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Overview 18 

 In this paper, our goal is to estimate diffusive lateral nutrient fluxes by herbivores.  In diffusion, 19 

the flux is proportional to the local concentration difference in material, with a constant of proportionality 20 

termed the “diffusivity” D (length
2
/time).  The equation that best incorporates the diffusive properties of 21 

animals is the following reaction diffusion equation:  22 

  

  
  

   

                 [1] 23 

where K is a first order loss rate and G is a gain rate.  To calculate a diffusion term we estimate D based 24 

on the random walk with the form: 25 

   
     

   
   [2] 26 

Where ∆x is a change in distance and ∆t is a timestep of duration t.  In general, a diffusivity can be 27 

derived from a random walk 
1-3

.  The “random walk” has been derived previously 
4
.   28 

 29 

 30 

  31 
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Justification for the random walk 32 

Individual animals do not move randomly, but the net movement of all animals over long time 33 

periods (>1000 years) begins to approximate random motion.  There is a large literature describing how 34 

different animal species overlap in space by consuming different foods and moving and sleeping in 35 

different patterns to avoid a variety of predators
5-7

.  Internal demographics of animal groups will also 36 

change which will lead to shifting ranges and boundaries of the group over time 
8
.   37 

Next, large herbivores patterns will change in response to changing climate.  For instance, 38 

herbivores often track landscape patterns in grass productivity 
9
 which will change in response to variable 39 

rainfall patterns
10

, which have experienced large global shifts over the past 15,000 years.  Such 40 

interannual variation in climate alters the productivity of the landscape, which drives changes in animal 41 

foraging intensity 
11,12

.  These shifting patterns will serve to further move herbivore patterns from their 42 

current routes.  For instance, in Kenya, during wet years there is a net nutrient input into certain patches 43 

because the impala dominate, but in dry years there may be a net loss, because the cattle dominate
13

.  Due 44 

to these reasons, the net movement of all animals over long periods will approach an approximation of 45 

randomness.    46 

As long as there is an underlying substrate concentration gradient, over long periods of time if the 47 

net movement is approximately random, animals will move the nutrients across the gradient.  This seems 48 

to contradict literature showing that megafauna concentrate nutrients in small scale patches 
13

.  However, 49 

there is no contradiction, only a difference in the time, distance, and lack of a substrate concentration 50 

gradient.  The study on megafaunal nutrient concentration focused on small nutrient patches in central 51 

Kenya (~1ha nutrient rich vegetation per 1km
2
 nutrient poor vegetation) within homogenous nutrient poor 52 

metamorphic soil substrate.  To the north of that study sites are rich basaltic soils of N. Kenya and 53 

Ethiopia. As these small patches of nutrient concentration shift across the landscape on decadal and larger 54 

timescales, nutrients will flow from the nutrient rich basalt to the nutrient poor metamorphic substrate 55 
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from patch to patch, through the large herbivores, over hundreds of km’s and thousands of years.  We 56 

have used our model to show a similar process for Kruger Park between nutrient rich basalts and granites 57 

in a companion paper
14

. 58 

There is evidence that the small scale nutrient hotspots shown in the Augustine et al. 2003 paper 59 

will shift with time.  That paper depicts the creation of nutrient hotspots by the corralling of cattle where 60 

significant quantities of dung accumulate over time
13

.  They then measure a significant decline in the 61 

nutrients of these areas as they are abandoned over time.    It is unlikely that these nutrients are lost but 62 

instead redistributed, thus showing how nutrient hotspots can build up but then move over short time 63 

periods (~40 years).   64 

This process has also been experimentally demonstrated in a recent study where the authors 65 

measured the total seed biomass transported between the white water floodplains and the terra firme 66 

forests by a population of wooly monkeys.  They show that a single, relatively small species can transport 67 

phosphorus in quantities similar to that arriving from atmospheric deposition
15

.  There was no net 68 

movement of seed biomass between the two regions, but P was transported between the sites only due to 69 

the nutrient concentration gradient.  There are several other similar studies showing the net movement of 70 

