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The association of changes in mammal diversity with periods of global climatic change is
suggestive of a causal relationship. Two important features in the testing of this climatic
model are as follows: the timing and the pattern of the diversity changes, and the particu-
lar climatic variables examined, since different patterns of evolutionary interactions
would be expected depending on different climatic variables. In order to analyse the rela-
tionship between climate change and faunal events, we need to establish a set of compa-
rable data. To provide a finely resolved picture of both climatic and faunal events, the last
32,500-years were divided into 13 chronological units of 2,500-years each. The limit of
32,500-years was imposed by the availability of good localities with radioisotopic cali-
bration. Climatic stability was measured in these analyses in terms of cycles per unit of
time, the amount of variation in temperature per unit of time, and the magnitude of
change between modal temperature of one interval less modal temperature from preced-
ing interval. The data presented here suggest that the primary effect of climatic change is
on: (1) levels of extinction (or migration) of large mammals; and (2) diversity and origi-

nation (or immigration) of small mammals.
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Introduction

Megafaunal extinctions in South America occurred at the same time as the major cli-
matic deterioration associated with the last glacial cycle; this fact has prompted con-
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siderable speculation about the extent to which these events are causally related
(Borrero 1984; Politis & Prado 1990; Prado et al. in press). Several authors suggest
that climatic change, or other natural factors that directly affected the Pleistocene
fauna, drove the larger mammals into extinction (Axelrod 1967; Graham & Lundelius
1984; Grayson 1984; Guthrie 1984; Graham & Grimm 1990). In addition, during the
last two decades a number of authors (e.g., Vrba 1985, 1988; Foley 1993; Vrba et al.
1995; Webb & Opdyke 1995; Behrensmeyer et al. 1997) have linked major changes in
the composition of mammalian communities with global climatic oscillations. This
has led to some specific theories about climate change as the driving force in faunal
turnover and diversity in mammals (Vrba 1993). In order to test this climatic forcing
model we need to take into account two important factors: (1) the timing and the way in
which the changes in diversity patterns occurred, and (2) the particular climatic vari-
ables considered. Because climatic change is not a simple phenomenon, different pat-
terns of faunal diversity change would be expected depending on which particular cli-
matic variables are involved.

Data derived from oxygen isotopes of ice cores from Antarctica have shown that
there may be as many as 10 main climatic oscillations during the last 40,000 years. Any
development of the climatic forcing model should therefore take into account this com-
plexity, and also attempt to detail the causal links between climate and diversity change.

Biological processes can be analysed at different time scales, such as ecological or
evolutionary time. Different scales may reveal different aspects of the processes. Eco-
logical time is concerned with immediate responses to environmental change, whereas
evolutionary time refers to long term effects of environmental change upon biota. The
late Quaternary mammal record of the Pampean Region, especially that of the last
40,000 years, links ecological and evolutionary time and offers a unique opportunity to
examine in detail the processes of changes in diversity as a result of environmental
fluctuations.

In this paper we attempt to explore the quantitative relationship between climatic
change and the pattern of mammal turnover and diversity in the Pampean Region. We
also seek to provide an empirical basis for the causes of change in the course of late
Pleistocene mammal extinction.

Previous studies

Geological context. — Most of the selected sites were developed in the eolian and flu-
vial-lacustrine deposits widespread in the Pampean Region. Fidalgo et al. (1973, 1975,
1991), and Dillon & Rabassa (1985) revised the stratigraphic nomenclature of this
area. Based on geomorphological evidence, as well as textural and compositional anal-
yses. of the late Pleistocene and Holocene deposits, they proposed two stratigraphic
units; the Lujan Formation with three Members — La Chumbiada, Guerrero and Rio
Salado; and the La Postrera Formation (Fig. 1). The former is of fluvial-lacustrine ori-
gin, and the latter is eolian. These eolian deposits, extensively covering southern Bue-
nos Aires Province, comprise sandy loess, very fine sand sheets and dunefields (Zarate
& Blasi 1993).
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Fig. 1. Diversity and turnover change through the late Pleistocene to the Holocene in the Pampean Region.
Data from Table 1. Lithostratigraphic and palaeoedaphological units sensu Fidalgo et al. (1973) and Dillon
& Rabassa (1985). Palacoenvironmental reconstruction after Prado er /. (in press).

