2120.3(4) 6.6 (2) 6.5+1.8(3) - 6.7+0.5 6.5 6.6 +1.3

Cape Robin-ChaCossypha caffra ins 72+1.0(4) 6.5%20.3(3) 6.8 (2) 7.8 6.7 £ 0.5 (6) 6.8+0.4 72+08 6.9+0.7
STURNIDAE

Wattled StarlingCreatophora cinerea ins - - - 6.7+1.9(3) - - 6.9 6.7+1.9
PLOCEIDAE

Cape Weaver Ploceus capensis om - - - 58+0.4(6) 57x0.4(3) - 57+0.0 5704

Southern Masked-Weaver Ploceus velatus om 52+1.6(5) - 6.0 (2) 5.2+0.8 (4) - 56+05 5.2 54+1.1
ESTRILDIDAE

Black-faced WaxbilEstrilda erythronotos ar - - - 55 - - 55 5.5

Violet-eared WaxbililGranatina granatina ar - 4.8 6.7 3.8(2) - 5.7 3.8 48+2.0

Green-winged Pytili#ytilia melba ar - 47+04(5) 51+053) 52+£1.0(7) 53(2) 49+0.3 53+0.1 51+0.8

Jameson's Firefinchagonosticta rhodopareia ar - - 5.0 4.3 - 5.0 4.3 4.6
FRINGILLIDAE

Cape Buntingemberiza capensis ar - - 5.0+£0.3(5) - 4.7 (2) 5.0 4.7 49104
Grand Total 6.5+1.2(30) 6.1+1.1(29) 6.3+1.3(36) 6.0+15(559) 63+15(24) 63%0.2 6.2+0.2 6.2+1:
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Abstract

Aloe marlothiiis a CAM succulent that flowers during the dry winter period in the
savannah biome of northern and north-eastern South Africa. Flowers produce copious
amounts €. 250ul/flower) of dilute €. 12% w/w) nectar with a distinctive isotopic
signature §°C = -12.6%o) that is utilised by numerous bird species for a 5-10 week
flowering period. Stable isotope ratio$*®, 5'%0) were measured in feather, blood
and breath samples in eight opportunistic avian nectarivore species, and in nectar and
water samplessD, §'%0), during peak flowering. Granivores £ 2 species) had a
predominantly ¢ grass seed diet during feather growth (summer), whilst omnivares (
= 2 species), insectivores £ 3 species) and nectarivores{1i species) sourced
carbon from a €diet during feather growth. During the flowering season, most
species showed a greater enrichmer£6fin breath than in blood; this enrichment
indicating more routing of income energy nectar sugars directly to metabolism.
Species that showed less enrichmerf@fin exhaled C@likely obtain a significant
proportion of energy from endogenous reserves assimilated prior to flowering, or
routed nectar sugars to stored energy. The higher variatifiin exhaled C@than
in blood suggests that in different species there is heterogeneity in the routing of nectar
carbohydrates (i.e. directly to metabolism or to stored energy reserves).

Aloe marlothiinectar was significantly more enrichedflo (andsD) and
than two other water sources near the aloe forest. Enrichmentdti@hef exhaled
CO,, related to an increased reliance on nectar sugars, was not correlated with
enrichment in5'°0 of exhaled C@ also thes'®0 value ofA. marlothii nectar water
was significantly more enriched 1O than that detected in G6f exhaled breath,
suggesting that the intake of nectar is primarily for carbohydrates. However, because
we do not know enough about the proportion of drinking water that contributes to body
water, and changes 1O between nectar water (source) and breath (tissue), we cannot
quantify with any confidence the contribution of nectar water to body water sources.
During peak flowering birds were observed in great numbers drinking at a water
trough. This suggests that other water sources, besides dilute nectar, are important for

water balance during the dry winter period.

Keywords:Aloe marlothij nectarivoreNectarinia famosastable isotopey*®0, §'°C
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Introduction

Temporal changes in the diets of animals can be traced by measuring the ratios of
stable isotopes in different tissues (Kelly 2000; Phillips and Gregg 2003; Podlesak et
al. 2005). This is because different tissues have different turnover rates; for example
isotopic signatures of bredtwill reflect immediately metabolized nutrients, blood

will reflect dietary contributions over a time scale of days to a few weeks and muscle
will reflect a longer period of dietary incorporation of up to several months (Hobson
and Clark 1992a; Carleton and Martinez del Rio 2005; Podlesak et al. 2005). Feathers,
on the other hand, remain metabolically inert after synthesis, and thus reflect dietary
contributions during the period of feather growth (Mizutani et al. 1992; Kelly 2000).
Comparisons of the isotopic signatures of different tissues can therefore be used to
infer past dietary patterns on different temporal scales, which in turn can reflect spatial
patterns of dietary intake (Perkins and Speakman 2001; Hatch et al. 2002; Podlesak et
al. 2005; Dalerum and Angerbjérn 2005; Carleton et al. 2006).

Aloe marlothij a CAM succulent, grows predominantly on north-facing slopes
in the savannah biome of north and north-eastern South Africa (Reynolds 1969; Glen
and Hardy 2000; van Wyk and Smith 2005). During flowering in dry winter months its
copious €. 250 pl) dilute €. 12% w/w) nectar is available to numerous bird species
and at Suikerbosrand Nature Reserve, 60 km south-east of Johannesburg, South Africa,
a large proportion (59%) of birds recorded during the flowering period fed on nectar
(Chapter 1, 2; Fig. 1). When necté?sc = -12.6%0) became available there was an
enrichment in>C in blood, suggesting that a wide range of species that do not
typically feed on nectar benefit from this seasonally available resource (Chapter 4).
This isotopic enrichment reflects the fact that most species at this site (excluding
granivores) feed on diets with a predominantiyisdtopic signaturestC =c. -27 %o;
Chapter 4). Although the carbon of nectar sugars is represented in blood during the
flowering period, it is not clear how these sugars are used as an energy source by birds.
Some dietary items, for example carbohydrates, may not enter tissue synthesis

pathways, but rather enter metabolic pathways directly (Perkins and Speakman 2001;

5 Although breath is not a tissue, for ease of comparison with true tissue, we refer to breath as “tissue” throughout
the article (following Podlesak et al. 2005).
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Voigt et al. 2008). Particularly for food stressed animals, nectar diets that are routed
directly to metabolic processes may thus be under-represented in tissues important for
storing food reserves, e.g. muscle and blood (Perkins and Speakman 2001; Carleton et
al. 2006). Therefore, if the isotopic signature of blood is measured, the importance of
nectar for nectar- feeding birds may be under-represented if it is routed directly into

catabolic pathways rather that being assimilated into tissues.

a

Figure 1. Aloe marlothiiinflorescencéa), flowers on raceme showing acropetalous flower
opening(b), African red-eyed bulbulBycnonotus nigricansn A. marlothiiinflorescencéc),
malachite sunbirélectarinia famosgimmature male) about to probe flower for ne¢thr

and Cape white-ey2osterops capensfeeding on nectar, the only species recorded feeding
on racemes by hanging underne@h
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In this study we investigated the utilisation of nectar by a number of bird
species in an occasional nectarivore community. It was hypothesized that, as found in
broad-tailed hummingbirdSelaphorus platycercua large proportion of daily energy
expenditure would be fuelled by immediately-metabolised sugars (Carleton et al. 2004,
2006). Immediately metabolised energy for an animal can be a mixture of dietary items
assimilated during numerous past feeding events (Perkins and Speakman 2001).
Because many bird species lose body mass during. tmarlothiiflowering period we
predicted that a greater proportion of metabolised energy would be supplied by income
resources (i.e. nectar). This is because if ingested material consists of simple
carbohydrates it is less likely to be represented in body stores, but rather utilized
immediately (Perkins and Speakman 2001; Hatch et al. 2002; Podlesak et al. 2005;
Carleton et al. 2006). The carbon in exhaled @&presents immediately metabolised
energy resources so we expected to find greater variation in breath carbon isotopic
values compared to blood isotopic values among individuals durirfy thearlothii
flowering period. This variation would reflect the variable use pai@ G/CAM
resources; such variation also reflecting the time since the last nectar meal. This
greater variation would in turn also represent the exploitation of a sporadic and locally

abundant food resource (Perkins and Speakman 2001).

