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Differing results in olfactory-based decision-making research regarding the amount of time that rats and mice use to identify odors have
led to some disagreements about odor-processing mechanics, including whether or not rodents use temporal integration (i.e., sniffing
longer to identify odors better). Reported differences in behavioral strategies may be due to the different types of tasks used in different
laboratories. Some researchers have reported that animals performing two-alternative choice (TAC) tasks need only 1–2 sniffs and do not
increase performance with longer sampling. Others have reported that animals performing go/no-go (GNG) tasks increase sampling
times and performance for difficult discriminations, arguing for temporal integration. We present results from four experiments com-
paring GNG and TAC tasks over several behavioral variables (e.g., performance, sampling duration). When rats know only one task, they
perform better in GNG than in TAC. However, performance was not statistically different when rats learned and were tested in both tasks.
Rats sample odors longer in GNG than in TAC, even when they know both tasks and perform them in the same or different sessions.
Longer sampling is associated with better performance for both tasks in difficult discriminations, which supports the case for temporal
integration over �2– 6 sniffs in both tasks. These results illustrate that generalizations from a single task about behavioral or cognitive
abilities (e.g., processing, perception) do not capture the full range of complexity and can significantly impact inferences about general
abilities in sensory perception.
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Introduction
Different laboratories often use different behavioral tasks to an-
swer the same questions, which may confound discovery. In the
olfactory literature, reports differ regarding how long rats and
mice choose to sample odors in discrimination tasks and whether

they sample longer to improve performance (temporal integra-
tion). These reports used different tasks to support their differing
claims.

It might be expected that temporal integration exists in olfac-
tion, because it is present in other perceptual systems (Gold and
Shadlen, 2002), but one could make arguments both for and
against based upon results from different laboratories. Some
studies have shown that rats and mice do not manipulate sam-
pling times contingent on discrimination difficulty and that they
need and use only 1–2 sniffs to identify an odor in a two-
alternative choice (TAC) task (Uchida and Mainen, 2003; Rin-
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Significance Statement

Behavioral tasks and training and testing history affect measured outcomes in cognitive tests. Rats sample odors longer in a
go/no-go (GNG) than in a two-alternative choice (TAC) task, performing better in GNG unless they know both tasks. Odor-
sampling time is extended in both tasks when the odors to be discriminated are very similar. Rats may extend sampling time to
integrate odor information up to �0.5 s (2– 6 sniffs). Such factors as task, task parameters, and training history affect decision
times and performance, making it important to use multiple tasks when making inferences about sensory or cognitive processing.

4416 • The Journal of Neuroscience, April 19, 2017 • 37(16):4416 – 4426



berg et al., 2006). Even though, when forced to sample longer,
mice performed better, mice did not choose longer sampling
times on their own (Rinberg et al., 2006). These studies and oth-
ers (Zariwala et al., 2013) suggest little integration across sniffs in
practice. This does not rule out the possibility that, given the right
circumstances, rodents could use longer sampling times and in-
crease performance.

In some circumstances rats and mice do manipulate sampling
times contingent on discrimination difficulty or for other rea-
sons. Mice chose longer sampling times for some odors in a go/
no-go (GNG) than in a TAC task (Abraham et al., 2004; Rinberg
et al., 2006). Rats sampled longer than needed when odor expo-
sure was unlimited (Frederick et al., 2011), and performance in-
creased with sampling time when rats detected odors in mixtures
(Rojas-Líbano and Kay, 2012). In a GNG task, mice increased
sampling for hard discriminations (Abraham et al., 2004, 2012).
These and other reports support temporal integration across spe-
cies and phyla (Skarda and Freeman, 1987; Laurent, 1996;
Friedrich and Laurent, 2004; Schaefer and Margrie, 2007).

We and others hypothesized that differing results suggest at
least two ways in which rats (or mice) perform odor discrim-
inations, mapping onto GNG and TAC tasks (Friedrich, 2006;
Kay et al., 2006; Rinberg et al., 2006). Different tasks could
activate different cognitive systems (e.g., hippocampal or stri-
atal dominated), or use different optimization strategies that
depend on reward, such as speed–accuracy tradeoffs. In sym-
metric high-reward TAC tasks (rewards delivered for all cor-
rect responses) subjects may select short sampling times even
if performance is worse. In asymmetric lower-reward GNG
tasks (rewards delivered only for correct go responses), sub-
jects may be more deliberative, accumulating information
about the odor over more extended time. It is possible that
reliance on single behavioral tasks may have driven inconsis-
tencies across laboratories.

