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Abstract Introduction

Domoic acid is an algal toxin that has caused Domoic acid (DA), a neurotoxin produced by 
neurologic disease and reproductive failure in the diatom species Pseudo-nitzschia australis, 
California sea lions (Zalophus californianus). In bio-accumulates in the food chain and affects 
affected sea lions, necrotic neurons have been multiple species of marine life, especially along 
observed in the olfactory bulb and pyriform lobe the California coast where sea lions (Zalophus 
of the brain, indicating potential for disrupted californianus) have been the most visible vic-
olfactory capability in addition to other docu- tims (Scholin et al., 2000; Torres de la Riva et al., 
mented neurological effects. Sea lions use olfac- 2009). DA-producing algal blooms are increasing 
tion in social interactions, and deficits could lead worldwide, in part due to anthropogenic effects on 
to maladaptive interactions, including between coastal oceans (Silver et al., 2010; Lefebvre et al., 
mothers and pups. Here, to assess olfactory capa- 2016). These blooms can expose marine mam-
bility in wild California sea lions, we developed mals to toxic levels of DA, leading to a variety 
a behavioral assay for use in a clinical context. of medical complications, epilepsy, reproductive 
We tested 24 stranded sea lions with no apparent failure, and death (Gulland et al., 2002; Brodie 
neurological symptoms and 22 sea lions with a et al., 2006; Goldstein et al., 2008).
clinical diagnosis of chronic domoic acid toxico- In 1998, at least 400 California sea lions died 
sis, probing differential responses to a scented and during an observed bloom of Pseudo-nitzschia, 
unscented object. The neurologically healthy ani- with many showing evidence of neurologic disease 
mals spent significantly more time with the scented (Scholin et al., 2000). DA has been found in north-
object than with the unscented object, establishing ern anchovies (Engraulis mordax)—a prey species 
this method as effective in demonstrating olfac- for sea lions—and in blood and urine samples from 
tory discrimination in California sea lions. The affected sea lions, indicating the trophic transfer of 
domoic acid toxicosis group showed a nonsignifi- the biotoxin resulting in marine mammal mortal-
cant reduction in response to the scented stimulus. ity (Scholin et al., 2000; Goldstein et al., 2008). 
However, variability in responses suggests that Histologic examination of California sea lions that 
olfactory sensitivity is impaired in at least some stranded and died following toxic exposure to DA 
sea lions with domoic acid toxicosis. has revealed the hippocampus as the primary site of 

neuronal necrosis (Buckmaster et al., 2002, 2014; 
Key Words: strandings, domoic acid, hippo- Silvagni et al., 2005; Ramsdell & Gulland, 2014).
campal atrophy, olfaction, naso-nasal contact, Domoic acid is similar in structure to kainic acid 
olfactory bulb, California sea lions, Zalophus and acts as a partial agonist on subtypes of ino-
californianus tropic glutamate receptors (Hampson & Manalo, 

1998; Nanao et al., 2005), promoting glutamate-
mediated excitation of N-methyl-D-aspartate glu-
tamatergic receptors (Novelli et al., 1992), leading 
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to consistent observable seizure behaviors in mul- pups marked with their own pup’s scent and could 
tiple species (Tryphonas & Iverson, 1990; Tasker be highly aggressive to model pups marked with 
et al., 1991). In rodents, the expression of glutamate the scent of an unfamiliar pup, biting, shaking, and 
receptors is particularly strong in pyramidal cells even throwing the model. Anecdotal reports from 
of the cerebral cortex, pyramidal cells of the hip- the stranding community indicate that some sea lion 
pocampus, and mitral cells of the olfactory bulb mothers with DA toxicosis show atypical aggres-
(Kanai et al., 1995). A single high controlled dose sion toward their pups. This might be explained in 
has been reported to activate (as assessed by Fos part by olfactory dysfunction as a result of damage 
histochemistry) and damage (as assessed by cupric to olfactory regions in the brain rather than damage 
silver histochemistry) two primary regions: (1) the to the olfactory bulb.
olfactory bulb and (2) the Ammon’s horn region of While prior studies have linked behavioral 
the hippocampus (Peng et al., 1994; Scallet et al., changes in California sea lions to DA exposure gen-
2004). erally (Cook et al., 2011; Wittmaack et al., 2015), 