The Lujan Formation is represented by a floodplain that extensively covers the
main river in the Buenos Aires Province (Fidalgo ef al. 1973). The lower part of this
Formation is mainly a fluvial deposit (La Chumbiada and Guerrero Members) and the
upper part is essentially marsh lacustrine (Rio Salado Member). The age of the La
Chumbiada Member is greater than 28,900 + 400 years BP (Carbonari et al. 1992),
while the Guerrero Member ranges from 28,600 + 2,400 to 13,070 = 120 years BP. The
Rio Salado Member extends from 10,840 + 380 to 3,395 + 307 years BP (Bonadonna
et al. 1995). Two edaphostratigraphic units were recognised in the sequence (Fig. 1).
The first one, called the Puesto Callején Viejo paleosoil (dated by C around 10,070 +
140 years BP on pedogenetic carbonate; 9,710 = 100 years BP on land snails; and
8,940 + 130 years BP on organic components) is placed in the upper part of the
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Guerrero Member. The second one, called the Puesto Berrondo paleosoil, is located in
the upper part of the Rio Salado Member (Fidalgo ef al. 1991; Bonadonna et al. 1995).
The latter paleosoil shows a humid regime that may have existed at the time of the Ho-
locene marine transgression, with a maximum sea level at 5,000 to 6,000 years BP
(Schnack 1987; Zarate & Flegenheimer 1991).

Environmental scenario. — The mammal-bearing sediments were deposited under
arid to semi-arid climatic conditions, alternating with more humid ones (Tonni &
Fidalgo 1978). Palaeoclimatic evidence indicated that this fluctuation was a conse-
quence of the interaction between the South Pacific and the South Atlantic Anticy-
clone air masses (Iriondo & Garcia 1993). The present day winds from the South Pa-
cific Anticyclone lose their humidity on the west side of the Andes and arrive to the
Pampean plain cold and dry from the SW and the South. The winds of the South Atlan-
tic Anticyclone are warmer and more humid, and arrive to the Pampean plain from the
NE. The improvement of the environmental conditions between 11,000 and 10,000 is
coincident with the arrival of early hunter-gatherer human groups in the Argentinean
pampas, and with the megafaunal extinction (Politis et al. 1995). Careful analyses of
the changes produced during this interval allow the evaluation of the possibility that
environmental changes were the main cause for the late Pleistocene and early Holo-
cene extinction. Several studies show important environmental modifications in the
Pampean Region at the end of the Pleistocene and the beginning of the Holocene
(Tonni & Fidalgo 1978). The 80/ %O and '3C/'2C composition of carbonatic shells
were measured for four fluvial series (Las Brusquitas, Empalme Querandies, Paso
Otero and Quequén Salado) belonging to the Lujan Formation (Bonadonna ez al.
1995). This analysis referred La Chumbiada Member to a warm and dry environment
around 30,000 years BP (Fig. 1), followed by a cold and dry one that ended at the top of
Guerrero Member, older than 10,000 years BP. At the bottom of the Rio Salado Mem-
ber an abrupt drop (more than 2 8%o) in the oxygen value is recorded. This change may
correspond to the inception of Holocene atmospheric conditions. Temperate and hu-
mid conditions prevailed during the deposition of Rio Salado Member sediments,
which appear to record a marked damp event localised around 6,000 to 8,000 years BP
(Fig. 1). Pollen analyses from the Pampean region (Quattrocchio ez al. 1994) show that
the community of the Pleistocene—Holocene transition in the area was characterised by
steppe and aquatic pollen of alluvial fans. The Guerrero Member shows a characteris-
tic assemblage of halophic steppes and psammophic grassland with scrub, typical from
open habitats and dry and cold conditions (Fig. 1). The Pleistocene—Holocene transi-
tion was also characterised by the migration of climatic isolines, found 750 km North-
east of their present positions. There is general agreement that glaciers in the Andes
started to recede from their Last Glacial Maximum limits by ca. 18,000 years ago
(Clapperton 1993). Evidence of a distinct glacial re-advance in the Andes at ca.
15,000-14,000 and 12,500-10,000 years BP suggests that a climatic reversal halted
the change to interglacial conditions (Porter et al. 1992). In general, climates prior to
14,000 years BP were colder than today and atmospheric circulation patterns were
probably different from those currently prevalent. The early Holocene was marked by
a widespread recession of glaciers in most parts of the Andes (Heusser 1974), but there
was a return to cooler and more humid conditions after ca. 5,000 years BP (Mercer
1982).
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Methodological approaches

