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Abstract

Forest elephants are the largest feokselling animals, and the dominant herbivores
structuring the forests dentral Africa lllegal ivory poachinghreatens these animals with
extinction, so it is important to understand their function in the ecosystem and the potential
consequences of their removal. A retentleveloped theoretical modeduggests that
elephants may play a disproportional role in mumir diffusion from areas of high to low

fertility. This study is the first empirical attempt to test the jmtemhs generated by this

model.l analysed the spatial patterns of nutrient concentration in soil and litter saatibles

Langoué Bai in Gabonl identified only limited support for the hypotheses of animal
mediated dispersal away from the bai, andé¢hbite p hant pat hs amday ra ets oa g
the system. Further study of this system is required to fully understand the role of the bai, an

of elephants as dispersers of nutrients.
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1. Introduction

Large animal$ known collectively as megafauiiaare often important ecosystem engineers.

In modern day Central Africa, the largest aninsathe forest elephant,oxdonta africana
cyclotis These are under increasing pressure from poaching for ivory, and face the possibility
of extinction from the wild in the present century. In this thesis, | review the status,
behaviour, and ecological sificance of forest elephants and explore the possible ecological
consequences of their removal by drawing insight from the Pleistocene megafaunal
extinctions. There is a wealth of literature documenting the role of elephants as dispersers of
seeds, but meEnt attention also suggests an important role in nutrient cycling and mineral
dispersal. | then contribute to this emerging body of knowledge by presenting an empirical
study of litter and soil mineral concentrations in the area around an importantelepdsint

aggregation sité the Langoue Bai at lvindo National Park, Gabon.
1.1. Taxonomy and conservation status of African forest elephant

The African elephantoxodonta africanacurrently consists of two extant subspecies; the
savannah or bush elephdmixodonta africana africanaand the forest elephahbxodonta

africana cyclotis.These differ in behaviour and ecology, and accumulating morphological
(Grubb, Groves, Dudley, J, & Shoshani, 206@d genetiqBrandt, Ishida, Georgiadis, &

Roc a, 2012; |l shida et al ., 2011; Roc a, Geor
data strongly suggest that thigymction as distinct species. The forest elephant population is

| argely confined to the equatori al forests
O6possibled range occurring i-NigeNddarde(Maiselsi ca, t
et al., 2013)

African elephant populations have been decimateddwves of hunting for ivory at several
points in history. Ivory hunters lead to local extirpations of (mainly savannah) elephants in
North Africa in the early middle ages, South Africa in the eighteenth and nineteenth century,
West Africa in the late nineenth and early twentieth century, and Northern Somalia in
1 9 5 (DdwglasHamilton, 1979) An estimated increase in the volume of ivory extracted
during the second half of nineteenth century is attributed to rapidly increasing prosperity in
Europe at the time, whighushed up the demand and price for ivory as a luxury ([Bames,

1996) Most of the ivory from the nineteenth century onwards has likely come from forest

elephantg§DouglasHamilton, 1979) Volumes of ivory exports recorded from centraliédr



appear to have largely subsided for decades following 1914, likely due to a combination of
population declines, poorer record keeping (disrupted by war), and introduction of
conservation regulations by colonial governmgiarnes, 1996; Dougladamilton, 1979)
However, another upsurge of ivory trade across the continent was observed during the 1970s
and 1980s, in response to increasing wealth and demand for ivory in East Asian countries,

and facilitated by thepread of automatic weapofBarnes, 1996; Dougladamilton, 1983)

In 1989, ivory trading was formally banned by the Convention on International Trade in
Endangered Species (CITES). This was followed by localised reesver elephant
popul ations during the 199006s par tGingsberd ar | vy
(2002) pointed out, neither the ban nor the folloyy enforcement activities were structured

in a way that would answer whetheethopulation recoveries were related to a decline in
demand or improved enforcement of gmtiaching laws. The respite was brief and despite

the onrgoing ban on ivory trade, the illegal trade has dramatically escalated since the turn of
the century. A read study reports a catastrophic decline of forest elephant between 2002 and
20110 a loss of ca. 62% of the population in Central Africa, and a 30% reduction in
geographical rangéMaisels et al., 2013)The remaining population is reported to be now

less than 10% of its potential size, and occupying less2b#nof its potential range.

The illegal commerce in ivory shows no signs of abating, sustained by demand from the
emerging middle classes in East Asia, particularly in China and ViefWagne & Martin,

2011) This demand is coupled with widespread corruption and political instability in several
key countries, and with the rapid expansion of roads for logging amelogenent into
increasingly more remote areas, which facilitate the access of poachers to el@pihiatst

al., 2008; Maisels et al., 2013)s a result, the distribution of modern elephant populations is
governed more by human factors than it is by environmental(deeBoer et al., 2013as is
illustrated by the mirrored pattern of forest elephant density and the frequency of human
signs n a major national park in the Congo Basin (Figui@&lake et al., 2007)If elephant
poaching and the demand for elephant ivory and are rastichlly curbed soon, forest
elephants face a real threat of extinction from the wild in the near f(Matsels et al.,
2013)
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Figure 1. Interpol ated Elephant Dung Count and Human -Sign Frequency accros the
Ndoki -Dzanga conservation area. Increasing colour intensity represents increasing frequenc
of dung(green) and human signs (red). SourcéBlake et al., 2007)

1.2. Forest elephant behaviour and ecology

Closedcanopy forest habitat and secretive habits mean that direct observation of forest
elephant behaviour is difficult, andalable data remains spar&chuttler, Blake, & Eggert,

2012) Observati ons at) sdiggesteahsttforest lelephants forghdissiopni b a i s
fusion societies similar to those described for African savannah elepgRastibock & Lee,

2013) This means that basic family units form larger groups, often of related individuals,
whose size fluctuates aridlat associate and dissociate through time. Individuals form lasting
relationships not only with members of their own basic family unit, but also with members of

other such groups.