Similarly, in some free-ranging sea lions that and hippocampal damage specifically (Cook et al., 
were exposed naturally to DA, necrotic neurons 2015, 2016), no studies have examined potential 
were present throughout the cortical and subcor- changes to olfactory capability. Toward that end, we 
tical limbic system, including the pyriform lobe, designed a simple behavioral discrimination pro-
the rostral thalamic nuclei, and the olfactory bulb cedure relying on spontaneous, differential explor-
(Silvagni et al., 2005). Within the hippocampus, atory response to scented and unscented objects. We 
DA appears to target granule cells in the dentate tested stranded California sea lions undergoing reha-
gyrus. This leads to mossy fiber sprouting and bilitation, and then classified individuals into groups 
the development of an abnormal positive-feed- by diagnosis, including chronic DA toxicosis and 
back circuit hypothesized to play a role in the controls (no neurological symptoms). Efficacy of 
generation of temporal lobe epilepsy, with more the approach was assessed first in controls and then 
generalized lesions in the CA portion of the hip- compared between control and chronic DA groups 
pocampus likely a result of continued epileptic to examine potential olfactory deficits in sea lions 
insult (Buckmaster et al., 2002, 2014). Ramsdell with DA toxicosis.
& Gulland (2014) proposed that DA-induced sei-
zures damage dendritic spines of olfactory gran- Methods
ule cells, and this proximal site of DA action can 
trigger excitability of mitral cells and activate Subjects
downstream pathways of the olfactory cortex. Fifty-five stranded California sea lions were evalu-

Damage to brain regions supporting olfac- ated in this study. The majority of subjects were 
tion in sea lions could have a number of negative tested in the summer months of 2009 to 2011 
consequences for wild sea lions. Sea lions and fur during treatment at The Marine Mammal Center 
seals (Family Otariidae) have functional periph- (TMMC) in Sausalito, California. Sex and age 
eral and central olfactory structures (Thewissen classes for all subjects were determined using body 
& Nummela, 2008). In the laboratory, otariids are length, weight, genital morphology, and stage of 
capable of learning differential responses to olfac- sagittal crest development as described by Greig 
tory stimuli (Laska et al., 2008); and in the wild, et al. (2005). Age classes were assigned as yearling 
they show behavioral evidence of olfactory function (1 to 2 y old), male juvenile (2 to 3 y old), female 
in their social interactions. Olfaction contributes to subadult (2 to 5 y old), and adult female (greater 
recognition of estrous females (Gentry, 1998), and than 5 y). No subadult or adult males were tested. 
naso-nasal inspection is used in mutual identifica- Subjects were opportunistically tested as they 
tion among mothers and their pups (Schusterman became available during rehabilitation by an 
et al., 1992; Dobson & Jouventin, 2003). Because experimenter blind to their diagnoses. The only 
California sea lions have a long lactation period, and pre-criterion for inclusion in the study was that 
mothers regularly leave their pups to forage, indi- each animal tested had to be eating well and medi-
vidual recognition is an important factor in reunifi- cally stable.
cation (Melin et al., 2000; Insley et al., 2003)—for 
example, after initially locating her pup, the female Clinical Assessment and Group Assignment
smells the pup extensively in what appears to be Two subtypes of clinical DA toxicosis have been 
a final check of identity before accepting it as her described: (1) acute and (2) chronic (Goldstein 
own (Trillmich, 1981; Gisiner & Schusterman, et al., 2008). Acute DA toxicosis is a result of 
1991; Schusterman et al., 1992). Inability to com- recent exposure to DA and presents as a range of 
plete the olfactory stage of identification could have atypical behaviors and seizures. Frequently, these 
dire consequences. Pitcher et al. (2010) showed that animals do not show gross brain lesions when 
wild Australian sea lion mothers preferred model assessed with MRI or histology. Chronic DA 
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toxicosis is a persistent epileptic condition, char-
acterized by intermittent seizures and gross hip-
pocampal lesions. Importantly, these conditions 
are not independent; animals stranding with acute 
exposure effects may suffer from the chronic con-
dition as well. Because our interest herein was in 
possible olfactory deficits as a result of accrued 
brain damage, only cases of chronic toxicosis 
were used in the study.