In order to analyse the relationship between climate and mammal evolution we need to
establish a set of comparable data. To this end it is necessary to compile several mea-
surements for both climatic and faunal events by chronological intervals.

The following data were used for each equal time unit:

Climatic data. — The best available record of climatic change is derived from the ox-
ygen isotopic record from ice cores. The isotopic curves presented by Merlivat et al.
(1979) were used to compile the following variables defined by Foley (1994; Table 1):

Number of climatic cycles

Maximum 8'%0 (= maximum temperature)

Minimum 880 (= minimum temperature)

Modal temperature

Magnitude of climatic variation (maximum temperature — minimum temperature)

Magnitude of climatic changes (modal temperature of one interval less modal tem-

perature from preceding interval).

Data were obtained from the National Climatic Data Center, database of National
Oceanic and Atmospheric Administration NOAA Paleoclimatology Program (http://
www.julius.ngdec.noaa.gov/paleo/icecore/antarctica/domec/domec_data.htlm).

Table 1. Climatic data for last 40,000 years.

Interval ka | Number 8%0 | 80 | Climatic varia- Mode Magnitude of
of cycles | (max) | (min) | tion (max.-min.) §'%0 climatic change
0 25| 295 -47.65  -51.6 3.49 -49.9
2.5 5 9.5 -49.24 ' -50.69 1.45 -49.8 0.1
5 7.5 10 —49.12 | -51.33 2.21 -49.7 0.1
75 10 11 —48.01 | -51.23 3.22 -50.1 0.4
10 12.5 7.5 —48.03 | -51.66 | 3.63 -49.6 0.5
125 |15 3.5 -50.53 | -52.88 | 2.35 =51.7 2.1
15 17.5 3 -52.83 | -55.94 3.11 -54.9 32
175 1 20 3 -54.82 | -55.72 0.9 -55.1 0.2
20 225 2.5 -54.97 | -55.88 091 -55.1 0
22,5 | 25 4 -55.05 | =56 0.95 -55.4 0.3
25 27.5 3 -54.53 | -55.81 1.28 -55.2 0.2
27.5 |30 3 -54.49 | -55.75 1.26 -55.3 0.1
30 32.5 2.5 -53.58 | -55.12 1.54 -54.9 04
325 | 35 2.5 -53.39 | -55.57 2.18 -54.8 0.1
35 37.5 35 -53.43 | -55.09 1.66 -55.1 0.3
375 (40 | 2 -52.14 | -54.53 2.39 -53.3 1.8

Palaeontological data. — The Pleistocene—Holocene mammal record comes from
Prado et al. (in press). The use of equal time interval units requires precise ordering of
first and last appearance datum of taxa. Such data are not directly available from the
late Pleistocene mammal record of the Pampean Region, because most data come from
isolated localities and age calibrations are not sufficiently precise.