BecauseA. marlothiiflowers produce copious amounts of dilute nectar during
the dry season (winter) we hypothesized that nectar would represent an important
water resource for many bird species. Oxygen isotope ratios in body water are directly
related to those of expired carbon dioxide, so5thi® values of exhaled GQeveal
880 values in body water (Lifson et al. 1949; Lifson and McClintock 1966; Lifson et
al. 1975). However, only a proportion of body water is sourced from drinking water;
additional contributors to th&#°0 of body water being atmospherig &nd food
(Podlesak et al. 2008). Also, body water is not in isotopic equilibrium with exhaled
water vapour and breath GBOecause of the equilibrium fractionation that occurs when
water changes phase from liquid to gas across the surfaces of the lungs (water vapour
is more depleted than water) afi@ fractionation/equilibration between water and
CO; respectively (Lifson et al. 1955; Schoeller 1988). Therefore, although we
predicted an enrichment fiC (sugars) of blood to be correlated with an enrichment in

180 (water) (related to the assimilation of nectar sugars and water in a highly
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evaporated nectar source respectively), we did expect that fractionation processes
between source (water) and tissue (breath) @@uld make quantifying the proportion

of body water from nectar more difficult.

Methods
Study site

The study was conducted at themarlothiiforest in the west of Suikerbosrand
Nature Reserve. During the winter flowering period there is little rainfall, with day
temperatures reachirg 25°C and night temperatures0°C. Vegetation at the site is
dominated by mixed\caciasavanna with tens of thousands of maturenarlothii
plants growing on rocky north-facing slopes. Grassveld habitats dominate higher

altitudes.

Sample collection

Birds were mistnetted along an abandoned vehicle track through the
marlothii forest over four days during peak floweringfofmarlothiiin August 2007.
All birds captured were ringed so that recapture and sampling of the same individual
could be monitored. Representative individuals of nectar-feeding species and species
not recorded feeding on nectar were sampled. Blood samples (@pvi€re collected
from the brachial vein of birds by pricking the vein with a 25-gauge needle and
collecting blood in a 7@l non-heparinised capillary tube. Labelled samples were
returned to the laboratory where they were allowed to dry in a drying ovefCat 50
Dried blood was then weighed (0.10-0.35 pg) into tin cups (pre-cleaned in toluene) for
isotope analysis. For each bird a section of the tip of the first rectrix feather was cut,
rinsed in a mix of 2:1 chloroform:metharfcdnd dried for isotopic analysis. Sections
of feather were then cut with stainless steel scissors and weighed (0.10-0.35 pg) into

tin cups for isotopic analysis.

5 Feather oils have been shown not to affect isotope ratios of feathers (Mizutani et al. 1992); cleaning was done to
remove other possible contaminants like human body oils from handling.
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respired CO2

collected by a
displacement in — carbon free air
Exetainer® E
> [ __ chamber for S supply
b -~ bird > r—
(S}

Figure 2. Glass chamber for collecting breath samples from Kajlendicates teflon
stopcocks for controlling gas flow and sealing the chamber during accumulation of respired
CO;; (b) indicates hooks for elastic band to hold cone and socket parts of chamber together.

lllustrator: C.T. Symes.

Breath samples were collected from captured birds using a sealed chamber
(empty volume = 205 ml). The empty volume of the sealed chamber was significantly
reduced (up to 60%) by the presence of the bird in the chamber during breath
collection, thereby justifying the flow rate implemented (see below). The chamber was
constructed using two modified ground pyrex glass cone and socket parts (B45) with a
25 mm teflon stopcock to control gas flow at each end (Fig. 2). One end was connected
to a carbon-free gas supply (Afrox® Instrument Grade Zero, Johannesburg; Fig. 2).
The bird was placed in the chamber, as soon after capture as possihléPferwith a
steady flow ¢. 100-200 ml.mift) of gas through the chamber, to clear it of any
residual atmospheric carbon gases (i.e. CO ang.G@e chamber was then sealed for
C. 40-60 s to allow for an accumulation of respired,@Om the contained bird. The
time allowed for exhaled C(build-up in the chamber was also sufficient to minimize
the effect of any possible atmospheric &0Ontamination (C. Martinez del Rio pers.
comm.). The bird’s condition was continually monitored through the glass chamber. A
breath sample was then collected by displacement in a 10 ml biosilicate gas-tight glass
Exetainer® vial (Labco Ltd, High Wycombe), by continuing the gas supply flow for
another 50-60 s. The gas (bird breath) entered the Exetainer® via a needle pierced
through the airtight seal, displacing gas ¢(&f@e) that escaped through a second
needle open to the atmosphere. The breath samples were labelled and returned to the
isotope laboratory where they were analysed within two days of sampling. This

allowed for minimum fractionation with atmospheric gases. However, we did not
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remove respiratory water in breath to prev#fD in the breath equilibrating with

880 in CQ in the collection vial.
Isotope analysis

Representative {tree) and ¢(grass) vegetation samples were collected
during peak flowering (August) the previous year because there was little variation in
samples between six months (Chapter 4). Ten sweeps were conducted at five grass
sites in the aloe forest for;Gamples. A leaf sample {8amples) was collected from
five tree speciesA\cacia karrog Ziziphus mucronatararconanthus camphoratus
Gymnosporia heterophyll®&hus leptodictya common at the study site. All samples
were placed in separate labelled envelopes and returned to the laboratory where they
were oven dried at 5C to constant mass. Samples were then finely ground using a

mortar and pestle before being weighed in preparation for isotope analysis.

Nectar samples were collected from three floweAngiarlothiiplants and
during peak flowering three water samples were collected at the same time from two
surface water sources, a stream and animal drinking trough both near the aloe forest.
Approximately 2 ml of nectar/water were collected and placed in sealed glass vials,
and returned to the isotope laboratorydO (and3D) analysis5'3C values for dried
nectar were obtained from nectar samples collected the previous year (Chajiter 4).
values of nectar between 2005 and 2006 did not differ (Chapter 4).