Based on these apparent differences, we test the hypothesis
that rats use temporal integration to improve performance with
longer sampling in GNG but not in TAC tasks. This difference
may be driven by reward structure. To test this hypothesis, we
performed two main and two follow-up experiments coupling
behavior and electrophysiology. Electrophysiological results have
been presented separately and show a unified underlying se-
quence of oscillatory states in both tasks where the power but not
the sequence of gamma (65–110 Hz) and beta (15–30 Hz) oscil-
lations is modified by many factors, including the task (Frederick
et al., 2016). We also test general task differences in several addi-
tional behavioral variables.

Behavioral analyses reported here show that rats perform bet-
ter in GNG than TAC when tested on multiple odor sets only
when the rats do not know both tasks. Rats sniff odors longer in
GNG than in TAC regardless of whether they know one or both
tasks. However, they adjust sampling times for very difficult odor
discriminations in both tasks. The data show sigmoidal relation-
ships between sampling time and performance, which argues for
temporal integration in both tasks. These results reconcile past
literature by establishing that reported task differences are likely
not just laboratory effects; the magnitude of differences may be
altered by specific task parameters and animals’ training and test-
ing histories.

Materials and Methods
Subjects
Forty-two adult male Sprague Dawley rats (Harlan; �400–450 g through-
out the experiments; RRID:RGD_550839) were used in four experiments
[32 for Experiment 1 (E1); 8 for Experiments 2 (E2) and 3 (E3); and 2 for
Experiment 4 (E4)]. Rats were housed in individual cages on a 14/10 h
light/dark cycle (lights on at 0800 CST). All experiments were conducted
during the light period. Before training, rats were dieted to 85% of their ad
libitum weight and maintained at this level for the remainder of the experi-
ments. All methods and procedures were done under veterinary supervision
and oversight of the University of Chicago Institutional Animal Care and
Use Committee in accordance with Association for Assessment and Accred-
itation of Laboratory Animal Care standards.

Odor sets
We used nine odor sets with different and overlapping subsets for the
different experiments (Table 1; Fig. 1). Each odor set consisted of two
odors (labeled A or B). Each odor was either a monomolecular odorant
[training odor set (Training), extreme odor set (Extreme), and odor sets
2– 4 (S2–S4) and 8 (S8)] or a mixture of odorants [odor sets 5 (S5) and
6 (S6)]. For GNG, odor A was the “go” signal and odor B was the “no-go”
signal. For TAC, odor A was the “go left” signal and odor B was the “go
right” signal. Our prior research showed that mapping of behavioral
response (go, no-go, go-left, go-right) to odor (A or B) did not selectively
affect sampling or performance; therefore, we did not randomize assign-
ment of behavior response to odor A or B (Frederick et al., 2011).

The extreme odor set was composed of (�)-limonene for both odors
plus trace containments. Each test tube, which held the liquid odorant,
was placed in a different experimental room, without a stopper, for �4 h.
The extreme odor set was remade approximately every 2 weeks. This
odor set was inspired by a report that rats could discriminate between
mineral oil made by different companies (Gamble and Smith, 2009) and
was designed to be the most difficult for rats to discriminate.

Behavior protocols
General. For all operant tasks, rats were trained and tested in one of two
operant box designs. Our general training paradigms and box designs

Table 1. Odor sets

Odor set

A B

Odor

Theoretical vapor pressure

Odor

Theoretical vapor pressure

kPa mmHg kPa mmHg

Training Anisole 0.524 3.93 Amyl acetate 0.545 4.088
Extreme (�)-Limonene� trace 0.206 1.545 (�)-Limonene � trace 0.206 1.545
S2 Propyl proprionate 1.859 13.943 Ethyl butyrate 1.643 12.323
S3 Hexanal 1.333 9.998 Ethyl benzene 1.392 10.44
S4 Heptanone 0.23 1.725 Octanone 0.372 2.79
S5 (�)-Carvone/propyl proprionate 0.816 6.12 (�)-Limonene/propyl proprionate 0.767 5.753
S6 MIXa � citral 0.032 0.24 MIXa � citronellal 0.031 0.233
S8 Cineole 0.185 1.388 Hexyl acetate 0.219 1.643