‘Large’ mammals can be defined in various ways. We used the criteria following by
Martin (1984). Since most mammal species which became extinct in the late Pleisto-
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cene approximated or exceeded 45 kg (100 1bs.) in adult body mass, animals of this
size or larger will be assigned to the ‘megafauna’; those under 45 kg will be considered
‘small’.

We used the program CONJUNCT Version 1.5 of Alroy (1992, 1994) following the
analysis of ‘disjunction distribution ordination” (DDQ; Alroy 1992), which operates
without the use of stratigraphic information. Chronological information can be in-
ferred detecting which taxa have overlapping (conjuncts) or non-overlapping (dis-
junction) distributions over a set of faunal lists. The procedure, involving correspon-
dence analysis, generates theoretical spaces composed of two distributional bound-
aries or edges for each taxon in each dimension. The ‘best’ solution in this procedure is
to search for a parsimonious arrangement of edges that minimise the number of im-
plied conjunctions among taxa that appear to be disjunct. The localities are also or-
dered within the edge sequence. The position is determined by the mean of the number
of the rightmost left edge and the number of the leftmost right edge. The edge sequence
was calibrated by regression at the midpoint of the locality range against estimated
radioisotopic ages. Linear regression was statistically significant (12 = 0.86). The last
32,500-years were divided into 13 intervals of 2,500 years each. This order of magni-
tude was selected for not eclipsing both climatic and faunal events. The limit of 32,500
years was imposed by the availability of good localities with radioisotopic calibration.

For each time interval faunal diversity and turnover were measured as follows (see
Table 2): standing richness, first occurrence rate quotient (FRQ), and last occurrence
rate quotient (LRQ).

Diversity changes through time were measured as the standing richness (Harper
1975) which standardises the number of taxa that actually or potentially occur at each
time interval. Standing richness (N,;) was calculated following Maas et al. (1995):

]vsr = Nbdu + Nrt+ 172 (Nf+Nl—No)

where N;is the number of first appearances in the time interval, N;is the number of last
appearances in the time interval, N, is the number of species known only for that time
interval. N, 1s the number of species recorded before, during, and after the time inter-
val, and N,, is the number of species ranging through the time interval.

A change in diversity does not necessarily imply the restructuring of the mammal
community. According to equilibrium theory (MacArthur & Wilson 1967), extinction
and origination (immigration and speciation) events could occur independently of
each other, and yet yield equilibrium species diversity. Disruptions of equilibrium
could be caused by rapid turnover, in which multiple extinctions are followed by a
wave of originations. Because in situ speciation and immigration may not be distin-
guishable we treat both as ‘first occurrences’. Similarly, local extinctions are treated as
‘last occurrences’.

Rate quotients normalise the number of first and last occurrences in the intervals by
taking into account differences in species richness (Gingerich 1987). They are calcu-
lated as the ratio of observed to expected turnover:

RQ=R,/R,

where R, is the observed number of first or last occurrences and R, is expected number
of first or last appearances. Expected rate is calculated using linear regression of the
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Table 2. Mammalian specific turnover and richness for the 13 equal time intervals recognised in the last
32.500 years in the Pampean Region. N: number of species. Nsr: standing richness, calculated following
Maas et al. (1995). Obs.: observed, Exp.: expected. RQ: Rate Quotient. Overall significance of the observed
turnover pattern are given following Barry et al. (1995) by chi-square goodness-of-fit, and %’ values are also
given for each interval. Significant high observed turnover is indicated by ‘+* and significant low values are
indicated by ‘-’ based on comparison with a bootstrapped distribution generated for 10,000 simulations
(Maas et al. 1995). (+ +) or (- -)at p< 0.1, and (+) or (-) at p < 0.5, respectively.