Isotopic analysis was conducted at the Natural Resources and the Environment
isotope laboratory, at the Council for Scientific and Industrial Research (CSIR),
Pretoria. Blood and feather samples0d.5-0.30mg) were weighed in tin cups
(cleansed in toluene) and combusted at 020 CQ in an elemental analyser (Flash
EA, 1112 Series, Thermo Electron Corporation). ¥a'2C ratios were then
determined using a continuous-flow isotope ratio mass spectrometer (CFIRMS)
(Thermo Delta V Plus, Thermo Electron Corporation) coupled to the elemental
analyser. All samples were analysed in duplicate with every six samples being
followed by two laboratory standard aliquots (homogenized dried chicken blood; mean
83C + SD = -17.87 + 0.13%# = 104) to correct for equipment drift. The solid
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laboratory standard was standardised against C652 ANU sucrose, 1577b (NIST)
bovine liver and 1547 peach leaves (NIST). Isotope ratios are expressectation

in parts per thousand (%o) with Vienna Pee Dee Belemnite (VPDB) as a standard for
carbon, and Vienna Standard Mean Ocean Water (VSMOW) for oxygen and
hydrogen.

The breath (gas) samples were placed on a GC PAL gas bench connected to the
CFIRMS where thé*C/*°C and'®0/*°0 ratios were determined. A laboratory gas
standard (C@ means™*C + SD = -31.41 + 0.22%0; mea®O + SD = -22.25 +
0.36%o0; n = 8) was used for every five unknowns in sequence. Water was extracted

from breath samples in-line so only #1€0 values of C@were measured.

Liquid samples were processed in a Thermo Finnigan thermo chemical
elemental analyser (TC/EA) and gases transferred to the CFIRMS via the Thermo
Finnigan open split Interface Conflo Ill. A liquid autosampler automatically loaded
samples. Dual measurements of hydrogen (D/H) and oxy8@A°0) from a single
sample (water or nectar) were performed using the TC/EA, Conflo Ill and IRMS
system, and corrected against international laboratory standards (SLAP 603, GISP

542) and a laboratory standard.

Results

Featherif = 51), blood 1t = 47) and breatm(= 51) samples were collected from 51
individuals representing eight species over four days duringAealarlothii

flowering (late-August).
Isotopic environment
Nectar water was significantly enriched¥® compared to water collected

from the water trough (Mann-Whitnéj+test;U = 0.00,P < 0.05) which in turn was
more enriched than the water from the nearest strea0(00,P < 0.05) (Table 1).
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Although we did not measut® values in birds sampled, these values for the trough

and stream are given to demonstrate and emphasize the differences in isotope values of
water sources available to birds. TH& andsD values of the nectar samples<(3)

fitted well to an evaporative water line, extrapolating onto the Global Meteoric Water
Line (GMWL,; Craig 1961) to suggest that water in aloes was obtained from light rain
showers. The trough water samples-(3) were also typical of a water source subject

to evaporation (i.e. enrichéd®O andsD values) whilst those for the stream were

typical of rain for the region obtained from light showers (Craig 1961).

Plants*C values collected during August the previous year (2006) are given in
Table 1 since there was little temporal variation over six months during that period
(Chapter 4).

Table 1.Isotope ratios of £plants, G grasses, water and nectar samples at and nealoghe

marlothii forest during flowering (mean %o £ SD, sample size in parentheses). * Chapter 4.

C; (trees) G (grass) Nectar (t\ﬁ\cl)itge;) (s\,/tvr:f;)
6c -26.7+16 -126+05 -12.6+05
(%o VPDB) * (5) (5) 9) i
80 17.6+3.5 6.2+04 3.7+19
(% VSMOW) i i () (3) (3)
3D 543+11.1 245+21 19.7+95
(%VSMOW) (3) 3) 3)

Dietary shifts

All species, except two weavers, had diets that wemo@inated during
moult in non-flowering months, as indicated by #&C values of feather samples
(Fig. 3). A dietary shift towards a#CAM diet duringA. marlothii flowering was
detected, to varying degrees, in different species as indicated by eritheglues
for blood and breath samples. All species, except Kalahari scrub@elsntrichas
paena are recorded nectar feeders. However, not all nectar feeders showed enrichment

in °C values in blood and breath (Fig. 3).
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Figure 3. Mean (= SD) 06"°C values for feathers (rectrix), whole blood and breath, *
indicates significant difference and NSD indicates no significant difference between tissue
types (Friedman’'s ANOVAR < 0.05)from bird species captured in tAéoe marlothiiforest

at Suikerbosrand NR during peak flowering. Ne8taE isotopic signature indicated by dotted

line at -12.6%0. Sample size in parentheses.
Use of income resources

Figure 4 indicates the changesifiC for breath, blood and feather samples
through a day for African red-eyed bulb&gcnonotus nigricang/hich were sampled
first at 06:30, approximately 30 min after first light. THEC values of neither tissue
type varied through time (Spearman’sHR; 0.05), so we compared overall values for
each tissue. The breath, blood and feaifi& values differed significantly (RM-
ANOVA, F =1098.5, df = 2n = 24,P < 0.001). A Tukey’s HSD post-hoc test
indicated breath samples, which were most similar to the nectar signature, were
significantly more enriched iHC than blood sample® & 0.001) and feather samples
(P < 0.001), whilst blood and feather samples were sinfdar Q.287).
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Figure 4. §"°C values of breath, blood and feather samples collected in a day during peak
flowering of Aloe marlothiifor African red-eyed bulbuPycnonotus nigricang = 30). The
33C of nectar (-12.6%0 VPDB) is indicated by a dashed line.

The use oAloe marlothiinectar water determined frosi®O

The isotopic relationship betwe8HC ands'®0 in exhaled C@for birds
captured at thé. marlothii forest (not all nectar-feeding species) is shown in Figure 5.
We expected that when th&'C in the CQ of nectar feeders became more enriched
because of feeding on nectar, sodH© of breath C@(in equilibrium with5'%0 of
body water) would also become more enriched. The more enicf@dalue
represents a highly evaporated water source, possibly that from nectar (Table 1).
However, there was no positive correlation between i@ ands*®0 values of breath
samples for African red-eyed bulbuls (Fig. 5; Spearm&w¥s0.346,P > 0.05).
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Figure 5. Relationship betweeit*C ands™0 in exhaled C@of eight bird speciesi(= 48)
captured during peak flowering &foe marlothii §*3C of nectar sugars and &nd G plants at

the study site are also shown. (Correlation of African red-eyed bulbul samples not significant,
y = 0.1452x + 5.3327, Spearmais= 0.346,P > 0.05; See Table 1 f6r°0 values of water

and nectar water samples. Samples sizes in parentheses).

Discussion
A significant dietary shift

The use of nectar as an income resource for opportunistic nectarivores is
emphasized by the differences'e of breath, blood and feather samples of nectar-
feeding species (most evident in bulbuls; Fig. 3, 4). However, this dietary shift was not
evident in all species analysed. Tissues with the highest turnover rates provide
information on the most recent dietary history (Perkins and Speakman 2001), and in
our study there was a greater enrichmentig of breath than for blood. This isotopic
response was only detectable because most (non-granivore) bird species have a
typically G; based diet during summer months (Chapter 4). It is particularly interesting
to note that the shift in breath isotopic values was most prominent in both omnivore

species (i.e. Cape white-egesterops capensand African red-eyed bulbul) and the
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single nectarivore (i.e. malachite sunbird), suggesting that their ability to utilise a sugar
diet is greater than that of insectivores. However, in two insectivore species (i.e. Cape
robin-chat and fiscal flycatcher) that were regular nectar feeders (Chapter 2) there was
no difference between tissues suggesting little reliance on nectar sugars for energy.
Although the two omnivorous weaver species (i.e. southern masked-viRtaveus
velatusand Cape weavétoceus capensisvere regular nectar feeders, we cannot
comment with confidence on the contribution of nectar to their diet because feather
and blood isotopic values were strongly influenced by ec@tribution to the diet (i.e.

