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ABSTRACT

Question: How can mammalian community characteristics be used to estimate regional
precipitation?

Data: Global distribution data of large mammals and their ecomorphology; global climate
data.

Research methods: Non-linear regression-tree analysis and linear regression.
Conclusions: The methods unravelled the complex relationships between the environment and

the characteristics of mammalian communities. The regression trees described here provide
a reasonably accurate estimate of precipitation values for today’s world. The strongest
correlations are for annual precipitation versus diet (R2 = 0.665), precipitation versus tooth
crown height (R2 = 0.658), and precipitation versus diet and tooth crown height combined
(R2 = 0.742)

Keywords: climate, community structure, decision trees, herbivorous mammals, hypsodonty,
precipitation.

INTRODUCTION

There is a growing need to provide numerical estimates of environmental variables for the
present and the past. This is especially true for climate and ecosystem models, which need
such estimates as input for boundary conditions. As climatic modelling has moved deeper
into the historical past and our data coverage of older time periods has improved, the need
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to estimate environmental conditions for pre-Quaternary times has become more urgent.
Furthermore, there is a growing need to estimate biotic and abiotic variables for past times
to validate the growing number of results from paleoclimate models.

Although there are many different methodologies for reconstructing past environmental
conditions based on plant data [e.g. Leaf Margin Analysis (Wolfe, 1979); Climate Leaf Analysis
Multivariate Program (Wolfe, 1993); Coexistence Approach (Mosbrugger and Utescher, 1997); Climate
Amplitude Method (Fauquette et al., 1998)], data from large fossil mammals, which are both
spatially and temporally well-sampled, have not been extensively used for quantitative
estimates of past environmental conditions. Large mammals are an important component
of the biosphere, and are increasingly threatened by human activities. There is a rich
literature on the relationships between large mammals (especially herbivores) and a
multitude of biotic and abiotic variables (see below).

It is known that plant productivity and quality are influenced by precipitation and
nutrient availability (Reich et al., 1997; Walker and Langridge, 1997). Not surprisingly, herbivore
community structure and distributions are in turn affected by plant quality and productivity
(e.g. Du Toit et al., 1989; Belovsky, 1997; Owen-Smith, 2002). Previous studies have linked rainfall and
animal biomass (Rosenzweig, 1968; Coe et al., 1976), primary productivity and herbivore community
biomass (McNaughton et al., 1989), rainfall and species richness of herbivores (Rosenzweig, 1995;

Danell et al., 1996), and environmental controls of large herbivore biomass (Olff et al., 2002).
These relationships are usually made through the food-source of mammals, and therefore
herbivores are the trophic group of choice in such studies.

A number of researchers have shown a relationship between aspects of large mammal
herbivore communities and local environmental conditions (e.g. Bell, 1971; Jarman, 1974; Gordon and

Illius, 1989; Caughley and Gunn, 1993; Clutton-Brock et al., 1997; Mysterud et al., 2001; Owen-Smith, 2002). More
specifically, we have been able to show a relationship between the average value of tooth
crown height (hypsodonty) in a herbivore community and the precipitation level of the
community’s local habitat (Damuth and Fortelius, 2001; J. Damuth, unpublished data). Damuth and
Fortelius (2001) introduced and Fortelius et al. (2002) applied the use of mean hypsodonty to
estimate past precipitation values from fossil molar teeth of large herbivorous mammals.
This method has also been applied by Fortelius et al. (2003, 2006), Eronen and Rook (2004), and
Eronen (2006). Hypsodonty-based estimates have also been used in several studies, including
Jernvall and Fortelius (2004) and Eronen et al. (2009). Damuth et al. (2002) introduced and Janis
et al. (2004) used a technique called ‘per species mean hypsodonty’, where mean hypsodonty
was related to species diversity (the number of species). The method we introduce here also
includes species diversity, although the implementation is different. Here we present a more
detailed study on how these aspects of mammalian communities can be used to estimate
precipitation.