All animals were assessed clinically by TMMC 
veterinary staff either before or after testing, and 
then sorted into one of three groups: (1) animals 
with acute DA toxicosis, (2) animals with chronic 
DA toxicosis, and (3) animals with no apparent 
neurological symptoms (“controls”) according to 
the criteria in Goldstein et al. (2008). In all cases, 
diagnosing veterinarians were blind to perfor-
mance in the behavioral task, and experimenters 
running and interpreting the behavioral task were 
blind to veterinary diagnoses. Animals classified 
by veterinary staff as controls showed no neuro-
logical symptoms, and no signs of brain disease or 
abnormality; in some cases (n = 2), healthy brain 
tissue was confirmed by MRI. The comparison 
group comprised chronic DA cases that were clas-
sified by either MRI (n = 14) or histopathology (n 
= 8). Animals diagnosed with acute DA toxicosis 
were not included in the comparison group. 

Given the large sample size, imaging and histo-
pathology were obtained opportunistically when 
they had been ordered by veterinary staff. In the 
cases where MRI images were obtained (n = 16), 
data were reviewed and interpreted by Eric Montie 
(PhD neurobiologist), Sophie Dennison (DVM 
radiologist), or Jerome Barakos (MD neuroradi-
ologist) without knowledge of the sea lions’ clini-
cal status. MRI scans have previously been used to 
support diagnoses of chronic DA toxicosis in wild 
sea lions (Goldstein et al., 2008). Herein, the scans 
were compared to an MRI-based atlas of the normal 
California sea lion brain (Montie et  al., 2009). 
Imaging was used to support diagnosis of chronic 
DA toxicosis; this involved visual assessment of the 
distribution and variety of brain damage, including 
atrophy of the hippocampus and parahippocampus 
as in Thomas et al. (2010) and Cook et al. (2015). 
In cases where histopathology was used to support 
diagnosis, evidence of neuronal necrosis was used 
to indicate chronic DA toxicosis similar to Goldstein 
et al. (2008).

Behavioral Assay
Subjects were tested in an isolated, fenced, 2.5 m 
× 2.5 m pen with a cement surface. Two physically 
identical objects were placed in the test enclosure 
before the animal was moved in. The objects were 
large, capped PVC pipes, 20 cm high with 2.5 cm 
holes drilled at the top (Figure 1). One object was 

unmarked for control scent (S-), and the second 
object (S+) was marked with 0.75 kg of thawed 
herring (Clupea pallasii) hidden within the PVC 
container. The odor stimulus was positioned in the 
S+ and was not visible to the test subjects. Two 
stimulus positions (A and B), placed 1.5 m apart, 
were used in this assay; the position of the S+ 
and S- were randomized across subjects. At the 
start of the trial, a sea lion subject was brought to 
the testing enclosure in a transport crate. The S+ 
and S- were equidistant from the enclosure door-
way, and the crate was placed equidistant from 
the two objects (Figure 1). Once the crate door 
was opened, the sea lion was free to explore the 
enclosure and the objects. Animals had no visual 
access to humans during the testing interval, and 
behavior was recorded with a fixed position high-
definition video.

The video recording of each session was later 
reviewed by an observer to measure exploration 
time within a strict 300-s time interval that began 
with the sea lions’ release into the enclosure. A 
subject was classified as attending to either the S+ 
or S- when the tip of his or her nose was within 
10 cm of one object or the other. A calibrated 
length marking visible on each object was used 
to enforce the 10 cm criterion when reviewing 
the video. A stopwatch was used to measure the 
total time the sea lion spent exploring each object. 
Each video was reviewed several times to ensure 
accuracy of scoring.

Data Analysis
Two primary analyses were conducted using the 
metric of time spent with the S+ and S- during the 

Figure 1. A sketch illustration of the experiment. Each 
sea lion was released equidistant from the two objects—one 
marked with fish scent (S+) and one without (S-). Position 
of the S+ and S- were randomized across subjects. White 
markings on the objects provided a 10 cm scale used to 
determine distance of the subject’s head from the objects.
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300-s trial interval. To assess the general efficacy of older (27.8 s ± 40.8) animals (t = 1.1, df = 23, p = 
the test, the proportion of total time spent with the 0.28). In addition, there was no significant differ-
S+ vs the S- was examined within the control group. ence with time proportionally spent with the scented 
To probe potential olfactory impairment in animals object between females (0.66 ± 0.47) and males 
with chronic DA toxicosis, proportion of time spent (0.75 ± 0.43) (t = 0.48, df = 23, p = 0.68) or between 
with the S+ vs the S- was compared between the younger (0.73 ± 0.44) and older (0.65 ± 0.48) ani-
control group and the comparison group. Both pri- mals (t = 0.38, df = 23, p = 0.64). These findings 
mary assessments used a one sample t test with a indicate that sex and age are not likely to drive dif-
95% confidence interval and post-hoc correction ferences in olfactory exploration in sea lions. 
for repeated sampling. To further assess potential Overall, the control sea lions showed signifi-
differences between the two groups, an F test for cantly more time proportionally with the scented 
equal variance was conducted. An alpha level of object than with the unscented object (0.71 ± 0.24 
0.05 was used for all statistical tests. vs 0.5; t = 4.0, df = 23, p <  0.001), demonstrat-