nutrients by animals 
16,17

.  Our mathematical framework enables us to estimate this process over all 71 

animals and long periods of time.   72 

 73 

 74 

  75 
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 76 

Estimate of Dexcreta 77 

Nutrients can be moved by animals through either their dung or flesh.  Nutrients moved in dung 78 

will have different distance and time scales than those moved in the flesh.  We therefore calculate D for 79 

each separately.  Below we start with D for dung.  80 

x is the daily displacement or day range (DD) of a single animal (DD; km), and t is a day.  The 81 

length scale for diffusivity of ingestion and excretion is the day range multiplied by the average gut 82 

passage time (PT; fractions of a day).  The time scale is again the food passage time (PT).  Therefore, 83 

putting this in the framework of the random walk, we estimate that the diffusivity for transport of its dung 84 

is Dexreta ~= (DD*PT)
2
/(2*PT), where the numerator is in km

2
 and the denominator is in days.   85 

 86 

 87 

Estimate of Dbody 88 

Next, we calculate a D term for nutrients incorporated into the animal’s body.  The diffusivity for 89 

nutrients in an animal’s bodymass, Dbones, is related to the lifetime of the animal L (days) and the 90 

residence time of these nutrients is L.  The length scale is the home range (HR; km
2
).  The mean 91 

displacement over the lifetime of an animal is related to the range length (RL) and approximately 92 

HR
0.5

/2π.  Therefore, if HR is the range used throughout an animal’s lifetime, then Dbody ~= RL
2
/2L or 93 

HR/(8π
2
L), where the numerator is in km

2
 and the denominator is in days. 94 

 95 

 96 

 97 
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 99 

Consumption of nutrients 100 

Next, we need to estimate the amount of food and nutrients consumed by a population of animals 101 

per area.  P(x,t) is the mass (kg P km
-2

) of a nutrient. The mass of P at position x at time t+t is given by: 102 

       [3] 103 

The losses term is represented in Equation 3 by p(x,t), the fraction of animals leaving x at time t.  The 104 

loss of a nutrient in dry matter consumed and transported by a population of animals is 105 

 [4]

 106 

The loss rate of P (kg DM km
-2

) is the population density of animals (PD; #/km
2
) consuming dry matter 107 

(DM) to fulfil their metabolic requirements (MR; kg DM/animal/day).  The product of PD and MR is the 108 

population consumption rate of DM (denoted Q here), such that Qt is the mass of DM consumed in t 109 

(kg DM km
-2

). The consumption of the nutrient itself is then determined by Q[P](x,t), which has units kg 110 

P km
-2

, equivalent to P, the numerator on the left.  Gains from adjacent regions will be represented as 111 

Q[P](x+x, t) and Q[P](x-x, t).  A fraction  of the consumed nutrient is incorporated into bodymass, 112 

while the rest (1-) is excreted.    113 

We estimate  as 22.4% for megafauna based on the gross food assimilation efficiency of 114 

elephants 
18

.  Incorporation of phosphorus into the body is, of course, more complicated with relative P 115 

fraction of biomass increasing with size due to the greater investment in bone growth in larger vertebrates 116 

19
.  It also changes with animal age as full grown adult vertebrates need less P than immature growing 117 

animals.  However, since we account for both the fraction in the biomass and the fraction excreted and 118 

there are no fates of the nutrient other than bodymass or excrement, we use the simple value of 22.4%.  119 
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 357 

 358 

SOM Figure 2 – (top) Lateral distribution of nutrients starting from initial conditions over a 1000km 359 

distance from a nutrient supply (e.g. the Amazon floodplain) and a 100,000 year period with a excreta 360 

value of 4.4 km2 yr-1(representing lateral diffusion by modern and extinct fauna), (bottom) a excreta value 361 

of 0.027 km2 yr-1 (representing lateral diffusion by modern fauna only). 362 

 363 
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 364 

SOM Figure 3 – A comparison of our modelled modern-day phosphorus estimates (kg P km
-2