The family units of savannah elephants usually comprise two or moredrelddt females

and their offspring, often aggregating into groups of dozens of individuals. For forest
elephants, however, a unit is usually only a single female with offspring, with mean group
size of around three individua{Merz, 1981; White, Tutin, & Fernandez, 19984dult bulls

of forest elephant are solitafilorgan & Lee, 2007; Turkalo & Fay, 2001lthough forest

family units forage separately, it is suggested that, similarly to savannah elephants, related
families coordinate their movements through the forest via the use of infrasonic sounds

(Poole, Payne, Langbauer Jr, & Moss, 1988; White et al., 1@88herings of large numbers



at forest cleangs are common, reaching in excess of one hundred individuals at the same
time (Turkalo & Fay, 2001) The clearings likely play a special role as aremassbcial
interactions between different groups, providing opportunities to establish and reinforce
social hierarchy, and to strengthen family {iéshlock & Lee, 2013; Turkalo & Fay, 2001)

In contrast to savannah elephants, whose diet is in 90% composed of herbaceous plants,
forest elephants feed mainly on the leaves and fruits of trees, although they eat a variety of
herbaceus plants as we(Blake, 2@2; Morgan & Lee, 2007) It has been hypothesised that

the smaller group size of forest elephants is related to their frugivory, as ripe fruits are a
patchily available resource that may be exploited more efficiently by smaller rather than
larger groupgWhite et al., 1993)Seasonal movements of forest elephants appear strongly
influenced by fruitingpatterngLee J. T. White, 1994)

Equatorial forests of Central Africa generally grow on very nutjealr soils, and elephants

may need to supplement their diets with salts (particularly sodium) from other sources to
meet their nutritional requirements. Forest elephants are found to regularly visit coastal
habitat if they have access to it, likely in order increase sodium intake through the
consumption of saltoated vegetatio(Morgan & Lee, 2007) In savannah elephants,
geophagy (soil eating) at salt licks and termite mounds, as well as crop raiding, and
preference for browse on termite mounds (which has higher mineral concentrations than
browse awg from mounds) have all been associated with nutritional deficiency, particularly
in sodium(Holdg, Dudey, & Mcdowell, 2002; Holdo & McDowell, 2004; Rode, Chiyo,
Chapman, & McDowell, 2006; Ruggiero & Fay, 19940 forests, localised deposits of
higher concentrations of sodium and other cations become focal sites for fauna, and elephants

often forage direty on soil at such places.

Bais - forest clearings, generally located on a waterco(ivkemont, 2007; Turkalo & Fay,

2001)7 can be indicative of important mineral deposits. For example, those studied in the
Hokou area of the Dzanggdangha National Park, Central African Republic, were shown to

be located on dolerite rock intioss, and contained soils much enriched in clay and cations
such as potassium, sodium, magnesium, and calcium, compared to forest soils found one or
four kilometres away(Klaus, KlausHugi, & Schmid, 1998) Elephants dig holes in such
areas (presumably) to extract the soil from minrach layer, either directly by eating it or
drinking mineralenriched water. Large bais atttdarge numbers of elephants, for example,
over 1000 individuals are known to visit the Langoué Bai in lvindo National Park in Gabon



(Momont, 2007) and over 3000 individuals were recorded visiting QzaBai in Dzanga
Sangha NP(Turkalo & Fay, 2001) These numbers much exceed the population size
estimates based on dung counts and density estimates sartbanding forests, indicating
that elephants travel to these bais from large distgficekalo & Fay, 2001)

The distribution of elephant trails inehforest has been shown to be influenced by the
location of mineral deposits and fruiting trees, and appears designed to maximise the
efficiency of movement between areas of inte(Bsike & Inkambankulu, 2004; Vanleeuwe

& Gautierhion, 1998) Trail systems seem to be sepermanent, and several types are
recognised i ncluding: Oboulevardsodé used for fast
6f oraging trail séo, which are shorter and mo

network of trails surrounding most forest clearifganleeuwe & Gautiehion, 1998)

Besides bilding large networks of forest paths, elephants contribute to habitat diversity by
maintaining canopy gaps and forest clearings through trampling and grazing plants. This
helps to maintain the availability of lighdving herbaceous plants, especiallynfrahe
Marantaceaeand Zingiberaceadamilies, which are an important food source for elephants
and great aped J T White et al., 1993)They ato frequently trample and uproot small and
medium size trees, which may reduce the root competition for large trees, and promote their
longevity. This in turn may increase biomass and the carbon storage capacity in the forest, as

large trees store propamhally more carborfLewis et al., 2013]Slik et al., 2013)

1.3. Elephants as dispersers of seed

Dispersal is a key processes in plant communities, critical for catgnssiitable habitat and

for maintaining gene flow between populations, thus enhancing population genetic diversity
and resilience to environmental chan@uborg, Piquot, & Van Groenendael, 199%he
distance that seed is dispersed is especially impqiidake, Deem, Mossimbo, Maisels, &
Walsh, 2009) with long distance dispersal potentially allowing for the establishment of
poorer competitor species simply because superior competitor seeds fail to Alsoje.
moderate to long dispersal may be important for escaping J&werell effect§Connell,

1971; Janzen, 1970)e. densitydependent effés of pathogen infections, seed predation and
kin/sibling competition. Thus, species able to effectively disperse over long distance may

have a comparative advantage over -ldg speciegNathan & MullerLandau, 2000)



Frugivorous animals provide an effective means of dispersal and many tropical plant species

evolved mutualistic relationgts with vertebrate frugivores for this purpose.

Large frugivores are superior dispersers compared to srsatt frugivores: higher number

of seeds consumed per individual as well as higher ranging ability and long gut passage times
allow a large numbeof seeds to be transported over long distances, and overcome-Janzen
Connell effectyBlake et al., 2009; Guimaraes, Galetti, & Jordano, 200®yeover, bigger

ranges provide large herbivores access to a higher number of trees, so they consume and
disperse a greater number and diversity of sdets small dispersers ¢8. L. M. Curran &
Leighton, 2000; L. Cuan & Webb, 200Q) Large herbivores are also likely to be more
efficient consumers, thanks to larger brain size and superior ability to remember the location
and phenology patterns of fruiting treg8lace, Harvey, & CluttosBrock, 1980)
Unsurprisingly, many tropical trees evolved mutualistic relationships with the largest

frugivores in their ecosystems. In African forests this is, ofsmuhe elephant.

Elephants were found to disperse seeds of more species than any other animal genus in the
Congo basin, and also to disperse them far more widely than any other anima(Bledter
et al., 2009)Forest elephants are documented to disperse seeds from over a hundred different
species at a single site (i.e. a single studied forest), with an average of 43 plant species
dispersed per sit€Camposarceiz & Blke, 2011; Poulsen, Clark, & Smith, 200The

majority of these are trees (average of 39 tree species dispersed per site).