C, grass seeds). Both weaver species were regular nectar feeders, arriving at the aloe

forest in abundance during flowering (Chapter 2).

The change in isotopic signatures of animal tissues with a corresponding
change in diet is typical of many studies that have used stable isotopes to investigate
the diets of birds. For example, Podlesak et al. (2005) used carbon isotope analysis of
breath, blood, faeces and feathers to infer changes, and the timing of changes, in diets
of wild birds and Alexander et al. (1996) showed that diets of migrating shorebirds, as
indicated by stable isotopes, were different to those indicated by gut content analysis.
However, few terrestrial studies have analysed tissues for changes in diet with
contrasting isotopic signatures (but see Wolf and Martinez del Rio 2000; Wolf et al.
2002; Wolf and Martinez del Rio 2003). More common are studies of birds that
investigate marine and freshwater/terrestrial inputs wété@signatures are unique to
each system (Hobson 1987, 1990; Hobson and Sealy 1991; Hebert et al. 1999;
Bearhop et al. 1999; Sabat and Martinez del Rio 2002; Sabat et al. 2006).
Understanding the importance of a unique food such as nectar is therefore made

possible due to its unique isotopic signature.

Nectar - an income energy resource

Insect abundance has been shown to decrease during the winter period (Chapter
5) so for insect-reliant birds income resources may be more important during periods
of low food availability. However, at our study site we can only speculate whether this
decrease causes insectivores to become food-stressed. Broad-tailed hummingbirds

Selaphorus platycercusave been shown to fuel their metabolism largel®(%)
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from assimilated sugars, although when birds were losing mass they fuelled their
metabolism from endogenous reserves (Carleton et al. 2004, 2006). Similarly, nectar-
feeding batsGlossophaga soricinause recently ingested sugars to fuel a large
proportion of metabolism (Voigt and Speakman 2007; Welch et al. 2008). In both the
African red-eyed bulbul and Cape white-eye breath samples were more depleted than
blood and feather itfC, indicating they fuelled their energy with income nectar
reserves. Contrary to expectations, Cape robin-chat and fiscal flycatchers had breath
samples that were similar to blood and feather samples indicating that they did not
need to catabolize nectar sugars for immediate energy requirements. They most likely

fuelled there metabolism from stored energy reserves, i.e. lipids.

We did not calculate the proportion of metabolism fuelled by ingésted
marlothii nectar because tissue breath fractionation factors are not well understood.
For yellow-rumped warblerSendroica coronatanean discrimination factors for
breath were 1.4%0 and 0.4%. on adhd G bulk diet respectively, although values
varied greatly for carbohydrates, lipids and proteins in red blood cells and plasma
(Podlesak et al. 2005). For rock do@slumba liviathe mears*>C of breath was
3.0%o less than a corn diet; on a wheat diet it was 1.3%. more than that of wheat (Hatch
et al. 2002). Mice fed an isotopically constant diet since weaning'f@adalues of
breath CQ depleted in relation to diet by 5.7%o, with differences between individuals
being significant (Perkins and Speakman 2001). Because the breath of some birds
(particularly Cape white-eye, African red-eyed bulbul and malachite sunbird) shifted
significantly from a pre-flowering season diet aftG that of aloe nectar (within
1.0%0) we can confidently say that ingested nectar fuelled a significant proportion,

possibly >90%, of their metabolism (Fig. 3, 4).
Nectar - a water source for birds?

The clear distinction of th&®0 (andsD) values between nectar water and two
accessible water sources near the aloe forest may provide valuable insight into the
source of water for nectar-feeding birds. BA% in expired C@was most similar to
the water sources near the aloe forest (Fig. 4). One of these sources provided a

consistent supply of water during the flowering period when conditions became dry,
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with an increase in the number of avian visitors drinking water during flowering
(C.T.S. pers. obs.). However, the faces of many nectar-feeding birds were dusted in
pollen, evidence of numerous floral probes, supporting the idea that they consume
significant volumes of nectar (see Fig. 1c; Chapter 2).5t#@ in expired CQwas
markedly depleted compared 80 in nectar water; the isotopic signature of water in

A. marlothii nectar being typical of a highly evaporated water source. An immediate
interpretation of these results is that an insignificant amount of water from nectar was
absorbed by nectar-feeding birds (McWhorter et al. 2003). To meet their daily
energetic requirements froA marlothiinectar (12%) alone African red-eyed bulbuls
(mass = 37.2 £ 2.8 g,= 139; C.T.S. unpubl. data) would need to ingest almost double
their body mass (62 g) in nectar (assuming 100% assimilation efficiency and a field
metabolic rate of 123.2 kJ.d&yredicted from Nagy et al. 1999 equation for
passerines). However, under laboratory conditions, yellow-vented b#patenotus
xanthopygo$35-37 g) will consume approximately 105 g of low protein nectar (12%)
during 12 h (Tsahar et al. 2005) implying that a significant proportion of nectar is not
assimilated as energy. If bulbuls are fuelling their energetic requirements with a
significant proportion of nectar then we can assume that they are ingesting sufficient
water to meet daily water requirements (90% of energy requirements equates to 56-95
g nectar sugar i.e. 50-84 g water). This quantity is sufficient for the daily water
requirements of bulbuls (Williams 1996) so we can only speculate on wi{f@n
expired CQ did not represent the nectar water consumed by bulbuls (and other birds).
During handling many birds that defaecated had faeces with a watery consistency;
however, the faecal constituents were not determined. Therefore, it is quite possible
that a large proportion of body water requirements are fulfilled by consuming free-
standing water, that nectar consumed is inefficiently assimilated, and only a fraction of

sugars ingested are assimilated.