Within each odor set, the odors are listed in order (odor A, B). Values retrieved from manufacturer websites or http://pubchem.ncbi.nlm.nih.gov/. Odors were purchased from Sigma-Aldrich (propyl proprionate, hexanal, hexyl acetate,
decanol, hexanoic acid, methyl 2-fuorate), Fluka (anisole, citral), Thermo Fisher Scientific (ethylbenzene), and Acros Organics (n-amyl acetate, 2-heptanone, 2-octanone, ethyl butyrate, d-limonene, cineole, octanol, carvone).
aMIX: octanol; decanol; hexanoic acid; �carvone; methyl furoate.
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have been documented previously (Frederick et al., 2011; Rojas-Líbano
and Kay, 2012). Briefly, the box was made from Med Associates parts and
controlled by their MedPC-IV software. The front of the box contained
an odor port (located in the center), one or two response ports (located to
either side of the odor port), and a reward dish (located below the odor
port). A house light was attached to the back panel.

During training and testing, rats nose-poked into a central odor port
in which they received an odor stream (�14% concentration, �1.2
l/min). The delay to odor arrival is �60 ms, as calculated from airflow,
tubing length, and solenoid closing time. In practice, this delay could be
longer, but we assume the variance in delay is stable over the randomized
ordering of odor tests across the rats. The odor stayed on for as long as the
rat remained within the port (i.e., there was no upper limit on how long
rats could sample). The longest single sampling bout observed was 18.9 s
(Fig. 2a).

We used our standard controls (Frederick et al., 2011; Rojas-Líbano
and Kay, 2012) to ensure that rats were not able to detect odors early and
that they were not able to discriminate based upon nonolfactory cues.

For all experiments, rats were trained in three phases using our stan-
dard training protocols (Frederick et al., 2011). In Phase 1, rats learned to
nosepoke in the odor port. In Phase 2, rats learned to respond via a
nosepoke into a response port (located to the left of the odor port) after
first nosepoking in the odor port. Training was the same for all rats in
Phases 1 and 2, but differed in Phase 3. For GNG training, rats learned to
withhold responding (i.e., nosepoking into a response port) for a new
odor (B). For TAC training, rats learned to respond to a new odor (B) by
nosepoking into a (new) right response port. Errors for incorrect go
responses in either task were penalized by an immediate 7 s lights-off
timeout period that was added to the normal intertrial interval period. A
reward was one 45 mg sucrose pellet (Bio-Serve Dustless Precision Pellets

#F06233), delivered automatically after a correct response for a rewarded
trial.

Timeline of experiments and rationale. The details of each experiment
are described below. Here, we provide a brief overview of how and why
the studies were included in this paper. We originally had designed and
planned for only E1 and E2. E1 had the largest sample size because it
involved only behavior and was designed to test task and reward rate
effects. E2 was a replication of E1 with the addition of electrophysiolog-
ical recordings. As such, we were limited in the number of animals used.
Therefore, E2 has a smaller sample size. E3 and E4 were designed after E1
was finished but E2 was still being conducted. E3 and E4 were initially
planned as exploratory experiments for future research. Because the re-
sults of these two experiments complicate the results from E1 and E2, we
have included these initial results in this report so as to present the most
accurate picture of the underlying behaviors and systems as is currently
available from our data.

Note on sample sizes. Sample sizes in E1 and E2 were based on common
numbers in previous experiments in the literature and what was feasible
for the laboratory. Given the complexity of the experiments and behav-
iors involved, both experiments are likely underpowered, which is a
chronic problem in cognitive neuroscience (Szucs and Ioannidis, 2016).

Because E3 and E4 were intended as a proof-of-concept test of the
results from E1 and E2, the numbers are small in each. However, within-
subjects comparison of the tasks provides a powerful illustration and
complication to the comparisons seen in E1 and E2.