) (same as 365 

Figure 3b) in the background and estimates of (a) percent vegetation/ labile P, (b) vegetation P (kg km
-2 366 

from Fyllas et al. 2009
35

, assuming a SLA of 100g m
-2

 and an LAI of 4), (c) total P (Mg km
-2

), and (d) 367 

labile P (Mg km
-2

)  measured in the Amazon basin from Quesada et al. 2010
38

. 368 

 369 

  370 

Total P

Labile P

% Veg/Labile a

c d

Veg Pb

Kg P km-2 Kg P km-2

-68 -66 -64 -62 -60 -58 -56 -54 -52 -50
-2

0

2

 

 

1%

0.5%

0.1%

-56 -54 -52 -50
-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

 

 

50 Mg km-2

200 Mg km-2

400 Mg km-2

-73.5 -73 -72.5 -72 -71.5 -71 -70.5 -70
-4

-3.8

-3.6

 

 
300kg km-2

500kg km-2

700kg km-2

-56 -54 -52 -50
-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

 

 

100 Mg km2

500 Mg km2

1000 Mg km2

Labile Pdc



24 
 

 371 

References 372 

1 Okubo, A. & Levin, S. A. Diffusion and ecological problems : modern perspectives. 2nd edn,  373 
(Springer, 2001). 374 

2 Ovaskainen, O. & Crone, E. E. in Spatial Ecology  Chapman & Hall/CRC Mathematical & 375 
Computational Biology   63-83 (Chapman and Hall/CRC, 2009). 376 

3 Skellam, J. G. Random Dispersal in Theoretical Populations. Biometrika 38, 196-218 (1951). 377 
4 Berg, H. C. Random Walks in Biology.,  (1993). 378 
5 Ilse, L. M. & Hellgren, E. C. Resource Partitioning in Sympatric Populations of Collared Peccaries 379 

and Feral Hogs in Southern Texas. J Mammal 76, 784-799, doi:Doi 10.2307/1382747 (1995). 380 
6 Augustine, D. J. & McNaughton, S. J. Ungulate effects on the functional species composition of 381 

plant communities: Herbivore selectivity and plant tolerance. J Wildlife Manage 62, 1165-1183, 382 
doi:Doi 10.2307/3801981 (1998). 383 

7 Mcnaughton, S. J. Mineral-Nutrition and Spatial Concentrations of African Ungulates. Nature 334, 384 
343-345, doi:Doi 10.1038/334343a0 (1988). 385 

8 White, K. A. J., Lewis, M. A. & Murray, J. D. A model for wolf-pack territory formation and 386 
maintenance. J Theor Biol 178, 29-43 (1996). 387 

9 Frank, D. A., McNaughton, S. J. & Tracy, B. F. The ecology of the Earth's grazing ecosystems. 388 
Bioscience 48, 513-521, doi:Doi 10.2307/1313313 (1998). 389 

10 Ellis, J. E. & Swift, D. M. Stability of African Pastoral Ecosystems - Alternate Paradigms and 390 
Implications for Development. J Range Manage 41, 450-459, doi:Doi 10.2307/3899515 (1988). 391 

11 Boone, R. B., Coughenour, M. B., Galvin, K. A. & Ellis, J. E. Addressing management questions for 392 
Ngorongoro Conservation Area, Tanzania, using the SAVANNA modelling system. Afr J Ecol 40, 393 
138-150 (2002). 394 

12 Bailey, D. W. et al. Mechanisms that result in large herbivore grazing distribution patterns. J 395 
Range Manage 49, 386-400 (1996). 396 

13 Augustine, D. J., McNaughton, S. J. & Frank, D. A. Feedbacks between soil nutrients and large 397 
herbivores in a managed savanna ecosystem. Ecological Applications 13, 1325-1337, doi:Doi 398 
10.1890/02-5283 (2003). 399 

14 Wolf, A., Doughty, C.E., Malhi, Y. Lateral diffusion of nutrients by herbivores in terrestrial 400 
ecosystems. Plos one (2013). 401 

