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Lizards Infected with Malaria:
Physiological and Behavioral Consequences
Abstract. In northern California, western fence lizards, Sceloporus occidentalis,
are frequently parasitized by Plasmodium mexicanum, which causes malaria.
Animals with this naturally occurring malarial infection are anemic; immature
erythrocytes in peripheral blood become abundant (1 to 30 percent), and blood
hemoglobin concentration decreases 25 percent. Maximal oxygen consumption
decreases 15 percent and aerobic scope drops 29 percent in infected lizards; both
correlate with blood hemoglobin concentration. Running stamina, but not burst
running speed, is reduced in malarious lizards. There is a hierarchical relation
between infection with malaria and effects on hematology, physiological function,
and behavioral capacity. The results suggest that malarial infection may have
significant effects on the ecology of lizard hosts.
Over the past several decades, lizard
models have played a central role in
development of modern concepts in population, community, physiological, and
behavioral ecology. However, lizard
ecologists almost never consider the impact of parasites on individual lizards or
lizard populations. This is curious since
lizards are hosts of a wide range of
parasite taxa (1) and parasites frequently
have considerable effects on the biology
of hosts (2). One common group of lizard
parasites consists of the malarial organisms (genus Plasmodium); indeed, half
of the 120 (more or less) described Plasmodium species are lizard parasites (3).
The diversity of lizard malaria parasitehost associations make them ideal systems in which to examine the impact of
parasitic infection on physiology and
ecology of host organisms.
Although lizard malaria is considered
a relatively benign parasitic infection (I),
several lizard malaria species produce
anemia, tissue damage, and even mortality in their hosts (3-5). Here we report
physiological and behavioral effects of a
lizard malaria, produced by P . mexicanum, on the host, the western fence
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lizard, Sceloporus occidentalis. Our data
demonstrate that hematological alterations resulting from malarial infection
are correlated with ecologically important effects on activity metabolism and
behavior of the host.
Since 1977 a wild population of Sceloporus infected with malaria has been
under study at the University of California Hopland Field Station, a tract of
foothill oak woodland in southern Mendocino County (5). Fence lizards are
abundant there and approximately 25
percent of wild adult lizards are infected
with malaria at any given time.
As Plasmodium infects and reproduces
in vertebrate erythrocytes, hematological effects of infection could be an important source of pathology to lizard
hosts. Hematological and parasitological
variables of field-caught lizards were
measured by standard techniques. Blood
was drawn from a toe clip and a smear
was made for Giemsa staining and examination for parasites (5, 6). Parasitemia, expressed as parasites per 10,000
red blood cells (RBC), and the percentage of immature red blood cells (iRBC)
were determined by scoring 2000 to 3000
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RBC (7). Also measured were erythrocyte abundance (RBC per cubic millimeter of blood), hematocrit, and hemoglobin concentration in postorbital sinus
blood (8).
Lizards infected with malaria respond
by rapid production of iRBC (6, 9, 10).
This response serves to replace cells
destroyed by the parasite and possibly to
reduce parasite population growth (5,
11). Infected Sceloporus occidentalis
show a marked increase in circulating
iRBC (Table 1). Abundance of iRBC
ranged from 0 to 2 percent for noninfected and 1 to 30 percent for infected fence
lizards. Abundance of iRBC for lizards
with very low parasitemia (< 25 per
10,000 RBC) ranged from < 1 to 30 percent. For lizards in which the number of
parasites was substantially greater (400
to 2800 per 10,000 RBC), the proportion
of iRBC was about 5 to 30 percent. This
weak relation between parasitemia levels
and percentage of iRBC may be a result
of time lags between changes in parasitemia levels and the hemopoietic response.
Therefore, the percentage of iRBC appears more likely than parasitemia to be
correlated with other physiological effects.
Hemoglobin concentration in blood of
parasitized lizards is lower (- 25 percent
less) than in noninfected lizards, but
hematocrit and RBC counts do not differ
between groups (Table 1). The percentage of iRBC and hemoglobin concentration are negatively correlated (r = - .5 1,
P < .01, N = 49). Thus, hemoglobin deficiency in infected lizards seems to be a
result of reduced hemoglobin in iRBC
rather than of a decrease in RBC number
per volume of blood (12).
A 25 percent deficit in blood hemoglobin in malarious lizards should result in a
reduction in the ability of the blood to
deliver oxygen to tissues. Resting and
maximal oxygen consumption were measured (13) in adult male Sceloporus at
3S°C, the preferred body temperature for
this species. Blood hemoglobin concentrations were measured within several
hours after metabolic measurements. Infected and noninfected lizards do not
differ in resting oxygen consumption.
However, maximal oxygen consumption
and aerobic scope, the increment between resting and maximal oxygen consumption (14), differ significantly between groups (Table 1). There is a strong
positive relationship between hemoglobin concentration and both maximal oxygen consumption (Fig. 1) and aerobic
scope. The fact that data for both infected and noninfected lizards fall on the
same regression line shown in Fig. 1
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suggests that the difference in maximal
oxygen consumption between groups is
strictly a result of differences in blood
hemoglobin concentration.
Because aerobic scope is reduced in
malarious lizards, their capacity for aerobically supporting behavior activity
should also be reduced. Very short
bursts of activity in lizards are supported
principally by anaerobic metabolism,
while longer efforts also involve a significant aerobic component (13, 15). We
measured burst speed and running stamina as measures of behavioral performance capacity in infected and noninfected lizards (16). If malaria primarily influences oxygen transport capacity, we
would anticipate that very short term,
anaerobically supported burst activity
would be little affected by infection.
More sustained exertion involving maximal oxygen consumption should, however, be reduced. Results show that, although burst running speed (I to 2 seconds duration) for noninfected lizards