Large seeds, typical of trees, take 72 h or longer to pass through the gut of a forest elephant,
and can regularly be moved ovetnd away from the parent trg@lake et al., 2009)The
maximum dispersal distance recorded for a forest elephant was 57km in 72h, whic
encompasses several times the home range even of the next biggest frugivore in the forest
(the gorilla), and dwarfs the dispersal distances of other species including apes, monkeys, or
hornbills (Blake et al., 2009)

Although obligate dispersal relationships where a plant relies exclusively on a single
animal species for dispersél are rather exceptional, they seem to have evofeeda
number of tree species dispersed by elephH@#mposarceiz & Blake, 2011)Often referred

to as species with fAmegafaunal syndr ome 0,
fruits with similar characteristicsSuch fruits tend to be large, dense and fleshy,

inconspicuously coloured (elephants are mostly colour blind), and release a strong smell

10



(Guimaraes et al., 2008\t Ndoki forest in Republic of Congo, theen tree species display

the megafaunal syndrome. At landscape scale (up to 67km linear distance) these species were
found to be distributed essentially randomly, whilst the similarity of species with other
dispersal syndrome® nonobligate elephant diersal, otheanimal dispersal, wind
dispersal, and dispersal by gravity decayed with increasing distances, mostly in this order
(Blake et al., 2009) Other elephandlispersed but noeaobligate trees were also less
aggregated than species in the remaining functional guilds, even thougdtaliruias

strongly clustered around mother trees. This is suggestive of strong-lzoraeell efects on

juvenile tree mortality and implies that elephants enhance recruitment in all species whose
seeds they disper¢Blake et al.2009)

Given their clearly important role in seed dispersal, what might be the repercussions for the
Central African forests if elephants were to disappean alltoo-real possibility? Part of the
answer to this question may be gleaned from studieberdological effects of Pleistocene

megafaunal extinctions.

Between some 50,0610,000 years ago, in the late Pleistocene, 97 genera of megafauna
(large mammals >44kg) went extin@&arnosky et al., 2004)The cause of these extinctions

are much debated, and are variably attributed to overkill by early humans colonising new
lands, or climate change and resulting vegetation change. It is possible that these influences
were synergistic, with extinctions resulting frotne hunting pressure by humans
compounded by additional environmental changes. Crucially, in many cases the Pleistocene
megafaunal extinctions predated, rather than followed changes in vegetation communities,
implying that the loss of largest herbivoressva driver, rather than a consequence, of

changes in vegetatiq®ill, Williams, Jackson, Lininger, & Robinson, 2009; Johnson, 2009)

In tropical rain forests, poddy the largest influence of the Pleistocene mega herbivore
extinction was the consequential loss of their mutualistic interactions from the ecosystem,
leaving the ceadapted plants with anachronisms in the form of obsolete defence systems and,
in the cas of megafaunal species, dysfunctional dispersal mechariGmmaraes et al.,
2008) Based on the trait profile of African species currently disperserd by elephants,
Guimardest al. (2008) identified 103pecies with megafaunal syndrome living in Brazil.
These were presumably once dispersed by the-exdiwct gomphotheres (foredtvelling
relatives of elephants), and nowadays have mostly restricted distributions and genetic
signatures reflective of isold populations. Many more such species have likely already

11



gone extinct(Johnson, 2009) Si mi | ar observations o vario
many parts of the world, vegetation communities are in various stages in a process-of long

term relaxation from a megafaunanditioned to a megafawmaive state, due to initial

decline and ultimate extinction of plants that had formerly interacted strontjlyewtinct

| ar ge h €Johinsory 2009 52616)

A recent study in the Salonga National Park in Deratic Republic of Congo provides
evidence that the same process has already began in those Central African forests where
elephants were extirpate@eaune, Fruth, & Bollache, 2013pue to hwman activities,
elephants in Salonga NP have been functionally extinct for several decades (i.e. persist only
at numbers too low to significantly interact with their ecosystem). Out of the eighteen
obligate megafaunal tree species identified in the Paddyé failed to recruit completely

(the youngest cohorts were absent), two were recruiting at levels too low fer self
replacement, and for the remaining species the spatial structures of the young cohorts were
more clumped than for the adults, but did ddter for control (nommegafaunal) species
(Beaune, Fruth, et al., 2013)

The majority (over 95% in some forests) of trees in Central African forests depend on
animals for dispersa(Beaune, Bretagnolle, et al., 2013nd the current presence of
elephants may tip the competitive balance towards the sgiaadieguild of large woody trees

with big fruits (Blake et al., 2009; Campasceiz & Blake, 2011) The disappearance of
elephants rad progressive defaunation of the forests might reverse this balance and open a
Anew erao for the wind (Beaude, Bretagnolieset al.,c2018)i s per
Swch species tend to be fagiowing and have lowvood density, and their dominance may
diminish the longerm potential for carbon storag®oulsen, Clark, & Palmer, 2013)
Considering that tropical forests are responsible for about a third of global terrestrial
metabolic activity and that the forest block imetCongo Basin is the second largest tropical
forest in the world, the defaunation of Central Africa might have significantly reduce the size

of current carbon sink in tropical foregialhi, 2012; Poulsen et al., 2013)
1.4. Elephants as dispersers of nutrients?
Nutrient cycling

Nutrient availability is critically important to ecosystem structure and function. It has a strong

impact on primary productivit{Cleveland et al., 2011; Menge, Pacala, & Hedin, 2009; P. M.
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Vitousek & Sanford, 1986; P. Vitousek, 1984)ee species distributiqiryllas et al., 2009)
and aimal biomass and distributigAsner & Levik, 2012; S. J. McNaughton, Banyikwa, &
McNaughton, 1997)in forests, plant growth rate is often nutriéntited (P. M. Vitousek &
Sanford, 1986)

In tropical rain forests, abiotic factors affecting nutrient cycles and availability, such as
hydrological cycls (Bruijnzeel, 2009; Clark, Nadkarni, Schaefer, & Gholz, 1998; P. M.
Vitousek & Sanford, 1986)deposition of river sedimer{Dezzeo, Herrera, Escalante, &
Chacoén, 200Q)and dry atmospheric depositi@RettRidge, 2009have been relatively well
studied. Equally, the contribution of microbial and invertebrate decomposers has been
addressedCleveland, Reed, & Townsend, 2006; Gonzalez & Seastedt, 2001; Heneghan,
Coleman, & Zou, 1999)By contrast, very few studies to date focused on the impacts that
vertebrates may have on nutrientdgaets and cycling in tropical rain forests (but see
Bluethgen, SchmiNeurburg, Engwald, & Barthlott, 2001; Feeley & Terborgh, 2005;