15 Stevenson, P. R. & Guzman-Caro, D. C. Nutrient Transport Within and Between Habitats Through 402 
Seed Dispersal Processes by Woolly Monkeys in North-Western Amazonia. American Journal of 403 
Primatology 72, 992-1003, doi:Doi 10.1002/Ajp.20852 (2010). 404 

16 Frank, D. A., Inouye, R. S., Huntly, N., Minshall, G. W. & Anderson, J. E. The Biogeochemistry of a 405 
North-Temperate Grassland with Native Ungulates - Nitrogen Dynamics in Yellowstone-406 
National-Park. Biogeochemistry 26, 163-188 (1994). 407 

17 Abbas, F., J. Merlet, N. Morellet, H. Verheyden, A. J. M. Hewison, B. Cargnelutti, J. M. Angibault, 408 
D. Picot, J. L. Rames, B. Lourtet, S. Aulagnier, and T. Daufresne. . Roe deer may markedly alter 409 
forest nitrogen and phosphorus budgets across Europe. Oikos (2012). 410 

18 Rees, P. A. Gross Assimilation Efficiency and Food Passage Time in the African Elephant. African 411 
Journal of Ecology 20, 193-198 (1982). 412 

19 Elser, J. J., Dobberfuhl, D.R., MacKay, N.A., Schampel, J.H. Organism Size , Life History, and N:P 413 
Stoichiometry.  Toward a unified view of cellular and ecosystem processes. BioScience 46 (1996). 414 



25 
 

20 Wilson, D. E. & Reeder, D. M. Mammal species of the world : a taxonomic and geographic 415 
reference. 3rd edn,  (Johns Hopkins University Press, 2005). 416 

21 de Magalhaes, J. P. & Costa, J. A database of vertebrate longevity records and their relation to 417 
other life-history traits. J Evolution Biol 22, 1770-1774, doi:DOI 10.1111/j.1420-418 
9101.2009.01783.x (2009). 419 

22 Damuth, J. Interspecific Allometry of Population-Density in Mammals and Other Animals - the 420 
Independence of Body-Mass and Population Energy-Use. Biol J Linn Soc 31, 193-246 (1987). 421 

23 Carbone, C., Cowlishaw, G., Isaac, N. J. B. & Rowcliffe, J. M. How far do animals go? 422 
Determinants of day range in mammals. American Naturalist 165, 290-297 (2005). 423 

24 Kelt, D. A. & Van Vuren, D. H. The ecology and macroecology of mammalian home range area. 424 
American Naturalist 157, 637-645 (2001). 425 

25 Smith, F. A. et al. Body mass of late quaternary mammals. Ecology 84, 3403-3403 (2003). 426 
26 Demment, M. W. & Van Soest, P. J. A Nutritional Explanation for Body-Size Patterns of Ruminant 427 

and Nonruminant Herbivores. American Naturalist 125, 641-672 (1985). 428 
27 Hayward, A., Kolasa, J. & Stone, J. R. The scale-dependence of population density-body mass 429 

allometry: Statistical artefact or biological mechanism? Ecological Complexity 7, 115-124, 430 
doi:DOI 10.1016/j.ecocom.2009.08.005 (2010). 431 

28 Crank, J. The mathematics of diffusion. 2d edn,  (Clarendon Press, 1975). 432 
29 Mahowald, N. M. et al. Impacts of biomass burning emissions and land use change on 433 

Amazonian atmospheric phosphorus cycling and deposition. Global Biogeochemical Cycles 19, -, 434 
doi:Artn Gb4030 Doi 10.1029/2005gb002541 (2005). 435 

30 Buendia, C., Kleidon, A. & Porporato, A. The role of tectonic uplift, climate, and vegetation in the 436 
long-term terrestrial phosphorous cycle. Biogeosciences 7, 2025-2038, doi:DOI 10.5194/bg-7-437 
2025-2010 (2010). 438 