Interval , N  Nsr (f;;')sst g;:: X2 first RQ (l)asst 1_13?5; x? last RQ
32.5-30 | 25 — [ 2

30-27.5 |24 123 1 1.67 | 0.27 |0.6 (--)| 1 1915 |0.44 0.522 (=)
27.5-25 |25 |24 2 182 002 |1.097 [(--)| O [2.056 2.06 [0 (-)
25-22.5 |34 295 9 2.81 |13.61 |3.200 2 2902 028 0.689 | |
22.5-20 |35 |33 3 13.56 | 0.09 |0.843 (-) 1 [3.500 | 1.78 0.286 (-)
20-17.5 |35 34 1 1379 2.05 [0264 | () 1 (3679 |1.95 [0.272 (-)
17.5-15 |44 [37.5 | 10 4.66 | 6.12 [2.147 5 4333 0.10 |1.154
15-12.5 |45 40 6 534 0.08 |1.125 8 (4826 2.09 @1.658
12.5-10 |37 |33.5 0 3.67 | 3.67 |0 (-) 7 13589 324 1951
10-7.5 |31 28 1 1252 092 [0.397 (-) 5 2660 2.06 | 1.880

7.5-5 |34 27 8 233 1375 (3427 | (+) | 6 2503 |4.89 | 2.400 (=)
5-2.5 |37 |29 8 12.71 | 10.30 |2.948 10 2.820 | 18.28 | 3.546 (-)
250 |55 28

natural logarithm of the observed number of first or last occurrences on the natural log-
arithm of species richness (Gingerich 1987). To assess the overall significance of the
observed turnover pattern, we used chi-square goodness-of-fit to test the departure of
the observed pattern from an expected distribution of first and last occurrences (Barry
et al. 1995). Our null hypotheses considered first or last occurrences to be equally dis-
tributed in all intervals. An alternative approach is the bootstrapping method formu-
lated by Gilinsky (1991) and modified by Maas et al. (1995). This method permits a
test of the null hypothesis that first or last occurrences are randomly distributed among
faunal intervals. The test distribution of each interval consists of expected numbers of
first or last occurrences generated for each of 10,000 simulations. For each simulation,
species ranges are shuffled randomly among intervals taking into account that each
species has only one first occurrence datum and one last occurrence datum, and ranges
are not allowed to be truncated.

To determine the strength of association between climatic and faunal events we
used the bivariate correlation program included in SPSS (version 9). We used scatter
diagrams on faunal versus climatic variables to evaluate if the relationships were lin-
ear. To test the results of bivariate analysis we used multiple regression analysis (using
the same statistical package). Multiple regression is appropriate to estimate which cli-
matic variable correlate best with patterns in species richness, origination and extinc-
tion. We used the stepwise variable selection method in which variables can be entered
or removed from the model depending on either the significance of the F value, or the
F value itself. In our analysis, variables were entered when the significance of the F
value was < 0.05 and removed from the model when the significance of the F' value
was 2 0.1.
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Results

Patterns of turnover and diversity. — The species diversity pattern shows a single
peak, with relative high diversity at ca. 14,000 years BP (Fig. 1). For the late Pleisto-
cene—Holocene of the Pampean Region area, expected first occurrences were calcu-
lated from the following adjustment:

R, = exp [2.103 In(Nsr) — 6.082]

and expected last occurrences were calculated as:
R.=exp [1.67 In(Nsr) — 4.586]

The first and last occurrences rate quotients (FRQ and LRQ, respectively) track
one another closely between 32,000 to 15,000 years, thus suggesting that a broad
range of rates are possible within the equilibrium. Both rates show high value at
25,000 years BP. From 15,000 years BP onwards, the equilibrium is disrupted. The
first-occurrence rate quotient shows high values around 15,000 and 5,000 years BP
and low values ca. 20,000 and 10,000 years BP (Fig. 1). Last occurrences rate quo-
tient increases greatly from 20,000 to 10,000 BP, after which it was maintained at a
high value, up to 5000 years BP, when it increased to the historical level. The coinci-
dence after 5000 years BP of high values of first and last rate quotients seems indica-
tive of a turnover pulse during Holocene times. For each interval the observed num-
bers of first or last occurrences were compared to the expected numbers generated
for each of the 10,000 simulations. Bootstrapping test suggests that these values dif-
fer significantly from the expected ones (Table 2). First and last occurrences were
significantly heterogeneous among intervals (2= 50.88 for first occurrence and 2 =
37.16 for last occurrence, respectively; p < 0.01 and degrees of freedom = 10), thus
leading us to reject the null hypothesis.