Our study attempted to us¥0 in exhaled C@to determine the origin of
water for birds. McKechnie et al. (2004) examined stable hydrogen isotopes in rock
doves under controlled conditions, to determine discrimination factors between the
environment and body water. The main source of error in tracing the importance of
various water resources is that fractionated evaporative water losses result in isotopic

enrichment of the body water pool. These authors concluded that using bodgDvater
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to accurately trace water sources in natural system was only feasible when large
differences ibD exist between water sources (McKechnie et al. 2004). The same
constraint applies to reconstructing water origins ustfi@, where thé®0 of body

water is higher than th#%0 of imbibed water because of respiratory evaporative

water loss and cutaneous evaporation (Bryant and Froelich 1995; Schoeller et al. 1986;
Speakman 1997; McKechnie et al. 2004). In addition there is fractionation;in CO
relative to oxygen in water (Lifson et al. 1955; Speakman 1997). A mass balance
model has also demonstrated that drinking water is responsible for an estimated 56%
and 71% of the oxygen and hydrogen in the body water of woddeat®maspp.
respectively (Podlesak et al. 2008). This varying relationship betv&@rof imbibed
water, body water and exhaled & @gether with variation in the routing of isotopes
explains why the highly evaporated signature of nectar is not directly represented in
the breath of birds feeding on nectar, and hence why it is difficult for us to quantify the

contribution of nectar water to body water.
Concluding remarks

Without an understanding of the metabolic routing of different food resources,
and isotopic discrimination between source (i.e. nectar) and tissue (i.e. breath), it is
difficult to accurately quantify the contribution of nectar water to birds. Therefore,
until the proportion ot?0 in body water that is obtained from drinking water (Ayliffe
et al. 2004) and fractionation factors between source and breath are determined for
each species under different conditions, we cannot accurately quantify the water input
from nectar. Although th&'®0 of nectar was not directly represented in the 6O
exhaled breath th&**C of nectar was, with enrichmentdiC towards that of nectar
during the flowering period. This supports earlier findings of a longer study (6 months)
analyzings*>C in whole blood alone - that nectar sugars are an important assimilated
food (carbon) source for many opportunistic nectarivores (Chapter 4). The analysis of
breath further indicates that nectar sugars (carbohydrates) provide an important income
energy source for birds (Chapter 4); in the case of an opportunistic nectarivore
community, an atypical nectar diet during dry winters ensures that energy deficits are

met.
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GENERAL CONCLUSION

Understanding Aloe marlothii - bird interactions

This thesis attempts to provide perspective on the relationship between the winter-
flowering succulenfAloe marlothiiand the large diversity of bird species that feed on

its nectar. The approach has been holistic, in that it has involved studying the
symbiotic relationship from the perspectives of bédtimarlothiiand the birds. In

studying this association we combined extensive field observations with cutting-edge
technology in the form of stable isotope analysis. Part one of the study considered
flowering phenology, nectar production, pollination and the effect of a copious and
dilute nectar supply on the bird community during dry winter months. This involved an
investigation of the phenology of floweridg marlothiiand nectar production in

flowers (Chapter 1). At an ecological level we studied the effect that a nectar oasis has
on a diverse bird community (Chapter 2), and using exclusion cages, that restricted
visitors of different pollinator guilds, investigated pollination and the contribution of
the numerous avian visitors to successful reproductidn marlothiiplants (Chapter

3). Part two used biological patterns of naturally-occurring stable isotpes*{C,

§"N ands®0) to quantify nectar importance for avian consumers. Firstly, we studied
the contribution of nectar sugars to assimilated carbon in nectar-feeding birds by

measuring™*C values in whole blood before, during and after flowering (Chapter 4).
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We also measureit®N in whole blood during the same period to investigate whether

the reliance and shift to feeding on nectar was accompanied by a trophic level shift
(Chapter 5). Finally, we measured more isotopBs §6°C, §*°N and5'®0) in more

tissues (breath, blood and feathers) to elucidate more clearly the link between birds and

the food and water sources they rely on (Chapter 6).

An Aloe marlothii nectar oasis for birds

The nectar produced . marlothiiduring the dry winter period attracts a host of
opportunistic nectarivores. Nectar production occurred through a 24 h period with no
peak in nectar production or focus towards a distinct suite of pollinators (e.g. diurnal or
nocturnal). However, copious amountsZ50 pul) of dilute €. 12%) nectar suggest

that pollination is geared towards generalist avian pollinators (Johnson and Nicolson
2008). The importance of birds as pollinatorsAomarlothiiwas confirmed by

exclusion experiments. Nectar standing crop is reduced by a greater number of birds in
the morning period although continually opening flowers (and possibly nectar
replacement) ensure that sufficient nectar remains available for nectar feeders. Bird
diversity and abundance increased significantly during flowering, suggesting that

many birds move into the aloe forest for additional food sources of nectar. Most of the
species observed are residents, although certain species only appeared when nectar was
available.

The list of birds recorded feeding on aloes has increased from that previously
known and includes 105 species in 27 families; with an additional six species
suspected as nectar feeders (Appendix). Of these 105 species, 86 (including three
sunbirds) are recorded feedingAnmarlothiinectar. This phenomenal diversity of
opportunistic nectarivores is possibly the highest number of bird species recorded

feeding on nectar of a single plant species worldwide.

Avian nectarivory is most broadly dominated by three families: the New World
hummingbirds (Trochilidae), the Old World sunbirds (Nectariniidae) and the Australo-

Pacific honeyeaters (Meliphagidae) (Maclean 1990; Table 1). However, nectar-feeding
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is not confined to specialist taxa and occurs in a wide range of other families. In some
regions where these major nectarivore families have not colonised diversification
within other families has occurred (Nicolson and Fleming 2003). In the Old World
these include the Hawaiian honeycreepers (Drepanidinae) (Pratt 2005), the asities and
sunbird-asities (Philepittidae; 4 species) of Madagascar (Prum 1993; Irestedt et al.
2001), the Irenidae (fairy-bluebirds; 2 species) and Chloropseidae (leafbirds; 8 species)
of the Indomalayan Region (Wells et al. 2003a; Dickinson 2003), and the Dicaeidae
(flowerpeckers, 42 species) of Australasia (Beecher 1953; Delacour 1944; Sibley and
Ahlquist, 1991, Ericson and Johansson 2003). The Lorinae (Psittacidae) of Australasia
are uniquely adapted for nectarivory with a brush-tip tongue (Forshaw 2006) as is a
single member of the Timalidae (babblers), the fire-tailed myzdgmornis
pyrrhoura(Wells et al. 2003b). However, the Melanocharitidae (berrypeckers, 12
species) of New Guinea lack the specialized structure of the tongue for feeding on
nectar (Beehler et al. 1986). The stitchi{ibtiomystidae), recently relegated to a
monotypic family (from Meliphagidae), is a nectar feeder endemic to New Zealand
(Driskel et al. 2007). The Aegithinidae (ioras; 4 species) occurs in Indomalaya and are
also specialist nectar feeders (Fuchs et al. 2006). In the Neotropics the number of
nectar-feeding specialists, besides hummingbirds, is low and includes members of the
Dacnini and Coerebini, tribes of the Thraupidae and Parulidae respectively, that are

specialist nectarivores (Burns et al. 2003; Dickinson 2003).

Table 1.Number of extant species in dominant nectarivore families, including sunbirds
(Nectariniidae), sugarbirds (Promeropidae), honeyeaters (Meliphagidae) and hummingbirds
(Trochilidae), in each of the world’s zoogeographic regions (after Maclean 1990).