Tooth crown height (specifically of the cheek teeth used for mastication) is a measure
of dental durability. Mammals have only a single adult dentition (i.e. only one set of
replacement teeth). Thus, if a herbivore consumes abrasive vegetation, the teeth will
be liable to be worn down before the end of the natural lifespan, with repercussions on
reproductive output, and hence fitness. To extend the useful life of teeth, the dental
materials themselves cannot be made much more durable, so the height of the tooth crown
must increase (making the tooth hypsodont). Hypsodonty has evolved multiple times
among herbivorous mammals (Janis and Fortelius, 1988). Brachydont, or low crowned, teeth are
seen in herbivores that eat relatively non-abrasive food such as soft browse (leaves of
dicotyledonous plants) in a relatively grit-free environment. A greater degree of hypsodonty
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indicates a diet that is more abrasive. This usually means a diet containing greater amounts
of grass, but other plants in more arid areas may also contain abrasive dust and grit with
similar effects (see Janis and Fortelius, 1988).

Following Janis and Fortelius (1988) and Fortelius et al. (2002, 2003, 2006), we argue
that hypsodonty is fundamentally an adaptive response to increasing demands for wear
tolerance and functional durability of the dentition. Thus, hypsodonty is related to habitats
that are open and contain arid-adapted vegetation, whose available plant material is more
fibrous and abrasive (Van Valen, 1960; Fortelius, 1985; Janis and Fortelius, 1988; Solounias et al., 1994; Fortelius and

Solounias, 2000; C. Janis, unpublished data). In short, we can expect details reflecting regional ecology
to be recorded in the herbivore dental morphology (Fortelius and Hokkanen, 2001; Fortelius et al., 2002;

Jernvall and Fortelius, 2002). In fact, we contend that communities containing primarily hypsodont
herbivores imply a local condition of the consumable vegetation that might be termed
‘generalized water stress’. Herein, we will quantify this relationship.

METHODS AND MATERIALS

Precipitation variables were obtained from Hijmans et al. (2005; available online at http://

www.worldclim.org). The data consist of global climate layers in the 10-min resolution
(18.6 × 18.6 = 344 km2 at the equator) version of the data set. Climate values were converted
to a gridded format with a resolution of 0.5� latitude and longitude for grid cells (∼55 km at
the equator, 720 × 360 cells) to match the mammal data. For climate analysis, we used the
following bioclimatic (BIOCLIM) variables that are contained in the WorldClim data set:
(1) total annual precipitation; (2) precipitation of the wettest month; (3) precipitation of the
driest month; (4) precipitation seasonality, coefficient of variation; (5) precipitation of the
wettest quarter; (6) precipitation of the driest quarter; (7) precipitation of the warmest
quarter; (8) precipitation of the coldest quarter. Precipitation data are in millimetres.

We selected the orders Artiodactyla, Perissodactyla, and Primates for our investigation.
These orders encompass the majority of large herbivorous land mammal species. We
excluded the two elephant species (order Proboscidea) from our analysis, but this had
a negligible effect on the results (see Discussion below). We also excluded carnivorous
omnivores and carnivores because their relationship to climate is more complex than that
of herbivores.

The geographic ranges of the mammalian species were derived from the World Wildlife
Fund’s species distributions (WWF WildFinder; http://www.worldwildlife.org/science/).
The ranges are based on occurrences lists for the ecoregion divisions of Olson et al. (2001).
Ecoregions are contiguous regions across which environmental conditions are similar, as
are the fauna and flora. The ranges from this data set are estimated by identifying the
ecoregions where the species is present and then making the assumption that the species
distribution is ecoregion-wide (i.e. present throughout that entire ecoregion). The ranges
used here are thus likely overestimated, covering a larger geographic region than is actually
inhabited by the species; however, this is not an issue for this study because the range of
climatic conditions associated with the species is not affected by these extensions (since the
additional areas belong to the same ecoregions, which have by definition the same climate),
and because the ranges estimated here are only slightly different from ranges reported in the
literature. [For further details, see Olson et al. (2001).]

We converted the WildFinder data to a grid format with a resolution of 0.5� latitude and
longitude for grid cells (∼55 km at the equator, 720 × 360 cells) and recorded all the species
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present within each cell. When more than one ecoregion was included in the area of a cell,
we chose the ecoregion with the highest proportion of area within the cell. We excluded the
Indo-Pacific area because we lack data for most species there. We also excluded Australasia
because the herbivores there are marsupials, for which we lack good data. After this
conversion, we exported all the grid cells associated with each species to a matrix format
where one occurrence of a species in a grid cell is represented by one row.