Climatic patterns. — Table 3 shows a matrix of correlation coefficients between the
climatic variables. The climate of the last 32,500 years BP showed a gradual transition
between a cooling phase during the late Pleistocene to more temperate conditions dur-
ing Holocene times. Significant relationships were found between time and maximum
of 8180 values, minimum of §'80 values, and number of cycles for each period. A sig-
nificant association was also found between maximum of 8!80 values, minimum of
8180 values, and climatic variation as measured through 880 values. Furthermore, al-
though temperature variables are closely related to each other, the magnitude of
change and the variability in climate and climatic stability are not significantly corre-
lated. Foley (1994) found similar results in the analyses of two climatic records, using
intervals of 0-2.6 Ma and 0-5 Ma associated with hominid evolution. Thus, our analy-
sis confirms Foley’s view that climatic change is not a simple phenomenon, and that
different patterns of climatic-faunal evolutionary interactions would be expected de-
pending on which climatic variables are examined. Also, note that a significant corre-
lation does not imply causality. Likewise, a lack of correlation does not necessarily
mean that there is no inter-linking of variables.

Relationship between climatic and faunal events. — The climatic hypothesis pre-
dicted that a significant statistical relationship should occur between climatic and fau-
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Table 3. Correlation coefficients between climatic variables for the 40,000 years dataset. * = p < 0.05 and
#* =p < 0.0l

l M.clim. M.clim. | Max. | Min. | Mode | No |
variation | changes = §'%0 8%0 8%0 cycles

Magnitude climatic changes 1
Magnitude climatic variation 0.374 1

| Max. 80 —0.004 | 0.809%* 1

I Min. §"0 -0.168 | 0.609* | 0.958%* 1

| Mode §"°0 -0.215 | -0.287 035 | -0.336 1

| Number cycles -0.27 | -0.576* | 0.705** | 0.637* = -0.206 1

Table 4. Significant correlation coefficients between faunal events and 40,000 years climatic variables (all
species). * =p < 0.05 and ** = p < 0.01.

Richness FRQ LRQ
Number cycles 0.820**
Max. §"°0 0.589*
Min. §"0 0.654*
Mode §"°0 -0.686*
Magnitude of changes 0.705%*

Table5. Significant correlation coefficients between faunal events and 40,000 years climatic variables, with
standing richness and rate quotients considered separately in small and large mammals (> 45 kg and
<45kg). *=p<0.05and " =p<0.0l.

Richness | Richness LRQ FRQ
>45kg | <45kg | >45kg | <45kg
Number cycles -0.872%% | (.758%* 0.869%:
Max. §"°0 -0.644* 0.832%% | 0,729%*
Min. §"0 -0.777%% | 0.881%*
Mode §"0 -0.612%
Climatic variation 0.908**

nal events. A number of interesting patterns emerged in this analysis. Table 4 shows a
significant positive correlation between first occurrences and number of cycles in each
interval, as well as between LRQ (last occurrence rate quotient) and both maximum
and minimum 3'80 values. Standing richness also is positively correlated with the
magnitude of climatic variation, but negatively correlated with modal temperature.
Fig. 2 shows the number of cycles and the FRQ. The positive relationship observed be-
tween both variables is statistically significant, according to a least squares regression
adjustment: R = 0.87; R2=0.67; F = 22.6 (p < 0.01).