Neotropics Nearctic Palaearctic Afrotropics Indomalaya Australasia Total

Trochilidae 324 13 0 0 0 0 337
Nectariniidae 0 0 2 78 39 2 121
Promeropidae* 0 0 0 2 0 0 2
Meliphagidae 0 0 0 0 10 159 169
324 13 2 80 49 161 629

* the monotypic genuBromeropsendemic to Africa and Broteaspecialist, is sometimes included in

the Nectariniidae (Sibley and Ahlquist 1991); a recent study suggests additions to the Promeropidae (i.e.
spot-throatArcanatorspp. and dapple-throatodulatrix spp.) that are not nectar feeders (Beresford et

al. 2005).
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In the Afrotropics the overall diversity of opportunistic nectar-feeding birds is
not known, although this study has highlighted a high diversity of opportunistic nectar
feeders for a single aloe species in southern Africa. It is likely that the diversity of
opportunistic nectarivores is greater than other zoogeographic regions (Chapter 2), and
is probably explained by the different feeding roles birds play in different regions. In
the Australo-Pacific region the equivalent role of opportunistic nectarivores may be
filled by honeyeaters whilst in the Afrotropics the role of opportunistic nectarivores
may be filled by several families (Keast 1985; Chapter 2; Appendix). Furthermore,
competition of opportunistic nectarivores with specialist nectarivores (i.e. sunbirds) in
the Afrotropics may be high, thereby explaining the low number of sunbird species in
the Afrotropics compared to the number of hummingbird and honeyeater species in the

Neotropics and Australasia respectively (Table 1).

Insight from stable isotopes

Because many aloes havé'2C isotopic signature distinct from that of the C
environment in which they grow, it is possible to quantify their contribution to
assimilated carbon in animal consumers. In this study the blood of most nectar-feeding
birds became enriched 1fC at the same time as they fed on nectar. Because of a
limited knowledge on diet-tissue discrimination factors for a wide range of species, a
wide range of reported values for different tissues and different diets, and the
compounding effects of routing of different dietary items we avoided the use of a two
end-point mixing model and Isosource (Phillips and Gregg 2003; Chapter 4). At the
study site enrichment in blodd*C values occurred at the same time that aloe nectar
became available, indicating that a proportion of sugar carbon was assimilated by
species that do not regularly feed on nectar. This change was not observed in many
granivorous species because most grasses at our study site;yweith @ similars*>C
signature toA. marlothii(Vogel et al. 1978; Chapter 4). A downward shifirN

values was expected to accompany the increased reliance on nectar and decrease in
insect food available during flowering; however, no shift was detected. However,
accounting for a seasonal shift in vegetation values and increase in diet-tissue

discrimination factors between the pre-flowering and flowering period may indicate
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that there is no apparent shift in trophic position for all feeding guilds (Vanderklift and
Ponsard 2003; Pearson et al. 2003; Robbins et al. 2005; Podlesak and McWilliams
2006; Chapter 5). A greater understanding of diet-tissue discrimination factors for

many of the nectar-feeding species when they incorporate nectar into the diet would be
required to better understand these changes (Post 2002). Many nectar feeders also
drink water from other sources when the dilute necta. oharlothiibecomes

available. The presence of nectar was accompanied by a sHfi€iof breath C@

that represented nectar; this shift was not correlated with an enrichnd&ia@ iof

breath CQ, representing the assimilation of water from a more evaporated water

source (Chapter 6). Nectar water was highly evaporated but because we are not sure of
the proportional contribution dfO in imbibed water to th#0 in body water, and
fractionation between source and tissue, it was difficult to accurately quantify the
proportion of water sourced from nectar. Because birds were able to source water
elsewhere besides nectar (Fig. 1), nectar water may not be as important for them as
nectar sugars; nectar sugars were probably more important as an income (and capital to

a degree) food resource during a period of low insect abundance.

Other interactions involving aloes

The importance ofA. marlothiinectar to numerous bird species has been highlighted
(Chapter 2; Appendix), with few other aloe-animal interactions considered in detail.
The use of nectar may be an important determinant of local movements and use of
resources in, and outside, the reserve, for chacma baBapitshamadryasirsinus
Observations suggest that troops with ranges overlapping thanedrlothiimay

make greater use of the aloe forest during flowering, utilizing nectar and succulent
leaves as a food and water source (Chapter 2; C.T.S. pers. obs.). The contribAtion of
marlothii leaves as browse for elafdurotragus oryxs also important; using stable
carbon isotopes Wallington et al. (2007) speculated that assimilated carbon from aloes
at Suikerbosrand was 3%, although they were unable to distinguish this from
contribution of G grasses. The succulent leaves, despite the extremely bitter taste to
humans, may also be an important water source for other animal species. Further work

on the importance of aloes for larger consumers is, therefore, required.
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Figure 1. Alternate water source #&loe marlothiinectar, drinking trough at Schoongezicht
farmhouse, Suikerbosrand Nature Reserve (see General Introduction; Chétebig)s
drinking at water trough, African red-eyed bulbBlgcnonotus nigricansouthern masked-
weaverPloceus velatugnon-breeding plumage) and Cape white-2gsterops capens(b);

Cape white-eyef); and Cape robin-ch&@ossypha capens{d).
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Aloe marlothiiis also important to birds for many other reasons. The most
abundant bird species recorded during censuses was the laughirgfrépiepelia
senegalensia species that seldom (if ever) fed on nectar (Chapter 2). It was observed
nesting during drier months (August-September) on horizontal leaves of tall aloes.
Although the spines of aloes afford protection from predators, baboons are able to
ascend plants to access nectar or rob nests. Also, avian predators may still be a threat;
in one instance a pied crd@orvus albusvas recorded robbing a nest with eggs
(C.T.S. pers. obs.). Aloes also benefited birds in other ways besides providing nectar;
water collected after rains in the horizontal leaves was used as a drinking and bathing
source for birds, barbets excavated nesting cavities in trunks of tall aloes (Fig. 2a) and
the dry leaf skirt was used as a site for birds to construct nests (e.g. fiscal flycatcher)
(Fig. 2b).

Figure 2. Dead main stem diloe marlothiiwith excavated barbet nest cavi&), and view of
theA. marlothiiforest at Suikerbosrand Nature Reserve (during rainy season), showing dense
stands of plants in the west of the reserve, a single plant visible in the foreground showing

protective spines for nesting birds, and dry leaf skirt encompassing maitbytem

Future studies

Aloes are widespread in the Afrotropical region with a concentration of diversity in
southern Africa (Holland 1978; Reynolds, 1969; Glen and Hardy, 2000; Van Wyk and
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Smith, 2005). Considering the few studies to date on animal-aloe relationships it is not
surprising the paucity of information on the relationship between birds and aloes. It
therefore remains to be investigated how important many other aloe species are for
birds. Is it possible that aloes occurring in xeric habitats are more important for birds
as a source of water; unlike in this study where birds were able to source water
elsewhere? It is the use of stable isotopes that make quantifying such phenomena a
reality in the field.

The dichotomy between generalist and specialist pollinated plants has been
suggested to be defined by nectar traits, with flowers adapted to generalized bird
pollinators characterized by nectar of high voluneegl-100 pul), dilute concentration
(c. 8-12% wi/w) and low sucrose conteat@-5%), and flowers adapted for specialized
passerine pollinators (i.e. sunbirds) having nectar of lower voluni®{80 pl), higher
concentration (c. 15-25% w/w) and higher sucrose conted0(60%) (Johnson and
Nicolson 2008). Most aloes produce nectar of high glucose and fructose content, with
low concentrations of sucrose (Van Wyk et al. 1993) suggesting that most aloes fit the
generalist pollination syndrome. However, some aloesAikgreatheadivar. davyana
produce nectars of low volume and high concentration suggesting pollination by
specialist pollinators i.e. sunbirds (Human 2006). Most aloes are also orange to red in
colour, typical of many bird pollinated plants (Faegri and Van der Pijl 1979).but
greatheadiivar.davyanais pollinated predominantly by honeybefgsis mellifera
(Human 2006). Aloes occur in a variety of growth forms, from small grass aloes that
are almost indistinguishable in the habitat in which they grow, to large tree-like plants
that dominate the landscape (Reynolds, 1969; Glen and Hardy, 2000; Van Wyk and
Smith, 2005). Flowering occurs throughout the year and further work is required to
investigate the importance of different pollinators for a diversity of aloe species (Botes
2007).