E1. Rats learned one of four behaviors (n � 8/group) that resulted
from crossing task (GNG, TAC) with reward (Full, Half). Rats in the
GNG-Full group received a reward if they were correct for either the go or
the no-go trials. Rats in the GNG-Half condition (i.e., standard GNG)
only received a reward for correct go trials. Rats in the TAC-Full condi-
tion (i.e., standard TAC) received a reward for correct left or right trials.
Rats in the TAC-Half condition received a reward with a 50% probability
after a correct response for either stimulus. The TAC-Half condition was
intended to mimic the total reward probability of the standard GNG (i.e.,
GNG-HR) task, and the GNG-Full condition was intended to mimic the
total reward probability of the standard TAC task. Training for TAC-Half
had an additional step. Rats were initially trained with full reward on the
training odor set and then the reward level was decreased over a few days.
After transfer from training to test odor sets, reward probabilities re-
mained at 50%. Following training, rats were tested on four odor sets
(Extreme, S2, S3, and S4) for 3 d each. The odor set order was random-
ized for each rat. Rats were run for 300 attempted trials (i.e., a trial in
which a rat nosepoked into the odor port) or 400 total trials, whichever
came first.

E2. This experiment was designed as a replication of E1 with the addi-
tion of local field potential (LFP) recordings from the olfactory bulb and
pyriform cortex. LFP results are the focus of a separate paper (Frederick
et al., 2016). Two groups (n � 4/group) of rats were trained in either
standard GNG (GNG-Half) or standard TAC (TAC-Full) using the same
procedures as E1. Rats were tested on new odor sets until they reached 2
consecutive days �80% or reached 10 d on the same odor set (a total of
349 sessions across 8 rats). Due to technical issues, six times across four
subjects, rats were run more than the maximum number of 10 d on the
same odor set. We noted no significant differences in results between
including all days or not. We have chosen to retain all data. In E2, rats
were run for 150 attempted trials or 200 total trials. We decreased the
number of trials because the animals in this experiment were also im-
planted with electrodes. We wanted to minimize the wear on the im-
plants and fatigue for the tethered rats. In our experience, implanted rats
are often less likely to complete �200 trials per session.

E3. E3 was a follow-up experiment performed at the conclusion of E2;
it was designed to test whether the observed task differences seen in E1
and E2 would remain within subjects that had learned both tasks. Fol-
lowing completion of E2, the remaining three rats were trained on the
behavior that they had not previously learned with the training odor set.
Two rats that had previously been tested in TAC learned GNG and one
rat that had previously been tested in GNG learned TAC. Once the rats
learned the new behavior, we taught them to perform both behaviors in
the same day in separate sessions, with the order of the two behaviors

Figure 1. Experiment design. A, Each column lists the type of behavior, odor sets, and design
used for each experiment. The symbols next to each experiment are those used in the following
figures. The odor sets and odors used are identified in Table 1. E1 and E2 were between-subjects
designs (rats learned 1 task). E3 and E4 were within-subjects designs (rats learned both tasks).
B, Schematic of the behavioral panels used. For both tasks, there is a center odor port. When rats
stick their noses into the port, odor is delivered for as long as they remain in the port. For GNG,
there is a single response port (A) in which a rat makes a response to odor A. No response is made
to odor B. For TAC, there are two response ports. The left port is for responses to odor A and the
right port for responses to odor B. See Materials and Methods for complete details. C, Schematic
of the operant box used in E4 in which rats performed GNG and TAC tasks in the same session. On
one side of the box was a GNG panel and on the other side of the box was a TAC panel. A light was
illuminated on the panel to indicate which task to do for any given trial. See Materials and
Methods for complete details.
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randomly assigned each day. After achieving �80% on the training odor
set, they were retested on odor sets S2–S4 and a novel odor set, S8. Rats
were run for 4 d per odor set. Two rats had odor sets S2–S4 interleaved
with a different order for each rat, so that they were tested on a different
odor set each day. The third rat was tested in block fashion on odor sets
S2–S4, as described for E1 and E2, and then S8. Due to technical issues,
this rat was run for 6 d on S2 and for 2 d on S8. Rats achieved �80%
performance. As in E2, rats were run for 150 attempted trials or 200 total

trials per session. The LFP results from this experiment are reported in a
separate paper (Frederick et al., 2016).