Stevenson & Guzmag@aro, 2010)

Vertebrate herbivores can influence various components of nutrient cycling, including the
relative size of nutrient pools in soil, litter, and bi@siathe rates of nutrient fluxes including

litteri fall, decomposition, mineralisation, and plant uptake; and nutrient fluxes in and out of
the ecosystem including volitisation, denitrification, leaching, and lateral nutrient transport
due to animals emigtiag and immigrating into the ecosystgeeley & Terborgh, 2005;
Singer & Schoenecker, 2003These influences may both enhance, or suppress nutrient
cycling. For example, vegetation trampling and fertilization through faeces and urine
deposition may increase decomposition and uptake rates,geaming may elicit a
compensatory response that stimulates plant grof@h McNaughton, 1976 Seagle,
McNaughton, & Ruess, 1992; Singer & Schoenecker, 20@8jlst altering vegetation
communities towards less palpable and more slowly decomposing species can decrease
cycling rates(de Mazancourt C & Loreau, 2000; Singer & Schoenecker, 20D%se
insights, however, come mostly from studies of grassland systems, and our understanding of
the effect that herbivores may have onrient cycling and availability within tropical forests
remains very limitedFeeley & Terborgh, 2005; Stevenson & Guzr@aro, 2010)

13



Lateral nutrient transport

A number of papers document vertebrates as vectors for nutrients crossing the boundary
between water anrrestrial realms. For example, moddees alcest Isle Royale National

Park in USA have been shown to feed primarily on mycrophyte vegetation in freshwater
habitats, but to excrete and die primarily on land, creating a significant Nitrogen flukento t
riparian zongBump, Tischler, Schrank, Peterson, & Vucetich, 2008)the Kenai Peninsula

in Alaska, about 16% of foliar Nitrogen in spruce within the riparian zone has been shown to
b e tPNérogén stable isotope derived from salmon, and brought onto land by brown
bears Ursus arctosfishing in the streamgHilderbrand, Hanley, Robbins, Charles, &
Schwartz, 1999) T I & stable isotope signature in leaves was highly correlated with
locations of radiecollared brown bears relative to distance from streams, and declined

rapidly after the distance of 500 meters.

The fluxes are also possible in the opposite toac For instance, through daily foraging
trips to the surrounding fields, snow geese may supply 40% of N input and 75% of P input to
their wintering grounds in the wetlands in the Apache Reserve, New M@kicbell et al.,

1999)

In probably the only study to date on animatdiated nutrient transport in tropical rain
forests, a population of woolly monkeys has been shown to transport nitrogen, phosphorous,
and potassium in the form of seedsthim and betweererra firme and flooded forests
(Stevenson & Guzmag@aro, 2010) Quantities of phosphorous transported were comparable
in magnitude to abiotic inputs to the system, although relative inputs of the othealmine
were low. Translocation to theerra firme forest from the flooded forest amounted to
approximately 25% of the total nutrients transported by monkeys, and thatefin@firme

forest to flooded forest for approximately 5%. Since the flooded forestshigher in
nutrients than theerra firmeforests, nutrient translocation by monkeys from floodetdita

firme forest may constitutes a small yet important nutrient flux. It is particularly noteworthy
since it operates in the opposite direction to @biprocesses governing fluxes in this
environment, such as leaching and runoff, which tend to move the biomass from the-nutrient

poor and concentrate them in nutrieich sites.
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Whilst these studies highlight the potential for animal mediated lateraemutransport,

overall, the literature remains relatively meagre, and most papers present case studies
focusing on single species, the amount of nutrients transported, and their assimilation in the
ecosystems. Much less attention has been paid to thmlspatterns of lateral nutrient

transport by animals, or to the effects that whole animal communities may exert of ecosystem
function through this process. Yet wheagstem level perspective of this process is
important, not only to understand ecosystemction within an ecosystem, but also the

higherl evel-edmeysatemd properties that arise frc
and individuals coupling separate ecosystems at different scales, including at regional and
continental scal@olis, Anderson, & Holt, 199f)oreau, Mouquet, & Holt, 2003)

Mathematical model of nutrient transport by animals

Recently, a mathematical framework has been developed to predict the spatial patterns of
lateral nutrient transport in terrestrial systems mediated by mammalian herbivores. The model
describes the dispersal of nutrients by animals as a difflik®process, from highto lowi
concentration areas. No individual animal is thought to move throughlatigscape
randomly, however, the use of diffusion process in the model is justified based on the
assumption that, over the long geological timescales relevant to biogeochemical process, the
location of the sites of interest to animals such as foragingpbtst, wallows etc., is not
permanent, and aggregated movements of the whole animal community can be approximated

as random.

The equation describing the dynanpecobability density function of the nutrient P, as

governed by a random wal k of | ength ox over

oP 0*P o*P
E = (Dexcreta W + (Dbody W

where 0 denotes a constant of proportionaldi
the availability of edible biomass (per Kmanimal onsumption rate, animal population

density, time from nutrient particle ingestion to its release, and animal displacement over this
time (see equation (3) and (4) Wolf, Doughty, & Malhi, 2013) The diffusivity for the
nutrients transpor éweyddiffarshfirora thg Hiffuseviky dor eutrientsn s (U
i ncorporated i nt e, dince tneatime dnod shatial stales relevgntifor the
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former are determined by gut passage time and daily displacement, whilst for the latter the

timescale approximates animal lifetime, and the length is determined by home range .

Al | factors determining 0, except grificant t he
scaling relationships with ani mal body si ze
animals for which no behavioural data is available, based only on their body size. An analysis

of this equation for nearly 5300 terrestrial mammal species ael/ e d nodfishf@ut ordérs

of magni t ud e exsar@almayethereforé bensafdly ignored in calculations of
nutrient fluxes. Moreover, the results highlighted the disproportional contribution of large
bodied species to nutrient dispersal, thyodue to their longer gut passage times and higher

daily rangesibid).