Advances in stable isotope research have grown rapidly in the past decade,
with the publishing of numerous studies, covering a wide range of ornithological
topics. However, some topics remain clearly unresolved, and considering the
ambiguity in published literature, may not be clarified in the near future. Possibly the

most perplexing aspect of this project has been the interpretaoiNgh elucidating
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trophic positions in the nectar-feeding community. Understanding the numerous
factors affecting fractionation factors foN will require numerous laboratory

experiments under controlled conditions (Gannes et al. 1997). For example, particular
species that are offered diets with different C:N ratios, may assist in a greater
understanding ofN routing and fractionation under variable environmental

conditions, for different levels of food stress and between different organisms (Pearson
et al. 2003). Whether these finding can be applied to the ecological level remains to be
tested. Of particular interest in this study are the findings that nectar sugar resources
provide for an important income energy resource for birds that do not usually feed on
nectar. Offering sugar diets to some of these species, particularly those that often take
nectar besides aloe nectar (e.g. African red-eyed bulbul, weaver spp.), in controlled
laboratory conditions, may provide further insight into the importance of sugar diets

for birds under different conditions, e.g. when facing food and/or water stress. In the
field, experiments may involve the “starving” of birds that have typicallgi€ts

before flowering. At regular time periods, from the time of capture, a breath sample
could be collected. Measuring thEC isotopic ratio would then allow the origin of

fuelled metabolism through a day to be assessed more accurately.
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Appendix. Bird species recorded feeding on nectar of aloe flowers, also specifically showing those recorded féédenmariothii.Guild: In -

insectivore; Fr - frugivore; Ne - nectarivore; Gr - granivore; Fo - folivore; Ca - carnivore (guilds indicated with dominant guild first; Maclean 1993; Hockey

et al. 2005). Level of nectarivory: 0 = non-feeder but present, therefore suspected; 1 = occasional; 2 = casual; 3 = regular; 4 = “addict”; 5 = true nectarivore
(Oatley 1964). Suikerbosrand Nature Reserve (SNR) nectar feeders are indicated as recorded feeding on nectar during transects (t), pollen observed on
swabs of facial area (s), observations of birds with pollen (p), birds observed feeding on nectar out of transect times (0) (Chapter 2; Oatley 1964; Oatley and
Skead 1972) *. References: 1 = Oatley 1964; 2 = Skead 1967; 3 = Oatley and Skead 1972; 4 = Hoffman 1988 (records attfdnatg¢dsie- Maclean

1993; 6 = Oatley 2001; 7 = C.T.S. pers. obs. 8 = Chapter 2; 9 = A. Craig pers. comm., 10 = B. de Boer pers. comm., 11 = M. Kriek pers. comm., 12 = C.
Botes 2007, 13 = S. Strudwick pers. comm. Taxonomy follows Hockey et al. (2686lic species.

Species Guild Level A.marlothii  SNR Reference

INDICATORIDAE (Honeyguides)

Lesser Honeyguidmdicator minor In 1 1 s 3
PICIDAE (Woodpeckers)

Cardinal Woodpeckddendropicos fuscescens In 1 1 S 8
LYBIIDAE (African Barbets and Tinkerbirds)

White-eared Barbe®tactolaema leucotis Fr/in 2 1 - 1

Yellow-rumped Tinkerbird?ogoniulus bilineatus Fr/in 1 1 - 3

Yellow-fronted TinkerbirdPogoniulus chrysoconus Fr/In 2 1 - 10

Red-fronted TinkerbirdPogoniulus pusillus Fr/In 2 1 - 1

Acacia Pied Barbefricholaema leucomelas Fr 2 1 tp 1,3,8

Black-collared Barbeltybius torquatus Fr/in 2 1 p 1,3,8

Crested Barbetrachyphonus vaillantii In/Fr 1 1 t 3,8
PHOENICULIDAE (Woodhoepoes)

Green Wood-HoopoBhoeniculus purpureus In 1 - - 3
RHINOPOMASTIDAE (Scimitarbills)

Common ScimitarbilRhinopomastus cyanomelas In 1 1 t 1,3,811

COLIIDAE (Mousebirds)



Species Guild Level A. marlothii SNR Reference

White-backed Mousebir@olius colius Fr/Fo 2 - - 3

Speckled Mousebir€olius striatus Fr/Fo 4 1 tp 1,2,3,8,12

Red-faced Mousebirdrocolius indicus Fr/Fo 4 1 tp 1,3,8
PSITTACIDAE (Parrots and Lovebirds)

Brown-headed Parr®oicephalus cryptoxanthus Fr 4 1 - 1
MUSOPHAGIDAE (Turacos)

Grey Go-away-bir€Corythaixoides concolor Fr/Fo 3 1 - 3,7
COLUMBIDAE (Pigeons and Doves)

Laughing DoveStreptopelia senegalensis Gr/In 1 1 S 1,3,8

Cape Turtle-Dovétreptopelia capicola Gr/In 1 1 * 1,3

Emerald-spotted Wood-Doviurtur chalcospilos Gr/Fr 0 1 - 1
ORIOLIDAE (Old World Orioles)

Black-headed Oriol®riolus larvatus In/Fr 3 1 - 1,2,3,910
DICRURIDAE (Drongos)

Square-tailed DrongDbicrurus ludwigii In 0 1 - 1

Fork-tailed Drong®icrurus adsimilis In/Ca 3 1 - 1,2,3,912
MALACONOTIDAE (Bush-shrikes, Puffbacks, Tchagras, Boubous,

Helmet-Shrikes, Batises and Wattle-eyes)

Brown-crowned Tchagrachagra australis In 1 1 s 8

Southern Boubouaniarius ferrugineus In/Fr 3 1 p 1,3,8

BokmakierieTelophorus zeylonus In 2 1 p 7,8

Chinspot BatiBatis molitor In 0 1 - 1
CORVIDAE (Crows and Ravens)

Pied CrowCorvus albus Ca/Gr/Fr 1 1 * 3

White-necked Rave@orvus albicollis Ca 3 1 - Garlandin 1, 3
LANIIDAE (Shrikes)

Common fiscalanius collaris In 1 1 0 8

PARIDAE (Tits and Penduline-Tits)