E4. E4 was a second follow-up within-subjects experiment designed to
test whether the task differences we observed in E3 would occur when a
rat performed both behaviors in the same session. We initially trained
rats on TAC as in E1 and E2. Once they learned the behavior, we trained
them on GNG on the opposite side of the same operant chamber. Fol-
lowing learning, we trained them to perform both behaviors in the same

Figure 2. Performance and sampling duration. Summary statistics are in the results. a, Sampling duration distributions. a.i, All experiments, odors and rats combined. The background figure
contains the entire distribution, and the inset shows the tail from 2 to 20 s. Note that there are many trials in which rats sniff for �5 s. a.ii, 0 –1.5 s sampling time distributions for GNG and TAC.
Experiments as indicated on the plots. b, Performance means and CIs from the GLS model. b.i, Performance by task grouped by experiment. For E1 and E2, GNG rats perform better than TAC rats. For
E3 and E4, there is no performance difference. b.ii, Performance by odor set grouped by experiment. See results for multiple-comparison statistics. See Table 2 for means and CIs from GLS model fits.
c, Sampling duration results. c.i, Sampling duration by task and experiment. For E1, E3, and E4, GNG rats sampled significantly longer than TAC rats. The difference was not significant in E2.
c.ii, Sampling duration by odor set and experiment. d, E3 and E4 individual subject results. d.i, Within-subject E3 and E4 mean differences (GNG � TAC) in performance and sampling duration.
d.ii, Individual subject differences (GNG � TAC) in performance and sampling duration in E3 and E4. Rats 1–3 are from E3; rats 4 and 5 are from E4. “g” indicates E3 rat was GNG in E2. “t” indicates
rat was TAC in E2. Values are mean � SD.

Frederick et al. • Temporal Integration in Multiple Strategies during Odor Processing J. Neurosci., April 19, 2017 • 37(16):4416 – 4426 • 4419



session with trial type randomly interleaved and signaled by lights on
each side of the cage. After training, we tested the rats on odor sets S2 (for
3 d) and S4 (for 4 d). Rats were run for 150 attempted trials or 200 total
trials (the training for this experiment takes many more weeks than for
the other experiments).

Statistical methods
For each session, we computed several session statistics that formed the
basis for further statistical analyses. We calculated the sampling duration
(and other delay statistics) as the session median to account for skewed
distributions. Performance was calculated as the weighted average of

individual odor performance �Pw �
PA � PB

2 �. We did this to ensure

that the session performance statistic was not biased, given that rats did
not always receive exactly 50% of each odor type (odors were randomly
selected on each trial, with replacement). In GNG sessions, rats tended to
show ceiling-level performance for the go odor. For example, if a rat
performing GNG chose the go behavior on every trial and did 100 A trials
at 100% and 50 B trials at 0%, the simple average performance would be
67% (100 of 150), whereas the weighted performance would be 50%,
which is, we argue, a better representation of the actual session perfor-
mance to be able to compare tasks. An alternative to this would have been
to use signal detection theory’s d� (Stanislaw and Todorov, 1999). In
general, results did not differ if d� was used.

For response delay, we used all responses (correct and incorrect) for
the session average.

Generalized least-squares statistical models. For all analyses, we used
generalized least-squares regression (GLS), which is a generalization of
ordinary least-squares regression and a part of a larger group of general
Gaussian methods that allow for modeling data with correlated terms
(Clifford and McCullagh, 2006; McCullagh and Clifford, 2006). Analysis
was done in R using the gls function from the nlme package (Pinheiro
and Bates, 2000; Pinheiro et al., 2013). P values for main effects (i.e., fixed
effects) were calculated using the Wald F test. Ninety-five percent confi-
dence intervals (95% CIs) were computed using lsmeans function (or
intervals function) and are reported in the text using the following gen-
eral form: Variable � [Lower, Upper]. The general form of the GLS
models was as follows: DV � task � odorSet � CoV.

Task (e.g., GNG, TAC) and odor set (e.g., Training, Extreme, S2–S6,
S8) were nominal variables. CoV was an exponential covariance matrix
meant to control for correlated data terms.