For ecomorphology, we used the following variables for each species: body mass, body
length, diet, and tooth crown height. We gathered the data from published literature sources
(Janis, 1988, 1995; Janis and Fortelius, 1988; Nowak, 1991; Wilson and Ruff, 1999; Fortelius and Solounias, 2000; Smith et al.,

2003; Wilson and Reeder, 2005; Myers et al., 2007; NatureServe, 2007), and complemented these with unpublished
data (from M. Fortelius, C. Janis, J.T. Eronen and L. Liu). For the body mass variable, we used the mean
recorded body mass (kg), and for body length, the total mean snout-to-vent length (cm).
For diet, we used the following categories: herbivore, frugivore, and omnivore. We further
split the herbivore group into grazer, mixed feeder, and browser (based on Hoffmann and Stewart,

1972; Hoffmann, 1989). For tooth crown height, we used three different categories: low crowned
(brachydont), medium high crowned (mesodont), and high crowned (hypsodont), as
described in Fortelius et al. (2002).

Our aim here is to predict a precipitation-related quantity in a grid cell with a set of
covariates specific to that cell. We need regression analysis. After preliminary analyses, we
decided to concentrate on three precipitation-related climate variables: annual precipitation,
precipitation of the wettest quarter, and precipitation of the driest quarter. These are easiest
to interpret and use, and they give the strongest correlations with ecomorphological
variables. As covariates or predictor variables, we used the average body size, average body
mass, a set of variables related to tooth crown height, and a set of variables related to diet.
We also report the results for the combination of tooth crown variables and diet variables.
The covariates used in this paper are reported in detail in Table 1.

We used both linear regressions and regression trees (Breiman et al., 1984) to predict the annual
precipitation (mm). Both are multivariate methods – that is, they can handle several
covariates at the same time. We used the implementation of linear regression in GNU R
(R Development Core Team, 2009), and the regression tree library rpart in GNU R, for all
computations (Therneau et al., 2009). The rpart library uses cross-validation and other procedures
to prune the trees in order to avoid over-fitting the data [see Venables and Ripley (2002) and
Breiman et al. (1984) for discussion and references about how to construct a regression tree
and about the cross-validation procedures]. Note that for linear regressions, one can use
stepwise model selection to prune out unnecessary parameters and avoid over-fitting the
data (Venables and Ripley, 2002). For example, cladistic analysis uses linear regressions with
stepwise model selection. However, unlike linear models, regression trees can express
complex non-linear relationships between the covariates.

We used only those grid cells with at least two recorded values of tooth crown height and
diet relevant for the analysis. There are 53,054 grid cells and 584,341 taxon occurrences in
our data set. The mean number of species per locality is thus 11.014 (= 584,341/53,054).
We tested all of the precipitation-related BIOCLIM variables against our mammal
ecomorphological variables with all combinations (not reported here).

Linear regression and the regression tree both minimize the squared prediction error
between the actual and the predicted values of annual precipitation. We can measure the
discrepancy between the actual and predicted values, because we know both the actual
value (from the WorldClim data set) and the value predicted by the regression. We use
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the R2 measure to assess the error. The R2 statistic is commonly interpreted to be the
proportion of variance explained by the regression.