Species Guild Level A. marlothii SNR Reference
Grey Penduline-TiAnthoscopus caroli In 3 1 - 1
Southern Black TiParus niger In 2 1 - 1,3
PYCNONOTIDAE (Bulbuls and Nicators)
Dark-capped BulbuPycnonotus tricolor Fr/in 4 1 p 3,11
African Red-eyed BulbuPycnonotus nigricans Fr/in 4 1 p 3,8
Cape BulbuPycnonotus capensis Fr 3 - - 5
Sombre GreenbuAndropadus importunus In/Fr 4 1 - 1, 3,12
Yellow-bellied GreenbuChlorocichla flaviventris Fr/in 4 1 - 1
Terrestrial BrownbuPhyllastrephus terrestris In/Fr 4 1 - 1
SYLVIIDAE (Leaf-Warblers, Babblers and Warblers)
Cape Grasshir8phenoeacus afer In 1 1 s 3,8
Yellow-bellied Eremomel&remomela icteropygialis In 1 - - 3
Burnt-necked Eremomelgremomela usticollis In 2 1 - 1
Long-billed Crombe&ylvietta rufescens In 2 1 s 1,3,8
Arrow-marked BabbleTurdoides jardineii In/Fr 2 1 - 1,3
Chestnut-vented Tit-Babbl&arisoma subcaeruleum In/Fr 1 1 tp 3,8
ZOSTEROPIDAE (White-eyes)
African Yellow White-eyeZosterops senegalensis In/Fr 3 - 1
Cape White-ey&osterops capensis In/Fr 4 tp 2,3,8,9,10,12
CISTICOLIDAE (African Warblers)
Rattling CisticolaCisticola chiniana In 4 1 o] 1,3,8
NeddickyCisticola fulvicapilla In 4 1 s 1,3,8
Tawny-flanked Prinid@rinia subflava In 3 1 - 1,3
Black-chested PriniRrinia flavicans In 3 1 tp 3,8
Karoo PriniaPrinia maculosa In 1 - - 3
Bar-throated Apalig\palis thoracica In 2 1 tp 1,8
Yellow-breasted Apalig\palis flavida In/Fr 1 1 - 3
Rudd's ApalisApalis ruddi In 3 1 - 3
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Green-backed Camaropteamaroptera brachyura In 0 1 - 1
MUSCICAPIDAE (Thrushes, Robins, Chats, Old World Flycatchers)
Cape Rock-ThrusMonticola rupestris In/Fr 1 1 t 3,8,12
Pale FlycatcheBradornis pallidus In/Fr 2 1 - 1
Southern Black Flycatchédelaenornis pammelaina In/Fr 2 1 - 1
Fiscal FlycatcheSigelus silens In/Fr 3 1 tp 1,3,8
African Dusky FlycatcheMuscicapa adusta In/Fr 2 - - 12
Cape Robin-ChaCossypha caffra In/Fr 1 1 tp 8
White-throated Robin-Ch&ossypha humeralis In/Fr 0 1 - 1
White-browed Scrub-Robi€ercotrichas leucophrys In/Fr 2 1 - 1
Buff-streaked ChaDenanthe bifasciata In 3 - - 3
Mocking Cliff-Chat Thamnolaea cinnamomeiventris In/Fr 1 - - 3
STURNIDAE (Starlings, Mynas and Oxpeckers)
Red-winged Starlin@nychognathus morio Fr/in 3 1 * 3,4,7,9,12
Black-bellied Starlind-amprotornis corruscus Fr/in 3 1 - 1,3
Cape Glossy Starlingamprotornis nitens In/Fr 3 1 o] 1,3,7,8,9
Pied StarlingSpreo bicolor In/Fr 3 - - 1,309
Wattled StarlingCreatophora cinerea In/Fr 1 1 tp 8
Common MynaAcridotheres tristig In/Fr 1 - - 13
Red-billed OxpeckeBuphagus erythrorhynchus In 1 1 - 8
NECTARINIDAE (Sunbirds)
Olive SunbirdCyanomitra olivacea Ne/ln 5 - - -
Grey SunbirdCyanomitra veroxii Ne/ln 5 - - -
Amethyst SunbirdChalcomitra amethystina Ne/In 5 - - 2,4,7,9,12
Scarlet-chested Sunbifzhalcomitra senegalensis Ne/In 5 - - 2,7
Bronzy SunbirdNectarinia kilimensis Ne/ln 5 - - 2
Malachite SunbirdNectarinia famosa Ne/ln 5 1 t 2,7,8,9,12
Collared SunbirdHedydipna collaris Ne/In 5 - - 7,12
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Southern Double-collared Sunbi@innyris chalybeus Ne/ln 5 - - 2,4,7,9
Greater Double-collared Sunbi@innyris afer Ne/In 5 - - 2,7,9,12
White-bellied Sunbirc€Cinnyris talatala Ne/In 5 1 t 2,7,8
Dusky SunbirdCinnyris fuscus Ne/ln 5 1 - 2,6,9
Marico SunbirdCinnyris mariquensis Ne/ln 5 - - 2,6
PROMEROPIDAE (Sugarbirds)
Gurney's SugarbirBromerops gurneyi Ne/In 5 - - 2
Cape Sugarbir@romerops cafer Ne/ln 5 - - 2
PLOCEIDAE (Weavers, Queleas and Widowbirds)
Lesser Masked-Weav@loceus intermedius In/Gr 3 - - 5
Spectacled Weavétioceus ocularis In/Fr/Gr 4 1 - 1
Cape WeavePloceus capensis In/Gr 3 1 tp 2,3,4,7,8,9
Yellow WeaverPloceus subaureus In/Gr/Fr 4 1 - 1,3
Southern Masked-WeavPtoceus velatus In/Gr 4 1 tp 1,3,8
Village WeavelPloceus cucullatus In/Gr 4 1 - 1,2,3
Dark-backed Weave?loceus bicolor In/Fr 2 1 - 1
White-winged WidowbircEuplectes albonotatus Gr/In 1 - - 3
Red-collared Widowbird&uplectes ardens Gr/In 1 1 t 3,8
Thick-billed WeaverAmblyospiza albifrons Gr/In 0 1 - 1
ESTRILDIDAE (Waxbills, Firefinches and Twinspots)
Black-faced WaxbilEstrilda erythronotos Gr/In 1 1 tp 3,8
Common WaxbillEstrilda astrild Gr/Fr 1 1 * 3
Violet-eared WaxbillGranatina granatina Gr 1 1 S 8
Green-winged Pytili#@ytilia melba Gr 1 1 s 8
Jameson's Firefindbagonosticta rhodopareia Gr 1 1 s 8
PASSERIDAE (Sparrows and Petronias)
House Sparrowasser domesticts Gr/Fr/In 1 1 - 3

AN
1
1
w

Cape SparroWwasser melanurus Gr/In/Fr
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Southern Grey-headed SparrBasser diffusus Gr/In 2 1 S 3,8
Yellow-throated Petronia Petronia superciliaris In/Gr 2 1 - 2,3
FRINGILLIGAE (Chaffinches, Canaries and Buntings)
Black-throated Canar$erinus atrogularis Gr/In 1 1 t 3,8
Yellow-fronted Canaryserinus mozambicus Gr/In/Fo 3 1 - 2,3
Yellow CanarySerinus flaviventris Gr/In/Fo 2 - - 3
Brimstone Canargerinus sulphuratus Gr/Fr/Fo 3 1 - 2,3
Streaky-headed SeedeaBarinus gularis Gr/Fo 3 1 t 1,3,4,8,12
Cape BuntindEmberiza capensis Gr 1 1 t 8
TOTAL 110 85 45
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