For E1, the full model was as follows: DV � taskType * rewardType �
odorSet � CoV, where taskType (i.e., task) was GNG or TAC and re-
wardType (i.e., reward) was Full or Half. If the task–reward interaction
was not significant, we removed the interaction from the statistical model
and recomputed it. If, in the new statistical model, reward was not sig-
nificant, we removed it and used the resulting statistical model (i.e.,
task � odor set). We did this for conciseness and to use as similar a model
for all experiments as possible.

For post hoc comparisons, we used a Bonferroni correction and report
significant results in the text based on the adjusted � level.

We also tested to see whether rats were biased in their responses to
either odor A or odor B. To determine whether there was a significant
bias, we first computed a difference value of odor A � odor B. The
difference value was used as the DV to build GLS models as described
above. From these models, we computed 95% CIs using lsmeans for task.
We then used these 95% CIs to test whether there is a significant bias
present. We consider there to be a significant bias present if 0 falls outside
of the computed CIs. We present the 95% CIs used to make these judg-
ments in the text.

When we write “no differences” in the text, or write that an effect is not
present or that a statistical model was not able to detect an effect, we do
not mean to accept the null hypothesis. Instead, we mean merely to say
that the statistical model did not find a significant effect based upon the
conventional use of 0.05 as a threshold for significance. In general, we do
not have sufficient power to be able to accept the null hypothesis in any of
our analyses in this set of experiments. The lack of a significant effect
could be because (1) there really is no effect or (2) we did not have
sufficient power to detect the effect given our sample sizes.

Conditional probability plots. We computed empirical conditional
probability plots to show the trial-level relationship between sampling
duration and performance. We created the plots by pooling trials from
task and odors together (i.e., GNG-A, GNG-B, TAC-A, and TAC-B).
Given that our hardware time resolution was 10 ms, we used 10 ms bins.
For each bin from 10 to 1000 ms we calculated the number of attempted
trials and the number of correct trials for that bin and used these values to
compute the conditional probability of a trial being correct given a sam-
pling duration as well as the binomial CIs around that probability.

To test whether there was an association between session level (me-
dian) sampling duration and performance, we used GLS models. For
these statistical models, we added sampling duration as a covariate. We
also checked for possible interactions between task, odor set, and sam-
pling duration.

Results
Sampling duration and its relationship to performance are key
measures in evaluating olfactory behavior. When subjects sample
for brief periods and do not increase sampling for difficult dis-
criminations, investigators conclude that they do not use tempo-
ral integration, or the related speed–accuracy tradeoff, in odor
discrimination (Rinberg et al., 2006; Zariwala et al., 2013). How-
ever, given that there are reported instances in which mice and
rats can and/or do sample longer and perform better (Rinberg et
al., 2006; Frederick et al., 2011; Rojas-Líbano and Kay, 2012) and
do increase sampling for difficult odor discriminations (Abra-
ham et al., 2004), it is important to determine what factors might
drive these different results across laboratories. Are these differences
in the literature due to laboratory effects or to task differences, and
do rats adjust sampling times for difficult discriminations and/or
appear to use temporal integration in one or both types of tasks?

To test whether reported differences in the olfactory literature are
a result of the particular tasks (GNG and TAC) being used, we
trained and tested rats in these two tasks using between-subjects (E1
and E2) and within subjects (E3 and E4) designs. We tested whether
tasks were different across several behavioral outcome variables: per-
formance, sampling duration, response delay, start delay, and re-
ward interval (i.e., time between rewards). In addition to these
measures, we tested the association between sampling duration and
performance and examined conditional probability plots. Based on
previous research, which suggested that the disagreements in the
literature may lie in the different tasks chosen by different laborato-
ries, we expected that rats performing a GNG task would sample
odors longer and perform better than in TAC. We also expected that
given the long sampling times shown at the end of training and our
previous results in an odor-background task, we might find that rats
do better when sampling longer, supporting temporal integration, at
least in the GNG task.

We tested the influence of overall reward probability within
and across tasks in E1. Reward condition (Full or Half) and in-
teractions with tasks did not produce any significant effects on
performance or sampling duration. We therefore omit reporting
of the reward conditions in E1, except where they were significant
for other factors.