Chronic DA toxicosis is more common among ing the efficacy of the assay in showing olfactory 
older female sea lions than in young animals, poten- capability in wild California sea lions in a reha-
tially due to differences in the feeding behavior and bilitation setting.
distribution of sea lions of different sex and age Chronic—Of the 22 individuals in the chronic 
classes along the California coast (Gulland et al., group, 20 showed some exploration of the 
2002). To determine whether subject variables (sex, stimuli (90%) (Figure 2). The sea lions affected 
age) needed to be accounted for in the comparison of with chronic DA toxicosis did not spend signifi-
olfactory responses, we used additional t tests (with cantly more time with the scented object than the 
Bonferroni corrections for multiple comparisons) to unscented object (0.57 ± 0.49 vs 0.5; t = 0.6, df = 
determine within the control group (1) whether there 21, p > 0.001). 
was a difference in exploration time between males Comparison of Chronic vs Control Groups—
and females, and (2) whether there was a difference The mean proportion of time with the S+ out of 
in exploration time between younger animals (< 3 y) total exploration time was marginally lower in 
and older animals (> 3 y). Data were arcsine square the chronic DA than in the control group (0.61 ± 
root-transformed to meet the assumptions of nor- 0.37 vs 0.71 ± 0.25; t = -1.58, df = 44, p = 0.06 
mality for equal variances prior to evaluation. [one-sided]).

The chronic DA animals showed significantly 
Results higher variance in proportion of time with S+ vs 

S- (0.14 vs 0.06; F = 2.3, p < 0.05 [one-sided]; 
Clinical Assessment Figure 3).
Of the 55 animals tested, 24 were subsequently 
classified as controls through the independent Discussion
clinical assessment, and 31 were classified as 
suffering from either acute or chronic DA toxi- The results indicate that a simple behavioral dis-
cosis. Table 1 shows subject data, performance crimination can be used to assess gross olfactory 
on the olfactory assessment, and disposition for sensitivity in untrained California sea lions in a 
all subjects tested. Nine acute domoic acid cases rehabilitation setting; and further, that the test is 
were removed from further analysis of this study; effective in females of all ages and in juvenile 
however, we provide complete results for the 55 males. Subjects with chronic DA toxicosis showed 
stranded sea lions in the table. Of the 24 control a nonsignificant trend toward spending less time 
animals tested, there were 15 males, nine females, with scented objects. In addition, sea lions with 
18 younger individuals (< 3 y old), and six older  chronic DA toxicosis showed significantly higher 
individuals (> 3 y old) in the group. There were 22 response variance than did controls. The increased 
chronic cases in the DA-exposed group and nine variance suggests that some DA sea lions may 
acute cases, and there were five males, 26 females, show altered and possibly reduced response to 
six younger individuals, and 25 older individuals. olfactory stimuli. Importantly, not all animals 

with chronic DA toxicosis show damage to olfac-
Behavioral Assay tory brain regions (Silvagni et al., 2005; Ramsdell 
Controls—Out of the 24 control animals, 23 showed & Gulland, 2014), and only a portion of DA ani-
some exploration of stimuli (95%) (Figure 2). There mals in the current study were examined by histol-
was no significant difference between excess time ogy. Therefore, it is possible that the high variance 
spent with S+ vs S- stimuli between females (35.8 s in response in the chronic DA cases was due in 
± 29.9) and males (58.3 s ± 56.2) (t = 1.3, df = 23, part to an uneven distribution of olfactory lesions 
p = 0.21) or between younger (57.2 s ± 49.7) and in the sample. 
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Table 1. This table provides the identification number of each subject; strand date; test date; sex (M = male, F = female); age 
class (Y = yearling [1 to 2 y], J = juvenile [male 2 to 4 y], SA = subadult [female 3 to 5 y; male 4 to 8 y], or A = adult [female 
5+ y; male 8+ y]); behavioral score = absence (0) or presence (1) of stereotypical abnormal characteristic behavior of DA; 
diagnosis = either acute DA (A), chronic DA (C), or neurologically normal (control or “CN”); proportion of time spent with 
S+ and S- during 300-s trial interval; and disposition (N = 55).