When we considered large and small mammals separately, there was a highly sig-
nificant negative relationship between the richness of large mammals and the number
of cycles (Table 5), but maximum and minimum &!80 values were also significant. In
contrast with the results of bivariate analysis, multiple regression (Table 6A) indicated
that only number of cycles was statistically significant (Fig. 3A).
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Table 6. Results of a multiple regression analyses using the significant variables from Table 5 as factors.

Data set Factor Model P
A. Intercept included 0.0001
Dependent variable: Number of cycles included 0.0005
Standing richness > 45 kg | Max. 80 excluded | 0.1850
Min, 80 excluded | 0.8280
B. Intercept included 0.0001
Dependent variable: Min. 80 included | 0.0001
Standing richness <45 kg | Number of cycles excluded 0.5350
Mode §°0 excluded | 0.0310
Max. §"0 excluded | 0.8000
C. Intercept included 0.0160
Dependent variable: Climatic variation included 0.0001
Last Rate Quotient > 45 kg | Max. §°0 excluded | 0.4090

The bivariate correlation suggested that, taken one at a time, four variables (mini-
mum and maximum $'80, number of cycles and modal temperature) had a significant
positive relationship with richness of small mammal species (Table 5). Once these
variables are included in a multiple regression, the significance of maximum &80,
modal temperature and number of cycles disappears (see Table 6B and Fig. 3B).

Again, the data present in Table 5 show significant positive relationship of LRQ of
large mammals with maximum 8!30 and magnitude of climatic variation. But when
we considered both climatic variables as independent in the multiple regression, only
the magnitude of climatic variation was statistically significant (Table 6C and Fig. 3C).

Fig. 3D shows the number of cycles and the FRQ of small mammal species. The
positive relationship observed between both variables is statistically significant:
R=0.86; R2=0.75; F=30.9 (p < 0.001).

Discussion

Turnover and diversity. — Several lines of evidence indicate that in the Pleisto-
cene—Holocene transition there were significant changes in the physical environment
(Zérate 1999). Nevertheless, the pattern of first and last occurrence rate quotients at
this time does not differ significantly from the expected values, and similar results are
obtained in the bootstrapping analysis. In spite of this, the maximum in species diver-
sity is reached around 14,000 years BP after which it declines. Only the biotic event,
which took place during the middle Holocene, shows significant turnover with respect
to the sampling.

Temperature effects. — The result confirms the view that climatic change is not a
simple phenomenon and that different patterns of faunal change would be expected de-
pending upon which climatic variables were considered. The most significant result is
that there appears to be no statistically significant relationship between first or last ap-
pearances and changes in temperature. In contrast, some relationship was found be-
tween species richness and temperature. The richness of small mammals showed a sig-
nificant positive relationship with the variation in low temperature.
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Fig. 3. A. Regression analysis of standing richness of large mammal and number of climatic cycles,
R%=0.76, F =28.4 (P < 0.001). B. Regression analysis of standing richness of small mammal and minimum
8'80,R?=0.77, F=31.2 (P < 0.001). C. Regression analysis of last occurrence rate quotient of large mam-
mal and magnitude of climatic variation, R? = 0.82, F = 46,9 (P <0.001). D. Regression analysis of first oc-
currence rate quotient of small mammal and number of climatic cycles, RZ=0.75, F =30.9 (P < 0.001).
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Climatic stability. — The discussion above has focused on the actual change in cli-
mate as measured through temperature. However, it may be the case that the tempera-
ture itself is not the critical variable, but rather it is the degree of stability. It is possible
that regardless of the direction of change, a decrease in climatic stability could have an
effect on diversity. Climatic stability was measured in this analysis in terms of the
number of major oscillations or cycles per unit of time, the amount of variation in tem-
perature per unit of time (estimated from the difference between maximum and mini-
mum §'3 O values), and the magnitude of change. The first occurrence rate quotients of
small mammals did seem to be greater when marked climatic changes took place, as
shown by their association with the number of cycles. When species richness is exam-
ined in relation to climatic stability an association is found with the magnitude of cli-
matic change. Also, last occurrences of large mammals occurred following marked cli-
matic change.