To facilitate the use of the regression tree method to resolve environmental proxies, we
describe, in the Results section, the step-by-step process of using the tree. Our example is the
tree that uses tooth crown height to estimate annual precipitation (Fig. 1). We also provide
other regression trees that can be used to estimate annual, wettest, and driest quarter
precipitation based on different sets of characteristics (see online Appendix 1: evolutionary-
ecology.com/data/2538A1.pdf), together with a description of the variables necessary to use
the trees. The regression tree can be visualized as a binary tree (hence the name; for an
example, see Fig. 1). To use the tree, traverse it from its root node at the top to a leaf node at
the bottom. At each node, choose the left or right branches on the tree based on the
covariates: if the condition associated with the node is true, take the left branch, otherwise
follow the right branch (see Results for further description). The regression tree has an
advantage over a linear regression if the response to the covariates is non-linear, as is often
the case in biology. Another advantage of the regression tree is that it can identify context-
dependent associations among multiple correlated covariate variables; regression trees do
not, for example, assume that the covariates are independent, as is the case with linear
regression. Moreover, the same covariate variables can occur several times at different levels
of the tree. Finally, a regression tree can be represented in an easily understandable
graphical format, allowing ready interpretation of the results. See online Appendix 2
(evolutionary-ecology.com/data/2538A2.pdf) for further discussion on the comparison
of linear regression and regression trees, and Legendre and Legendre (1998) for further
discussion of linear regression in ecology.

Table 1. Variables, specific to a grid cell, used as covariates in a regression to estimate the average
annual precipitation, precipitation of the wettest quarter, and the precipitation of the driest quarter
(all in mm) in the grid cell

Name of set of covariates Covariates specific to a grid cell

Body size SVLENGTH (mean animal estimated snout-to-vent length in
centimetres, without tusk or tail, in a grid cell)

Body mass MASS (mean animal body mass in kilograms in a grid cell)

Tooth crown height NHYP (number of species with hypsodonty data), NHYP1 (number of
low crowned species), NHYP2 (number of medium high crowned
species), NHYP3 (number of high crowned taxa), pHYP1 (fraction of
low crowned species), pHYP2 (fraction of medium high crowned
species), pHYP3 (fraction of high crowned taxa)

Diet NDIET (number of species with diet data), DIETB (number of
browsers), DIETF (number of fruit eaters), DIETG (number of
grazers), DIETM (number of mixed feeders), DIETO (number of
omnivores), pDIETB (fraction of browsers), pDIETF (fraction of fruit
eaters), pDIETG (fraction of grazers), pDIETM (fraction of mixed
feeders), pDIETO (fraction of omnivores)

Diet + tooth crown height The ‘tooth crown height’ and ‘diet’ variables listed above, respectively
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We have ignored spatial autocorrelation and trends in our analysis. [See Diniz-Filho et al.
(2003) and Hawkins et al. (2007) for discussion about the effects of ignoring spatial auto-
correlation in regression analysis.] In other words, we have ignored the fact that estimated
values (e.g. mean annual precipitation) in nearby grid cells may be correlated. In so doing,
we may have overestimated the statistical significance of our results, or over-fitted the
regression tree model. Consequently, the resulting regression tree – while more accurate for
the present-day mammal and climatic data used to fashion the regression tree structure –
may be too detailed. Taking the autocorrelation carefully into account could, in principle,
result in smaller regression trees in which some of the branches near the leaf nodes would
have been pruned out. However, our regression trees have only 8–12 leaf nodes, meaning
that each leaf node describes a large number of grid cells, on average about 5000 cells;
hence, we are confident that potential over-fitting is not a serious issue here. Even if there
were some over-fitting, the regression tree would still fit present-day data well, as shown by
the R2 values. [For previous use of regression trees in ecology, see, for example, Roff and

Fig. 1. Decision tree for annual precipitation using hypsodonty alone as regressor (see online
Appendix 1 for other decision trees generated: evolutionary-ecology.com/data/2538A1.pdf).
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Roff (2003), Sankaran et al. (2005), Jones et al. (2006), and Davidson et al. (2009).] Most relevant
to our study is Mendoza’s (2007) use of decision trees to generate dietary groupings of
herbivorous mammals according to ecomorphological species traits.

To visualize the results, we used thematic mapping and grid interpolation in MapInfo 8.5
with the following settings: IDW-interpolation, 50 km grid size, 100 km search radius, 100
grid border. The interpolated maps were then imported as grids to Vertical Mapper, where
they were assigned to classes and then contoured to connect the areas with similar values.
Inflection values vary between different variables. (See the individual figure legends.)