Fig. 1. Relation between blood
hemoglobin concentration and
maximal oxygen consumption
for malarious and noninfected
S . occidentalis. No significant
difference exists for regressions for the two groups (analysis of covariance, P > .05).
Data are combined to yield the
regression: maximal O2 consumption = 3 5 7 + .I36 hemoglobin concentration. A
similar pattern emerges for
aerobic scope plotted as a
function of hemoglobin concentration.

was slightly greater compared to malaria-infected animals, the difference is not
significant (Table 1). Running stamina,
measured as the distance covered during
30 seconds and 2 minutes of running, is
significantly greater in the noninfected
group, as predicted. These data show
that burst speed is independent of infection, and parasitized animals retain a
capacity for rapid escape and avoidance.
However, the decrement in aerobic
scope as a result of infection is accompanied by a decline in stamina. The ecological consequences of these physiological and behavioral effects of infection
are difficult to decipher. These lizards
may seldom need to run for more than a
few seconds, even when fleeing a predator. In fact, malarious lizards are not
more likely to have an injured tail, an
indicator of a predator's attack, than are
noninfected animals (17).
The influence of malarial infection in
these lizards is pervasive through many
functional systems. The following sce-

Infected
Noninfected

Blood hemoglobin concentration (91100 ml)

Table 1. Comparison of hematological parameters, oxygen consumption, and behavioral
performance of Sceloporus occidentalis infected and not infected with the malarial parasite
Plasmodium mexicanum. Mean values are reported followed by standard deviations and sample
sizes in parentheses. Significance levels are determined by Mann-Whitney U tests. Hematological variables were measured as follows: (i) Hematocrit. Within 8 hours of the animal's capture,
blood was drawn into a capillary tube and centrifuged. Data are pooled for both sexes since no
difference was apparent between them (P > 5 ) . (ii) Erythrocytes per cubic millimeter of blood.
One month after the animals were captured, hemocytometer counts were made on blood of
male lizards. (iii) Hemoglobin concentration. Blood from male lizards used in the physiological
experiments was assayed by Drabkin's colorimetric method (8).
Group

Hematological parameters
iRBC (percent)
Hemoglobin (g per 100 ml of blood)
Hematocrit (percent)
RBC ( x 10' per mm3 of blood)
Oxygen consumption [mll(g.h)]
Resting
Active
Aerobic scope
Behavioral performance
Burst speed (mlsec)
Running stamina*
Running stamina?
*Meters run in 30 seconds.
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Infected

Noninfected

9.5 (7.3; 68)
5.5 (1.3; 27)
33.4 (6.5; 17)
972.1 (245.1; 12)

2.6 (4.1 ; 25)
7.3 (1.4; 22)
32.3 (5.1; 21)
843.4 (251.2; 15)

0.59 (.105; 14)
1.30 (.252; 14)
.71 (.247; 14)

0.54 (.131; 15)
1.53 (.351; 14)
1.00 (.336; 14)

1.28 (.41; 15)
17.0 (3.68; 14)
26.9 (6.81; 15)

tMeters run in 2 minutes.

1.44 (.38; 15)
21.3 (5.82; 15)
32.2 (8.1; 15)

nario emerges from our results: After
infection, the host liberates immature
erythrocytes into peripheral circulation,
producing a 25 percent deficit in blood
hemoglobin concentration. This in turn
results in a 29 percent decrease in oxygen transport capacity with a resultant 20
percent reduction in aerobically sustainable activity performance; in free-living
Scelopor~cs, malarial infection also results in decreased fat storage, in reduced
clutch size in females, and reduced testis
size in males (5).Decrements in all these
physiological and reproductive factors
are approximately 20 to 25 percent. This
is a significant detriment, but infection
apparently does not result in complete
incapacitation and failure of functional
systems, except during periods of stress
(5).

Although the biology of Plasmodiwn
has been intensively studied for the past
100 years, understanding of the costs of
natural infection on the great majority of
nonhuman hosts is poor. This novel
studv on the effects of natural malarial
infection on western fence lizards suggests that malaria can have an important
impact on lizard hosts. By inqestigating
the influence of parasite-induced pathology on physiology, reproduction, and
behavior, we may cast light on the real
ecological consequences of natural parasitism. Such studies will also assist in
development of theory concerning the
evolution of the host-parasite relationship.
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