The potential impact of humans. — Research on the earliest hunter-gatherers of
South America has focused mainly on the timing of human arrival, their dispersal, and
their impact on the late Pleéistocene mammal extinction. An association between hu-
man artefacts and extinct mammals has been shown since the last century (Roth 1899)
and several specific studies have provided a chronological scheme that has united local
sequences over part of South America. Nevertheless, most of these problems continue
to be akey issue for American archaeology. Some broad syntheses of this dispersal and
of the timing of human entry have been presented recently (Ardila & Politis 1989;
Bryan 1986).

In the Pampean Region there are several archaeological sites where extinct mam-
mals were recorded: Arroyo Seco 2, La Moderna, Cerro La China 1, Zanjén Seco 2,
Laguna Tres Reyes (Politis et al. 1995) and Paso Otero 5. Each of these sites has spe-
cial characteristics and different kinds of mammal associations.

In addition, the influence of the early hunter-gatherers is difficult to quantify. Not
enough information is available to evaluate the extent to which the pressure caused by
hunting affected the faunal equilibrium. Nevertheless, prima facie, this analysis sug-
gests that the large mammal extinction process was a phenomenon that was initiated
prior to the arrival of humans in the Pampean Region. There is evidence that indicates
humans were present in the Pampean Region around 11,000 BP, and that they coex-
isted with the now extinct large mammals for three thousand years or more. In sum-
mary, this analysis supports the idea that the extinction event began a few thousand
years before the arrival of humans and that it was primarily climatic change, followed
by several millennia of coexistence with the hunter-gatherer group, that selected large
mammals for extinction. Politis et al. (1995) suggest that humans played a secondary
role in the extinction of the native South American fauna, but were more important for
the extinction of the immigrant fauna such as horses and mastodons.

Final remarks

The effect of climate on mammal evolution can be said to be complex. Climate does
have an effect on migration, origination, and extinction, but our results suggest that
the effect is different for large and small mammals. In the entire set of our analyses,
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only the diversity of small mammals shows a statistically significant association
with respect to variations in low temperature. In contrast, the influence of climate
stability (magnitude of climatic variation) is more marked on the extinction of large
mammals.

There is a lot of evidence and theory to support a relationship between body mass
and climate in the ecology and the evolution of mammals. Body size is the single most
useful predictor of a species biology, because it is one of the most important determi-
nants of body architecture and physiology (Schmidt-Nielsen 1975; Alexander et al.
1981; McNab 1990) and ecology (Hutchinson & MacArthur 1959; McNab 1971,
Damuth 1981, Janis 1988). Recent studies (Lessa & Farifia 1996; Lessa et al. 1997),
based on late Pleistocene mammals from America, suggested that larger mammals
were more prone to extinction than smaller ones. They showed that body mass was the
primary factor statistically associated with the probability of extinction. Our analysis
supports this hypothesis.

Nevertheless, the data presented here suggest that, even allowing for this interpre-
tation of relationships between climate and faunal events, climatic change alone is not
sufficient to explain the patterns of species richness and first and last occurrences.
Other important factors that played a significant role were local competitive condi-
tions. Climatic events will alter the environments and resources within those environ-
ments. This will lead to change in competitive relationships between and within spe-
cies, and it is these modified competitive relationships that are likely to lead to evolu-
tionary repercussions.

On the other hand, the impact of humans on large mammal extinction in the Pam-
pean Region was probably not as great as in North America, but was still important. In
sum, we hypothesised that climatic change, primarily, followed by several millennia of
coexistence with the hunter-gatherer group, could have selected large mammals for ex-
tinction.
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