RESULTS

To estimate the global relationship of precipitation with mammalian characteristics, we
used both linear regression and regression-tree methods. The best single correlations for
annual precipitation using linear regression are for diet [R2 = 0.658 (mean error = 384 mm)]
and tooth crown height [R2 = 0.581 (mean error = 388 mm)]. As single regressors, both body
mass and body size have a weak correlation with precipitation (R2 = 0.109 and 0.389,
respectively) (Table 2). The best combination for linear correlation is diet and tooth crown
height [R2 = 0.705 (mean error = 337 mm)]. When diet is used to estimate precipitation
values, the strongest correlations are for annual precipitation (R2 = 0.658) and wettest
quarter precipitation (R2 = 0.600) (Table 2). The driest quarter has a weak correlation
(R2 = 0.350). Tooth crown height gives a similar range of correlations as diet (annual
precipitation = 0.581, wettest quarter = 0.499, driest quarter = 0.334) (Table 2). Our regres-
sion tree uses both the proportions and absolute numbers of species in a representative
taxon to estimate precipitation. The method uses decimals in absolute numbers (such as
6.5), which is just a technicality of the methodology. Of course, in reality we cannot have

Table 2. Results of the linear regression and regression-tree analysis

Annual
precipitation

Driest quarter
precipitation

Wettest quarter
precipitation

Variable Linear Tree Linear Tree Linear Tree

Body size 0.389
(518.33)

0.566
(437.10)

0.110
(87.09)

0.442
(68.93)

0.381
(232.75)

0.496
(209.89)

Body mass 0.109
(625.89)

0.444
(494.57)

0.084
(88.37)

0.416
(70.52)

0.071
(285.06)

0.374
(234.07)

Diet 0.658
(388.05)

0.665
(384.11)

0.350
(74.42)

0.546
(62.23)

0.600
(187.05)

0.659
(172.57)

Tooth crown height 0.581
(429.31)

0.658
(387.98)

0.334
(75.31)

0.486
(66.20)

0.499
(209.38)

0.663
(171.69)

Diet + tooth crown height 0.705
(360.02)

0.742
(337.04)

0.446
(68.71)

0.548
(62.03)

0.649
(175.09)

0.700
(162.02)

Note: The values comparing diet alone and hypsodonty alone are in bold. The table shows the R2 values and the
respective standard deviations (in parentheses). The regression trees are shown in Fig. 1 and online Appendix 1
(evolutionary-ecology.com/data/2538A1.pdf).
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half of a grazer in a community; for example, >6.5 should be understood as ‘more than six’.
In our example, we try to estimate the mean annual precipitation of each grid cell based on
the characters of the herbivorous mammal community in that grid cell.

The regression tree method returns larger correlation values, suggesting that the mammal
characteristics used have a non-linear relationship with precipitation. The correlation values
are larger when we use the full set of absolute and relative numbers than when we use
only relative numbers. The strongest correlations are for annual precipitation (diet = 0.665,
tooth crown height = 0.658, diet and tooth crown height = 0.742) and wettest quarter
precipitation (diet = 0.659, tooth crown height = 0.663, diet and tooth crown height = 0.700)
(Table 2). The fact that hypsodonty performs almost as well as diet for the annual and
wettest quarter precipitation estimation suggests that both variables may capture much of
the same environmental signal.

Now, we describe the step-by-step process of using the tree. Our example is the tree that
uses tooth crown height to estimate annual precipitation (Fig. 1). The tree starts from the
root at the top and splits into two at each node according to the covariates in question. The
vertical length of the line between the nodes illustrates the fraction of variance that is
explained by the covariate in question. The tree should be read down as far as one of the
leaf nodes, thus providing an estimate of the mean annual precipitation based on the
particulars of the community in question.