The authors conclude that that this function has already been substantially reduced due to
Pleistocene megafaunal extinctions, leading some regions of the world such as the Amazon
basin to become oligotrophic. In Central Africa however, megafauna such as elephants may
still be fulfilling this function. Orgoing defaunation and the possible extirpation of elephants

in particular, may impact the Central African ecosystem not only thrabgnges in seed
dispersal and tree recruitment, but also through reducing nutrient fluxes, e.g. from alluvial

forests, and thereby reducing soil fertility, primary productivity, and decomposition.

1.5. Introduction to the Present Study

The Wolf et al.(2013) model of lateral nutrient diffusion by mammalian herbivareferred

to from hereon as the Lateral Diffusion Modetbvides a basis for predicting spatial patterns

of animatmediated nutrient fluxes. It is concerned with patterns on regionalarichental

spatial scales, and nutrient budgets of entire ecosystems, whose turnover rates are governed
by biogeochemical cycles and vary between centuries and millviai@e et al., 2009)As

such, any patterns of directionality in animal movements are expected to even out, and are
approximated as essentially random. Where substantial gradients in nutrient concentrations
existi e.g. between habitats with differing bedramkhydrological condition$ the model

predicts an animal mediated diffusion like gradient from areas of high to areas of low

concentration.
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In this study, | make the firshittempt to test the hypotheses generated undeldteral
Diffusion Model of Wolfet al (2013. | make use of a naturally occurring nutrient hotgpot

the LangouéBai in Gabon- located in an area that boasts a relatively intact megafauna
communityi principally the African forest elephant. As pieusly described (see section
1.2), bais are thought to provide forest mammals with a rich source of salts, including K, Ca,
Mg and Na. The first three of these nutrients are also essential for plant growth, whilst Na
enhances litter decomposition rat&subbarao, Ito, Berry, & Wheeler, 2003)he study
considered the mineral concentrations in specific pools (litter and soil), where in tropical
forests, nutrients cycle on the scale of a few weeks to about four(emge et al., 20Q9
Schreeg, Mack, & Turner, 201Gleveland et al., 2006)

A principal objective of the study was the test the hypashes

(i) That salts decrease in concentration with an increasing distance from the bai. |
predicted to reveal either a logarithmic decline in concentration, that would be
consistent with the hypothesis of animma¢diated dispersal, or a stepange,

indicating very limited nutrient dispersal.

The focal sites of elephant activi@y fruiting trees, and, especially mineral depositsare

likely to stay in one place over many generations, and thus the system of connecting
boulevard trails is likely to be at lsiasemipermanent(Blake & Inkambankulu, 2004)

While the dynamic®f the location of individual trails may be approximated as random at
larger geographic and time scales, at smaller scalawtimndommovement of herbivores
along sempermanent trails may result tnail-associatedoatterns of nutrient deposition.
Therefore, further to considering the effect of distance from bai (hypothesis i), | also

considered the following novel hypothesis:

(i) That salts decrease in concentration away from a main trail. This hypothesis is not
mutually exclusive with hypothesis (iput if supported, would indicate that elephant

trails act as Anutrient arterieso within
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2. Methods

2.1. Study site

The study was conducted at the Langoué Bai in Ivindo National Park, Gabon between the
17" and the 27th of June 2B1This is the largest bai in Gabon, and the surrounding forest
supports a relatively intact forest elephant population, unlike most other bais in the region
where poaching is prevalent. The bai attracts over 1000 individual elephants, many of whom
must tavel tens of kilometres from their foraging ranges to reactMamont, 2007)
Behavioural observations from the viewing platforms indicate that elephants spend most of
their time at bai standing in waitdilled holes and blowing air into the water before drinking
(fig.2), a behaviour that is thought to increase the dissolved mineral content of the water
(Momont, 2007) Visits during the day last abotwo hours (although likely longer at night),

and over half of the time is spent using water holes. Much time may also be spent waiting to
use a water hole if it is being occupied by an individual superior in hierarchy. These

behaviours suggest that the srich in minerals, and is an important resource for elephants
(Momont, 2007)

Figure 2. Showing: a group of elephants using water holes the main site in the bai (left); an
elephant splashing wexr as he pumps air into the water hole with his trunk. Photo credit:
author

lvindo National Park lies between 12°20 E2°59E, and between 0°21i 817 S. Langoué
Bai is located in the Southern part of the park (see3jigThe bai covers an area of.313a,
with a length of 850m and a width of between 100 and 350 m@farsle weghe, 2IB). It
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is situated on a river valley on a Noi#outh axis (see fig3, top image). On the West side,
where most research has taken place, the bai is surrounded by at#fmnh l#ide belt of
hydromorphic soils and Iolying forest, and then the terrarises sharply to form terra

firme forested plateau.

The vegetation of Langoué Basin is intermediate between the Atlantic coastal forest of Lower
Guinea, and sendeciduous forest typical of central Congo Bafiande weghe, 2009)
Mean annual precipitation is 1751 £ 199 mm and mean monthly temperature is 23.3+0.5°C
(Momont, 2007) The general soil type, as indicated by regiatale data, is that of highly
acidic xanthic ferralsol$ highly weathered, very nutriepioor red soils, characteristic of

many humid tropicg¢Jones et al., 20123)

There are four seasons in the year based primarily on precipitation: a short dry season from
January to migrebruary; a first rainy season from nkdbruary until the end of May; a long

dry season from June to m&Eptember; and a @end rainy season from miBeptember to

the end of DecembéMomont, 2007)

2.2. Study trails and transects

Three principal trails straddling the plateau to the West of the Langoué Bai were identified
based on the expert knowledge of the Gabonese Wildlife Conservation Society (WCS)
research assistants. These can be classified as local or-mdtienboulevards, that are
distinct from other trails in the area in that they remain in frequent use thrdutjeoyear.

The withinzone boulevards originating near the Bai are likely to connect sites of interest to
elephants within the Langoué area, including fruiting trees and mineral deposits on river
beaches and in small salines distributed around the fo@fstisese three boulevards, the one
that was most easily accessible from the base camp was chosen for the study and it will

A

hereafter be referred to as the 6émain triald

The main trail enters the forest near the platform in the northern part of thégbi &d

leads Northwest of the bai over the plateau, terminating at a crossing with a forestry road that
leads to Ivindo (not shown on the map). The research base camp is located near the main
trail, about halfway from the bai to the forestry road. Thet&rn part of the main trail is used

by WCS research assistants to access the bai, and the Western part is used to access the
forestry road. Despite the presence of humans, the trail remains in constant use by elephants,
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particularly during the first raynseason when they use it daily to travel between the bai and

fruiting trees.