CSL ID
Strand date

(d/mo/y)
Test date
(d/mo/y) Sex Age

Behavioral 
score Diagnosis S+ S- Disposition

8739 17/7/2009 21/7/2009 F A 1 A 0.00 0.00 Died
8268 4/6/2009 16/6/2009 F SA 1 A 0.67 0.33 Released
8999 25/8/2009 12/9/2009 F A 1 A 0.86 0.14 Euthanized
9517 21/5/2010 20/6/2010 F A 1 A 0.14 0.86 Released
9543 25/5/2010 8/6/2010 F SA 0 A 0.79 0.21 Released
9560 27/5/2010 21/6/2010 F Y 0 A 0.25 0.75 Released
9666 13/6/2010 27/6/2010 M Y 0 A 0.80 0.20 Released
9672 14/6/2010 25/6/2010 M Y 0 A 0.77 0.23 Released
9715 23/6/2010 28/6/2010 M J 1 A 0.83 0.17 Euthanized
8105 3/5/2009 12/5/2009 F SA 1 C 0.79 0.21 Died
8107 4/5/2009 12/5/2009 F A 1 C 0.00 1.00 Released
8176 23/5/2009 29/5/2009 M J 1 C 0.97 0.03 Died
8622 4/7/2009 10/7/2009 F A 1 C 1.00 0.00 Died
8673 8/7/2009 21/7/2009 F A 1 C 0.87 0.13 Euthanized
8883 4/8/2009 16/8/2009 F SA 1 C 0.89 0.11 Died
8890 4/8/2009 16/8/2009 F A 1 C 0.80 0.20 Died
8898 6/8/2009 16/8/2009 F A 1 C 0.95 0.05 Released
9325 23/12/2009 5/2/2010 F A 1 C 0.00 0.00 Euthanized
9356 21/6/2010 27/6/2010 F A 1 C 0.25 0.75 Euthanized
9587 31/5/2010 11/6/2010 F A 1 C 0.00 0.00 Released
9597 2/6/2010 11/6/2010 F A 0 C 0.14 0.86 Euthanized
9679 16/6/2010 20/6/2010 F SA 1 C 0.15 0.85 Euthanized
9690 18/6/2012 20/6/2010 F SA 0 C 0.90 0.10 Released
9881 17/10/2010 11/12/2010 F A 1 C 0.79 0.21 Euthanized
9931 26/3/2011 4/5/2011 F A 1 C 0.63 0.37 Euthanized
9933 17/4/2011 29/4/2011 F A 1 C 0.38 0.62 Euthanized
9949 24/5/2011 24/6/2011 F SA 1 C 0.79 0.21 Euthanized
9990 3/7/2011 17/7/2011 F A 1 C 0.52 0.48 Euthanized