The regression tree for annual precipitation using only tooth crown height information as
the estimator yields an accuracy of 0.658 and a mean error of 388 mm (Table 2). The first
and most important determinant is the absolute number of brachydont species (Fig. 1). If
the number of brachydont species (HYP1) is less than 11.5, we go to the left. If it is more
than 11.5, we go to the right. On the second level, the split uses the number and proportion
of hypsodont species (pHYP3 and HYP3). Looking at the left branch of the tree, if the
proportion of hypsodont species (pHYP3) is larger than 19.38%, the determining factor is
again the proportion of hypsodont species (pHYP3). If it is larger than 48.08%, then the
precipitation estimate is very low (200.9 mm). If it is small (less than 48.08%), then the
proportion of medium high crowned species (pHYP2) determines whether the precipitation
is low (399.7 mm) or medium (681.6 mm). Looking at the other branch on the right, we see
that if the proportion of hypsodont species (pHYP3) is less than 19.38%, then it is the
number of brachydont species (NHYP1) that determines whether the precipitation is
medium (733.1 mm) or high (1405 mm). On the right side of the tree, when the number of
brachydont species is large, the second level split is determined by the number of hypsodont
species (HYP3). If it is large (more than 3), then the proportion of hypsodont species
determines whether the precipitation is medium (881.8 mm) or high (1426 mm). If the
number of hypsodont species (HYP3) is less than 3, then the precipitation estimate is very
high (1939 mm). The height of the branches in the visualization correspond to the variance
explained; for example, in the tree in Fig. 1, the choice at the root node (whether HYP1 is
above or below 11.5) already explains most of the variation in the data. Relative to this first
choice, the other choices, or branches of the tree, account only for fine-tuning of the result.

Consider the following. Cell 10.25 N, 11.75 E, located in West Sudanian Savanna
(WWF ecoregion code AT0772, for a description of ecological conditions and fauna,
see: http://www.worldwildlife.org/wildworld/profiles/terrestrial/at/at0722_full.html), has
the following faunal community structure: number of species (NHYP) = 23; number of
brachydont species (HYP1) = 11; number of mesodont species (HYP2) = 3; number of
hypsodont species (HYP3) = 9; proportion of brachydont species (pHYP1) = 0.478;
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proportion of mesodont species (pHYP2) = 0.13; proportion of hypsodont species
(pHYP3) = 0.39. (Online Appendix 3 has the species list; evolutionary-ecology.com/data/
2538A3.pdf.) Using the hypsodonty predictive tree (Fig. 1), we will now estimate the annual
precipitation for this grid cell. We start from the root (the upmost node). Because the
fauna has fewer than 12 brachydont species (HYP1 < 11.5), we continue to the left
side in the regression tree. The next node is pHYP3 > 0.1938. Because the proportion of
hypsodont species (pHYP3) in this cell is 0.39, we continue to the left. The next node
is pHYP3 > 0.4808. As pHYP3 in this cell is 0.39, we go right. The next node is
pHYP2 < 0.1277. In this cell, the proportion of mesodont species (pHYP2) is 0.13, so we
continue to the right. We arrive at the value of 681.6 mm annual precipitation. The actual
annual precipitation (from WorldClim data set) for this grid cell is 743 mm.

To test the geographical resolution of our precipitation estimates, we estimated the mean
annual precipitation values for the present-day world using: hypsodonty alone (Fig. 2A);
diet alone (Fig. 2B; for regression tree: evolutionary-ecology.com/data/2538A1.pdf);
hypsodonty and diet in combination (Fig. 2C and evolutionary-ecology.com/data/
2538A1.pdf). For comparison, we also show the actual precipitation map calibrated to
the same ranges (Fig. 2D). Plotting the variables on a map makes it easier to understand
the environmental context of the splitting sequence in the regression tree. To this end, we
also show the number of species with low crowned teeth (Fig. 3A), the proportion
of frugivores (Fig. 3B), and the proportion of mixed feeders (Fig. 3C) within the grid
cells. These plots show how the variables resolve the spatial pattern, and what regions they
resolve best.

DISCUSSION

The regression tree appears to be a good way to estimate rainfall because it allows for
non-linear responses and it takes the correlations between the input variables into account.
Our results show that a non-linear algorithm estimates the precipitation better than does
linear correlation. So the community structure of mammals may well respond non-linearly
to changes in environmental variation.