Ivindo National Park

A ‘langoue Bai
[ vindo National Park

Langoué Bai

L

bigteid®
e MRS TS

e

L~ Langoué Bai
I Main Site
River

I Forest

Figure 3. Showing: the location of national parks in Gabon (top left); the Ivindo National Park (top right); and

the situation of the Langoué Bai (bottom left and right). hmmai n si tedé of el ephant wat
WCS elephant monitoring platforms are indicated in the bottom right panel. Source: Wikipedia Commons (top

left), and Momont (2007) for remaining images
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O Transect sampling sites
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Figure.4. The location of sampling transects in tada to the main trail and the bai. Note that all the starting
(Om) sampling sites were actually located on the main trail. The discrepancy between the location of the main
trail and the starting points of a few transects visible on this figure is dughertGPS accuracy (<5m) of the
sampling site locations, than that of the trail location (2261).

Twenty-nine 180 metre long transectvere placed along the first5&m of the main trail

(fig.4). Transects were oriented perpendicular to the trail, afldasd litter samples were
collected every 20m, starting at Om (i.e. on the trail itself). The first transect was placed at the
start of the main trail, about 100m from the main site of elephant watering in the Langoué Bai
(fig.4). The placement of the asting points of the remaining transects was determined
according to idealised distances along the main trail mapgied the Quantum GIS version

1.8.0 geospatial softwarand loaded into a GPS unit (Garmin GPSMAP 62s). Because the
mineral concentrationvas expected to decrease in a logarithmic fashion with the distance
from the bai, the intervals between transects were made smaller nearer to the bai. The starting
point of each transect was navigated to using the GPS unit, and the remaining p@ints on
transect were located using a compass bearing and 20m measuring tape. The side of the main
trail on which the first transect was situated was ehaandomly, and thereaftéransects

were located alternately on each side of the trail unless topograplustlcies were
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encountered. The exact location along the main trail of some transects, or the side of the
boulevard on which they were placed had to be modified on a few occasions, due the
presence of obstacles such as rocks, swamps, or ant nests, anttass@ets had to be
abandoned altogether. Some transects were also cut short for the same reasons, or due to the

presence of dangerous animals (elephants or chimpanzees).

Within the studied length of the main trail, it was crossed by a number of atherlad well

used trails that could also be considered as local boulevards. To increase the spatial coverage
of the study, six of these large trails were opportunistically followed, and an additional seven
transects were placed there. To avoid bias inatetion of the starting points of the transects

off side trails, each side trail was followed for predetermined amount of time (15 or 30
minutes), and the starting point was then placed on the side trail exactly where | stopped. The
side of trail on whichihe transect fell was chosen randomly.

A principal objective of this study was to test the effect of distance from a main trail on the
distribution of minerals, and hence, the design involved collecting samples across a range of
distances from main trail However, in thdield it was apparent thatansects often crossed
numerous other trails, some of which were wide and well compacted, suggesting frequent use
of by elephants. More trails occur near the sites of interest to elephants, such as licks and
large fruiting trees, suggesting that frequentation of an area by elephants is related to the
density of elephant trail¢Blake & Inkambankulu, 2004) The density of trail network
around different sites at Langoué was not uniform, and | therefore hypothesised that the
distribution of nutrients dispersed by elephants inftlest might be related to the localised
density of trails, rather than the distance from a main trail. In order to test this additional
hypotheses, for each transect | recorded the location (at the crossing point) and width of each
trail that crossed itThis information was computed into an index of trail dengitthe
6transect - whichawas thessurm pofenidths of all trails crossed by a transect

(including the main trail), divided by transect length.

2.3. Sample collection

At each sampling &, 6159 of litter (i.e. surface organic matter) and18y of mineral
topsoil were collected from an area of around 1G.ohiter clearing the site of litter and

organic soil layer, mineral soil was calted with a spade from the tomgrb. At eight
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randonl y sel ected sampling sites, an additiona

collected from the same 10 érarea, in order to assess withgite variability. Samples of

litter and soil were aidried in the field before transporting for lab arsady

In addition to the hypothesised influences (i.e. distance from bai, and distance from elephant
trail), nutrient concentrations could be expected to vary in relation to numerous biotic and
abiotic conditions of the sampling sitésor example, thénclination and water content of a

site may influence how quickly water soluble nutrients are lost from a site, while the density
and type of vegetation could influence cycling and availability in both litter andTswil.
attempt to account for, and to assissrelative importance of these influendés, following

were recorded at each sampling s#@tl moisture- measured at 12cm depth (in volumetric

per cent) with a Campbell Scigit 620 /CS HydroSense TM uniilicination of the sitel
measured athe angle of slop@n degrees)and thedistancein metergo the nearest tragith
diameter at breast height of gretathan 20cm

Only one preexisting sample from a hole in the main site in the bai, collected in February
2013, was available for thigusly. Further bai samples could not be collected at the time of
fieldwork as elephant activity was too high.

During fieldwork, four small salines were encountered, where elephants had dug paddles or
pits in the groun@d about 12 meters deep and coveribhgtween 4 and 20 square met@rs
presumably to access the minéradh soil. The locations of these salines were recorded, and

a sample of litter and soil was collected from one of them.

2.4.Laboratory Techniques

The laboratory techniques for elementablgsis of litter samples followed the dry ashing
protocol from(Miller, 1998). Samples were dried at 65°C for 48h and then ground in a coffee
grinder to pass through 40 size mesh. For each sample, 0.5 g £0.05g of the ground material
was placed in ceramic crué@s and combusted in a furnace, where the temperature was
slowly ramped up to 500°C over the first two hours and then continued at 500°C for a further
four hours. The ashes from each sample were then digested with 10ml 1M HCI and left in
shaker at 250rpmwver night. They were then filtered through Watmans No.42 papers and
diluted to a volume of 500ml with deionised water. The resulting filtrate was analysed for Na,
K, Mg and Ca content using an ion chromatographer (Dionex IC DX500). To asses the

proportionof variation in mineral concentrations attributable to natural variation at single site
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and to the error introduced by laboratory methods (lab error), additional repeats were

analysed for a variance components analysis on a subset of litter samplesrepbalks from

8 different sites were analysed; for 14 of the field repeats three lab repeats were analysed, of
which 30 were read twice by the chromatographer. In total, there were 60 observations of

duplicate chromatograph readings, nested within 42régeats, nested within 24 field

repeats, nested within 8 different sites.