10091 30/8/2011 13/9/2011 F A 1 C 0.71 0.29 Euthanized
10121 12/9/2011 2/11/2011 F A 1 C 0.94 0.06 Released
10187 10/10/2011 16/11/2011 M J 1 C 0.00 1.00 Euthanized
8166 21/5/2009 28/7/2009 F Y 0 CN 0.41 0.59 Released
8202 26/5/2009 9/6/2009 M J 0 CN 1.00 0.00 Released
8415 17/6/2009 24/7/2009 M Y 0 CN 0.61 0.39 Released
8530 27/6/2009 24/7/2009 M Y 0 CN 0.83 0.17 Released
8544 27/6/2009 28/7/2009 M Y 0 CN 0.42 0.58 Released
8641 5/7/2009 24/7/2009 M Y 0 CN 0.43 0.57 Released
8655 6/7/2009 24/7/2009 F Y 0 CN 0.77 0.23 Released
8684 10/7/2009 16/7/2009 F A 1 CN 0.00 0.00 Released
8690 11/7/2009 28/7/2009 M Y 0 CN 0.80 0.20 Released
9364 19/3/2010 8/4/2010 M J 0 CN 0.50 0.50 Released
9432 15/6/2010 25/6/2010 M Y 0 CN 0.47 0.53 Released
9459 12/5/2010 10/6/2010 M Y 0 CN 0.88 0.12 Released
9484 16/5/2010 27/6/2010 M Y 0 CN 0.87 0.13 Released
9516 22/5/2010 10/6/2010 M Y 0 CN 0.96 0.04 Released
9526 22/5/2010 27/6/2010 M Y 0 CN 0.84 0.16 Released
9527 23/5/2010 25/6/2010 F Y 0 CN 0.58 0.42 Released
9528 23/5/2010 9/6/2010 F SA 0 CN 0.88 0.22 Released
9558 27/5/2010 9/6/2010 F SA 0 CN 0.60 0.40 Released
9562 27/5/2010 21/6/2010 M Y 0 CN 0.75 0.25 Released
9590 31/5/2010 9/6/2010 F Y 0 CN 0.73 0.27 Released
9656 11/6/2010 27/6/2010 F Y 0 CN 1.00 0.00 Released
9657 11/6/2010 20/6/2010 F SA 0 CN 0.93 0.07 Released
9665 13/6/2010 21/6/2010 M Y 0 CN 0.96 0.04 Released
9692 18/6/2010 25/6/2010 M Y 0 CN 0.91 0.09 Released
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There are unavoidable limitations with studies 
utilizing opportunistic recruitment of wild animals. 
Chronic DA toxicosis is far more common in adult 
females than juveniles and males (Gulland et al., 
2002; Montie et al., 2012), leading to unbalanced 
sample sizes of control and treatment groups. We 
addressed this by assessing performance within 
control subjects on the basis of sex and age—we 
found none, suggesting that potential behavioral 
differences between the chronic DA group and the 
control group were not predominantly driven by 
sex and age of samples. In addition, imaging and 
histopathology were obtained opportunistically 
when they had been ordered by veterinary staff. 
It would have been beneficial to have imaging 
and histopathology on all available animals, and 
future work examining more subtle effects of DA 

on the olfactory system would benefit from more 
imaging and histopathology reports.

Our simple behavioral test was effective in dem-
onstrating olfactory discrimination in control ani-
mals. However, this approach did not assess olfac-
tory abilities across a range of ecologically valid 
contexts, including mother–offspring recognition. 
It is possible that many chronically diseased ani-
mals do not have gross olfactory malfunction but 
might still be impaired at more subtle discrimina-
tions. Seventeen of the 22 animals in our sample 
suffering from chronic neurological effects had 
confirmed hippocampal atrophy via brain imag-
ing and/or histology. Although the hippocampus 
is not directly involved in olfactory function, hip-
pocampal damage might be a marker for sever-
ity of DA-related brain damage, which might, in 
turn, be a predictor of olfactory damage. Further 
work is needed to distinguish direct DA-induced 
neuronal injury in the olfactory bulb from injury 
secondary to chronic seizure activity. Also, a more 
detailed histological analysis of olfactory neuro-
nal necrosis is needed to understand the extent of 
damage on olfactory tracts of sea lions exposed 
to DA. 

The findings from this study enhance our under-
standing of olfactory function in California sea lions. 
Although there were no significant mean differ-
ences in relative response to scent in the control and 
DA-exposed sea lions, DA-exposed sea lions showed 
significantly higher group variance in response, sug-
gesting some of these animals likely do have olfac-
tory impairment. Because olfaction plays a large 
role in otariid social behavior, olfactory impairment 
in California sea lions exposed to harmful levels of 
DA could have severe consequences for survival in 
the wild, particularly for nursing pups that may be 

Figure 2. (Control, Panel Left) Total exploration time during the 300-s test interval for control subjects. Each subject is 
shown in order of testing date (oldest to most recent). Dark (lower bar) is time (s) with the scented object (S+), and light 
(upper bar) is time (s) with the unscented object (S-). (Chronic DA, Panel Right) Total exploration time in a 300-s test interval 
for chronic DA subjects. Each subject is shown in order of testing date (oldest to most recent). Dark (lower bar) is time (s) 
with the scented object (S+), and light (upper bar) is time (s) with the unscented object (S-).

Figure 3. Box and whiskers plot showing proportion of 
active search time spent with S+ for each subject: 25%, 
50% (median), and 75% quartiles are shown by each box; 
whiskers represent group 95% confidence intervals. Subjects 
with chronic DA toxicosis showed higher variability in 
relative time with S+ and a marginally lower mean.
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