Mammal communities reflect the vegetational habitat, which in turn reflects patterns of
rainfall. The causal chain between rainfall and animal abundances goes through grass and
foliage production, which is approximately linearly related to rainfall (Huxman et al., 2004). The
slope of the rainfall–production relationship, which can be expressed as WUE (water use
efficiency), is a function of soil nutrient availability (Huxman et al., 2004). In more moist regions,
animal productivity is limited not by the gross availability of fodder but by its protein
(nitrogen) content (Ellery et al., 1996). Le Houerou (1984) and Le Houerou et al. (1988) related rain
use efficiency (RUE) to productivity in arid environments. Huxman et al. (2004) demonstrated
that RUE decreases as rainfall increases. They also related the rainfall to annual net primary
production (ANNP) in world biomes. The slope of the ANNP–rainfall relationship
decreases in mesic environments and increases in more arid environments (Huxman et al., 2004).
This means that production in the arid environments is more rainfall limited, whereas
in more humid environments the production is temperature or nutrient limited. In high
northern latitudes, primary production is controlled by temperature and light more than by
precipitation (Churkina and Running, 1998; Nemani et al., 2003), and there, the relationship between
precipitation and mammalian community traits becomes less clear. The same applies to the
extremely humid areas where rainfall does not limit primary production. In Figure 2 of
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Huxman et al. (2004), one can see that in regions with precipitation of over 2000 mm per year,
production increases very little when precipitation increases. In our regression tree (Fig. 1),
we have only one (or a few; see evolutionary-ecology.com/data/2538A1.pdf) precipitation
values in excess of 1500 mm. So our estimation method saturates and mammalian
communities cannot be confidently used to estimate rainfall above ∼2000 mm. Note,
however, that this is a very high level of rainfall in present-day habitats. Most present-day
habitats with rainfall exceeding 1500 mm are tropical forests and those over 2000 mm are
tropical rainforests. Our regression trees can, in principle, differentiate between tropical
forest and tropical rainforest. Beyond saying a place is a tropical rainforest, however, we
cannot estimate its precipitation.

The estimated precipitation values presented here have quite a large standard error
(see Table 2). This is in part caused by known exceptions to the general trend that result
from re-invasion of humid habitats by hypsodont forms. In today’s mammal fauna, the
main examples of re-invasion are grazing bovid species that range into tropical rainforest
(e.g. Bos gaurus, Bos javanicus, Syncerus caffer), and the elephants (Elephas and Loxodonta),
which are highly mobile habitat generalists. We excluded the elephants from the analysis
because their large home ranges and broad spectrum of habitats and climate conditions
mean that they would contribute mostly noise to our analysis. We retained the bovids,
however, because their grazing diet is in harmony with their hypsodonty despite their
atypical environmental setting. (The rainforest grasses on which they feed represent an
interesting topic for future research that we cannot pursue here.) The exclusion of the two
species of elephant from our regressions had only a small effect on the results. They would
have contributed to just one further split in the extremely high precipitation estimate, a split
that we are not able to resolve well in any case because of the saturation effect discussed
above. However, despite these complications, the estimated annual precipitation values
based on regression trees using hypsodonty, diet, and hypsodonty plus diet (Fig. 2A–C)
depict the actual annual precipitation pattern (Fig. 2D) remarkably well. Africa in
particular, excluding Madagascar, is extremely well estimated, and the Eurasian continent is
relatively well estimated. The New World is also relatively well estimated, but there are more
differences between estimated and actual values than in Africa or Eurasia. Below we discuss
some possible reasons for the errors of estimation.

Fig. 2. (A) Predicted annual precipitation based on decision tree analysis using hypsodonty alone as
regressor. The precipitation values have been classified to seven classes, reflecting the distribution of
prediction outcome from Fig. 1. (B) Predicted annual precipitation based on decision tree for annual
precipitation using diet alone as regressor. The precipitation values have been classified to seven
classes, reflecting the distribution of prediction outcome from Appendix 1, Tree 1. Note that the
classification is slightly different from that in (A). The main difference to (A) is a slight increase in the
resolution of the high precipitation range (over 1500 mm). The difference to the pattern of (A) is that
the areas of high and extremely high precipitation in the tropics are spatially better differentiated than
they are in (A). (C) Predicted annual precipitation based on decision tree for annual precipitation
using diet and hypsodonty in combination as regressors. The precipitation values have been classified
to seven classes, reflecting the distribution of prediction outcome from Appendix 1, Tree 2. Note that
the classification is slightly different from that in (A) and (B). The high precipitation range is better
resolved than in (A) and (B) (over 1500 mm range), and the high precipitation areas in the tropics are
spatially slightly better differentiated than they are in (A) and (B). (D) Measured annual precipitation
from WorldClim data set calibrated to the same classes as (A).
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The likely reason for the poor estimates in Madagascar is that it has almost no terrestrial
herbivores. That appears to be an historical accident. There never were any large terrestrial
herbivores on Madagascar, and most of the large terrestrial and arboreal species have gone
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extinct during the last 10,000 years due to excessive human hunting and human-induced
environmental change (Burney et al., 2004). All Madagascan primates have low crowned teeth,
as is the case for all primates, and their diet alone is not enough to capture regional
environmental variation in Madagascar. The proportion of frugivores (Fig. 3B) does
capture some environmental variation, but this variable by itself is not adequate.