Soil samples were analysed for wasmluble cation coeint. The samples were dried &G

for two weeks, then lightly crushed to pass through a 2 mm mesh. For each sample, one gram
of soil £0.02 g was dissolved in 50 ml deionised water, shaken at 250 rpm for an hour, and
left in an ultrasonic bath for an hour. The solution was then passed through Whatman grade
42 filter paper and diluted to 100 ml with deionised water. The restilirsge was analysed

for Na, K, Mg and Ca content using an ion chromatographer (Dionex IC DX500).

2.5. Statistical analysis

In ecological science, it is often desirable to assess a number of explanatory variables to
determine which, if any, are usefulegictors of variation in a response variable. The
traditional approach has generally involved stepe comparison and simplification of
nested models, until a model is identified that contains only the predictors that are deemed to
explain significant amunt of variation in the response variable. However, this has drawn
criticism due to its sensitivity to the model simplification algorithm used, and for problems
associated with multiple hypothesis testiiGalcagno & de Mazancourt, 2010An
alternative approach increasingly gainipgpularity is based on Information Criteria (IC),

such as the Akaike Information Criterion (AIC). Information criteria measure relative model
performance using the deviance, and penalise for the number of estimated parameters.
Models containing all combitians of the considered predictors can be ranked by their IC
scores and the best approximating model can be identified. In cases when differences in IC
score between multiple models are smal/l and
one, modelaveraging may be employed to account for uncertainty in model selection.
Estimates of each parameter are averaged across all possible models, but the influence of
each estimate is weighted by the performance of the model to provide robust parameter

estimaes and confidence intervdiGrueber, Nakagawa, Laws, & Jamieson, 2011)
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This study employ@ an IGbased model averaging approach. All statistical analysis was
performed using R version 3.0(B Development Core Team, 2013he concentrations of

all elements displayed a left skew, and saatural log transformation was applied prior to
analysis. Data were analysed using generalised linear mixed effects models, implemented
with thelmer function in thelme4packaggBates, Maechler, & Bolker, 2013} is expected

that there would be autocorrelatiof samples within transects, and within trails, so transect
identity and trail identity (main trail or one of the six crossing boulevards) were fitted as
random effects in all models. For each analysed element, a global model was fitted relating
the logtransformed mineral concentration with the following as fixed effelittéance from

bai (m); distance from closest trém); cline (degrees)soil moisture(%); and eithedistance

from main trail(m) ortransect trail scoreAs thedistance from main tiband transect trail
scoreboth attempt to measure the effect of trails on element concentrations, two versions of
the global model were considered, each including only one of these two predictors. To
account for the possibility of neimear relationship with distances, quadrati

transformations of the threkstance variables were included in global models.

For each global model, the predictor variables were standardised following the
recommendations of Grueber et al (2011), and a set of models Witbnabinations of the

terms in the global model was generated. Relative performance of competing models was
measured using the corrected Akaike Information Creterion (Al@ajvich & Tsai, 1989)
Parameter estimates for predictor variables were averaged across all models, weighted by
model performance. Predictors for which the parameter estind&ec@nfidence intervals

did not include zero were inferred to have a significant effect on the response variable and
were included in the approximating model. If a quadratic term in the model showed
significant effect, its nomuadratic form was also inded in the approximating model. The
results were then visualised using thtMER.fnc function in the languageRpackage
(Baayen, 2011)Overall model performance was assessed using maffrfat generalised

mixed effect modelsR%cLivm) ), which is the proportion of variance explained by fixed
effects, and conditional RR%Lm()), Which can be interpreted as the variance explained by
the entire mode(Nakagawa & Schielzeth, 2013)Models were assessed for normality of
errors and heteroscedacity usingj gplots,and plots of standardised residuals against fitted
values(Crawley, 2007, p.281, 340)
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To assess the proportion of variance attributable to mineral concentration heterogeneity at
same site, and to measurement error (i.e. variation introduced by the laboratessipgor
machine use), mineral concentration was analysed using a model with no fixed effects, and
with random effects foSSite (n=8), field repeat(n=24) nested within site, ankdb repeat

(n=42) nested within field repeat. Variance in chromatographestimgs for the same lab
repeat was captured by the residual (n=80)e proportion of variance explained by a
particular effect was obtained by dividing the variance estimate for that random effect by the

sum of the random effect variances.

2.6. Lateral Diffusion Model

The Lateral Diffusion Model fronfWolf, Doughty, & Malhi, 2013)was used to generate
possible scenarios of nutrient diffusion by herbivores at Langoué. The actual values for most
parameters weranknown, but plausible estimates from other sources were used. Thus, the
rate of loss was fixed at 0.00ased on the loss rate calculated for Phosphorous from the
mechanistic model of Buendia et £010) The nutrient in the bai in kg/ha was calculated

for Ca (as the most abundant mineral in the study set) and Na (as the least abundant mineral)
in the following way: mean concentrations for Ca and Na from this study were multiplied by
the ratio of bai/forest mineral concentrations in soil of the bahénHakou aera in Dzanga

NP. This was 5.6 and 8.5 for Ca and Na, respectively. These values was converted into kg/ha
usingthe estimate of average litiéall for West Africa, which is 7000 kg/h@ohn, 1973)

The diffusivity coefftients for different species were calculated as a function of size, using
allometric equations for consumption rate, daily displacement, abundance, range size, and gut
passage time (for exact method ¥elf et al., 2013 ®M, pg.9). The diffusivity of the

whole community was based on those species estimates from Serengetti, which was readily
availbale.Because the river that runs through the bai (and presumably exposes mineral
deposits) is only a small tributary of the Igamié River, it is likely to have beatry, or to
havehad a different course during the recent arid periods in Africa. Within the last 20,000
years, one major arid phase, during the last major global and regional period, lasted from
20,000 to 10,000 B.Pand another short and intense gr&tiod occurred between 2,800 to
2,000 B.P. The bai was more likely to form during wet periodsjteeresometime between
10,000 and 800 B.P. or within the last 2,000 years. Therefore, a timescale of 10,000 years
thatencompasses both of the wetipds was chosen for the model.
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3. Results