31 Crank, J. & Nicolson, P. A Practical Method for Numerical Evaluation of Solutions of Partial 439 
Differential Equations of the Heat-Conduction Type. Proceedings of the Cambridge Philosophical 440 
Society 43, 50-67 (1947). 441 

32 Hess, L. L., Melack, J. M., Novo, E. M. L. M., Barbosa, C. C. F. & Gastil, M. Dual-season mapping of 442 
wetland inundation and vegetation for the central Amazon basin. Remote Sensing of 443 
Environment 87, 404-428, doi:DOI 10.1016/j.rse.2003.04.001 (2003). 444 

33 Mcclain, M. E. & Naiman, R. J. Andean influences on the biogeochemistry and ecology of the 445 
Amazon River. Bioscience 58, 325-338, doi:Doi 10.1641/B580408 (2008). 446 

34 Furch, K., Klinge, H. Chemical relationships between vegetation, soil and water in contrasting 447 
inundation areas of Amazonia. SPEC. PUBL. BR. ECOL. SOC. .  , 189-204. (1989.). 448 

35 Fyllas, N. M. et al. Basin-wide variations in foliar properties of Amazonian forest: phylogeny, 449 
soils and climate. Biogeosciences 6, 2677-2708 (2009). 450 

36 Higgins, M. A. et al. Geological control of floristic composition in Amazonian forests. Journal of 451 
Biogeography 38, 2136-2149, doi:DOI 10.1111/j.1365-2699.2011.02585.x (2011). 452 

37 Richey, J. E. & Victoria, R. L. in Interactions of C, N, P, and S Biogeochemical Cycles and Global 453 
Change.   (ed Mackenzie FT Wollast R, Chou L)  123-140 (Springer, 1993). 454 

38 Quesada, C. A. et al. Variations in chemical and physical properties of Amazon forest soils in 455 
relation to their genesis. Biogeosciences 7, 1515-1541, doi:DOI 10.5194/bg-7-1515-2010 (2010). 456 

39 MacFadden, B. J. Diet and habitat of toxodont megaherbivores (Mammalia, Notoungulata) from 457 
the late Quaternary of South and Central America. Quaternary Res 64, 113-124, doi:DOI 458 
10.1016/j.yqres.2005.05.003 (2005). 459 



26 
 

40 Sanchez, B., Prado, J. L. & Alberdi, M. T. Feeding ecology, dispersal, and extinction of south 460 
American pleistocene gomphotheres (Gomphotheriidae, Proboscidea). Paleobiology 30, 146-161 461 
(2004). 462 

41 Janzen, D. H. & Martin, P. S. Neotropical Anachronisms - the Fruits the Gomphotheres Ate. 463 
Science 215, 19-27 (1982). 464 

42 Do Nascimento, W. M. O., De Carvalho, J. E. U. & Muller, C. H. Occurrence and geographical 465 
distribution of bacuri. Revista Brasileira De Fruticultura 29, 657-660 (2007). 466 

43 IUCN.     (2010). 467 
44 Field, C. B., Behrenfeld, M. J., Randerson, J. T. & Falkowski, P. Primary production of the 468 

biosphere: Integrating terrestrial and oceanic components. Science 281, 237-240 (1998). 469 
45 Barnosky, A. D. Megafauna biomass tradeoff as a driver of Quaternary and future extinctions. 470 

Proceedings of the National Academy of Sciences of the United States of America 105, 11543-471 
11548, doi:DOI 10.1073/pnas.0801918105 (2008). 472 

46 Maslin, M. A., Ettwein, V. J., Boot, C. S., Bendle, J. & Pancost, R. D. Amazon Fan biomarker 473 
evidence against the Pleistocene rainforest refuge hypothesis? Journal of Quaternary Science 27, 474 
451-460, doi:Doi 10.1002/Jqs.1567 (2012). 475 

47 Asner, G. P. & Levick, S. R. Landscape-scale effects of herbivores on treefall in African savannas. 476 
Ecology Letters 15, 1211-1217, doi:DOI 10.1111/j.1461-0248.2012.01842.x (2012). 477 

 478 

 479 