In Eurasia, the main differences between the maps (Fig. 2A–C vs. 2D) are in the alpine
regions of Europe and the highlands of central India. Neither the hypsodonty nor the diet
values capture the precipitation variation in the Alps. This is probably because our mammal
data are too coarse to reveal the orographically driven precipitation increase in the Alps or
on the western coast of Norway. Comparing Fig. 2A and Fig. 2B reveals that the diet-based

Fig. 3. (A) The number of species with low crowned teeth within grid cells. (B) The proportion of
frugivores within grid cells. (C) The proportion of mixed feeders within grid cells.
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and hypsodonty-based prediction both capture some of the variation on the Indian
subcontinent, although the regional variation is somewhat different. Their combined effect
is seen in Fig. 2C. The orographically driven Indian monsoon in the South Himalayan
region (Fig. 2D) is not captured by our estimation method. On the other hand, both
hypsodonty- and diet-based estimators, separately and combined, captured the Asian
monsoon precipitation regime to a fair extent (Fig. 2A–C). Perhaps our method is too
coarse to detect orographically driven changes in precipitation. A likely reason is that
mammals are mobile and track the seasonal variation in mountains, which causes mammal
species to be recorded in multiple adjacent ecoregions.

The New World exhibits more differences between estimated and actual precipitation
values than does the Old World. Part of the reason may be the large-mammal extinctions
at the end of the Pleistocene (Koch and Barnosky, 2006). The wetter southeast of North America
is not represented in our maps at all because of lack of ecomorphological data in these
regions (not enough species with diet and tooth crown data). On the other hand, the drier,
western areas of North America are represented in all of the estimation maps (Fig. 2A–C),
as well as its more humid northeastern corner. In South America, tropical rainforest,
with its extremely high precipitation, covers large areas. This is especially troubling
for hypsodonty estimation (Fig. 2A). Yet the combined hypsodonty and diet estimation
captures much of the precipitation variation in South America despite the existence of
some problematical areas.

We expected that the substantial end-Pleistocene global loss of large mammal diversity
(Koch and Barnosky, 2006) that has not been regenerated (Barnosky, 2008) would bias our results in
some way. As shown above, there are some small-scale discrepancies, but much of the
regional and all of the global scale patterns are well represented in our predictions. This
is further confirmed by predictions for Africa. Africa was the continent least affected by
end-Pleistocene megafaunal extinctions (Koch and Barnosky, 2006), and indeed Africa does show
the best correspondence between predicted and actual rainfall patterns. This is significant
for the potential use of this method to estimate climatic conditions of the past, as the
African continent has the best available approximation of the mammal community
structures that could be thought to represent pre-anthropogenic conditions.

CONCLUSIONS

Estimation methods based on regression trees offer powerful tools to unravel the
complex relationships between the environment and the characteristics of mammalian
communities. We developed a method to estimate precipitation from a set of eco-
morphological characteristics of large herbivorous mammal communities. The regression
trees described above all give reasonably accurate estimates of precipitation values
for today’s world, and thus we have some confidence that our methodology can be
applied to paleocommunities to estimate past environmental conditions. The applicability
of different regression trees to paleontological material is severely limited by the little
information that is available for living species, such as direct observations of diet. Therefore,
the trees that are preferable for reconstruction of past conditions are those that successfully
use information derived directly from preserved morphology that correlates with diet,
such as hypsodonty.
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