Time constraints imposed a limit on the number of samples that could be analysed.
For most transects, only every second litter sample (from sites at Om ,40m, 80m,
120m, and 160m fronthe trail), and only two soil samples (from sites at Om and
80m), were analysed. In total, | obtained results for litter samples from 194 sites, and
soil samples from 64 sites. The mean concentrations and 95% confidence intervals for
litter were 0.04+0.02ng/g for Na, 1.0+0.5ng/g for K, 0.8+0.4mg/g for Mg, and
4.4+2.3mg/gfor Calcium. Individual measurements ranged from 100015 mg/g for

Na, 0.4 3.3 mg/g for K, 0.12.3 mg/g for Mg, and 0i&3.7 for Ca. The watesoluble
concentrations from soil were,s aexpected, generally lower than the litter
concentrations, with means of 20.6£6.6 mg/kg for Na, 30.9£14.6 mg/kg for k, 9.3+2.6
mg/kg for Mg, and 58.3 mg/kg for Ca. The ranges includedi #1.9 mg/kg for Na,
11.382.1 for K, 4.7518.32 for Mg, and 3611111.7 for Ca.

The results of the variance components analysis for the contribution of different
sources of error to variation in mineral conications are presented in tabldn total,

there were 60 observations of duplicate chromatograph readings, wékied2 lab
repeats, nested within 24 field repeats, nested within 8 different sites. The variance
between chromatographer readings for the same solution was always less than 0.01%
of the total variance, and so these are not presented. The majorigy \@drthnce in

Ca and Mg concentrations occurred between sites (87% and 69%, respectively),
supporting the later analysis where a single observation per site was used to
investigate patterns in the concentrations of these elements. Howmether subset of

the samples used for this analysis, laboratory error accounted for 41% of the variance
in Sodium concentrations (0.01 mg/g in absolute terms), whilst witenvariation
accounted for 63% (0.43 mg/g in absolute terms) of variance in Potassium. For this
reason, the results of subsequent analysis for these elements should be interpreted

with caution.
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Table 1. Proportion of Variation in Litter Nutrient Concentration due to Different Sources of Error

Relative proportion of variation in concentrations  Variation in concentrationsin absolute terms (mg/g)

Component Ca Na Mg K Ca Na Mg K
Total 1.00 1.00 1.00 1.00 3.36 0.02 0.49 0.67
Between-Ste 0.87 0.23 0.69 0.34 291 0.00 0.34 0.23
Within-Ste 0.13 0.35 0.30 0.63 0.42 0.01 0.15 0.43
Lab Error 0.01 0.41 0.01 0.02 0.02 0.01 0.00 0.02

No clear patterns in relation to distance from the Main Trail or distance from the bai
were apparent from maps of spatial distributminmineral concemations (fig.5,
although there appear to be clusters of higher values for all minerals around the mid
distance and towards the end of the Main Trail. Those near the end of the Trail seem
to be all in the vicinity of one of the salines (marked in red gb)fi This may
indicate that higher values are associated with the presence of salines, and there may
be additional salines that have not been encountrered during the study. Scatterplots of
the mineral concentrations and the various explanatory varialdeprasented in

figure 6

The approximating models for mineral concentrations in litter ainatl various
predictors (see tab®). Sodium concentration showed a relationship with the squared
distance from the bai, with concentrations increasing sligbtly peak at around the
middle of the Main Trail, and then dropping off with increasing distance (fig.7). The
humped shape of this relationship appears driven by a small number of relatively high
concentration points near the middle of the trail. Howevéremnthese points were
removed from the dataset to assess their leverage, the shape of the relationship
changed only minimally. Another significant effect was the positive relationship of
Na concentrations with the squared distance from the tree whichdcdeseease in

Na concentration with increased distance from closest tree. Overall the approximating
model explained 43% of variation in Na concentrations, of which 16% was due to
fixed effects. Nonetheless, this result should be approached with cautiaumsbeauf

the large effect of the laérror on variance of sodium concentrations (table.1).

Potassium was significantly related only with soil moisture, which explained 7% of
the variation, with 31% of the variation explained by the whole model. Magnesium
concentration was mildly positively related to distance from the bai, and negatively
related to soil moisture. Fixed effects explained around 12% of the variation, whilst
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the overall fit of the model to the data was 42%. Calcium showed similar pattern
Nain that it wasrelated to distance from the bai, and negatively related to distance
from nearest tree, although quadratic terms were not significant. Fixed effects
explained 8% of variation in response, and overall the model explained 33%. The
modelled r&ationships between the mineral concentrations and their isgmif

factors are presentedfigure6.

Table.2. Summary of approximating models for element concentrationsin litter and soil
Aprroximating model summary

element significant effects Son  Rleimm R% . L we

Na, litter 0.16 043
Distance from the bai* NA
Distance from the bai squared (-ve)
Distance from nearest tree* NA
Distance from nearest tree squared (-ve)

Klitter 0.07 031
Soil moisture (-ve)

Mg, litter 0.12 042
Distance from the bai (+ve)
Soil moisture (-ve)

Gy, litter 0.08 0.33
Distance from the bai (+ve)
Distance from nearest tree (-ve)

Na, Soil none NA - -

K Soil lack of model convergence NA - -

Mg, Soil** 0.20 052
Distance from Main Trail (-ve)

Mg, Soil*** 0.20 040
Soil Moisture (+ve)

Ca, Soil Distance from the bai (+ve) 0.07 043

*Hfect included in the model because its quadratic form was significant

** The significant termsin the model of magnesium in soil differed depending on whether
Distance from Main Trail, or the Transect Trail Score were included in the global model.
See explanation in text
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Figure 5. Maps of nutrient concentrations along the Main Ti@htinues on following pages)
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Figure 5 continued
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Figure 6. Scatterplots of mineral concentrations in litter and watersoluble soil vs. explanatory
variables. Mineral concentrations are in mg/g for litter, in mg/kg for soill.smisture = volumetric 9
soil moisture at 12cm depth.dimation = terrain inclinatiofn degrees (integer numbers only).
dist_main_trail = Distance from the Main Trail meters Trail_width_score = Transect trail score.
dist_bai = Distance from the bim metersdist_closest_tree = distanicemetergo closest tree trunk
DBH >20cm.Figure is continued on following pages.
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Figure 6. continued.



Figure 6. continued.
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