The results of GLS models are presented in Tables 2–5, cited
where relevant in the text. When discussing significant effects in
the text, we report the F statistics and associated p values along
with 95% CIs, if they are not depicted in an associated figure. For
nonsignificant effects, we write p � 0.05 for single effects and
group multiple nonsignificant effects together as ps � 0.05. We
present 95% CIs for task effects, even if the effect was not signif-
icant, for comparative purposes.
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Performance
There was a marked difference in performance dependent on
whether rats were trained and tested on only one task (E1, E2, be-
tween subjects) or on both tasks (E3, E4, within subjects). In E1 and
E2, rats tested in GNG outperformed rats tested in TAC by 9–12%,
depending upon the experiment (Fig. 2b.i; Table 2; E1: F(1,404) �
26.32, p	0.0001; E2: F(1,286) �16.61, p�0.0001). In E3 and E4, rats
performed both tasks either in separate sessions (E3) or in the same
session (E4), and we detected no significant differences in perfor-
mance between the tasks (Fig. 2b; Table 2; ps � 0.05).

We also found a significant effect of odor set on performance
in E1 and E2, but not in E3 and E4 (Fig. 2b.ii; Table 2; E1:
F(4,404) � 31.55, p 	 0.0001; E2: F(6,286) � 3.97, p � 0.0008; E3,
E4: ps � 0.05). In E1, rats performed the best on the training odor
set (ps 	 0.0001) and worst on the extreme odor set (ps 	
0.0001). In E2, the significant contrasts were more mixed. E2 rats
performed better on the training odor set than the extreme odor

set or S3 (ps 	 0.002). They also performed better on S6 than the
extreme odor set (p � 0.002). See Figure 2b for all 95% CIs.

When performing the GNG task, rats exhibited a performance
bias, showing better performance for odor A (go odor; perfor-
mance difference A � B: E1 � [0.31, 0.46]; E2 � [0.25, 0.45];
E3 � [0.17, 0.36]; E4 � [0.29, 0.70]; we consider significant the
95% CIs that do not include zero). In the GNG task, rats tend to
choose the go-response as a default response, even when they do
not remain in the odor port long enough to receive a full sniff of
the odor (	100 ms). Rats tested in TAC did not show significant
A � B biases (E1 � [�0.07, 0.08]; E2 � [�0.08, 0.10];
E3 � [�0.04, 0.15]; E4 � [�0.14, 0.28]).

In summary, rats trained in GNG perform better than those
trained in TAC, but only when the rats know only one task (E1

Table 2. GLS model results for performance and sampling duration

Factors Levels E1 E2 E3 E4

Performance Intercept 0.93 (0.02)*** 0.95 (0.06)*** 0.90 (0.07)*** 0.77 (0.11)***
Taska,b GNG Reference Reference Reference Reference

TAC �0.09 (0.02)*** �0.12 (0.03)*** 0.02 (0.02) �0.004 (0.06)
Odor seta,b Train Reference Reference Reference Reference

Extreme �0.32 (0.03)*** �0.25 (0.06)*** — —
S2 �0.20 (0.03)*** �0.18 (0.07)** �0.02 (0.09) �0.08 (0.14)
S3 �0.18 (0.03)*** �0.21 (0.07)** �0.06 (0.09) —
S4 �0.14 (0.03)*** �0.19 (0.07)** �0.14 (0.08) 0.003 (0.14)
S5 — �0.10 (0.07) — —
S6 — �0.08 (0.07) — —
S8 — — �0.11 (0.09) —

Sampling duration Intercept 573 (28)*** 550 (52)*** 650 (40)*** 527 (149)***
Taska,c,d GNG Reference Reference Reference Reference

TAC �103 (21)*** �31 (30) �135 (16)*** �111 (22)***
Odor seta Train Reference Reference Reference Reference

Extreme 4 (35) �8 (62) — —
S2 �91 (35)** �39 (62) �18 (49) 24 (209)
S3 �65 (35) �33 (62) 18 (49) —
S4 �27 (35) �26 (63) 39 (49) 23 (208)
S5 — �38(64) — —
S6 — �55 (66) — —
S8 — — 7 (50) —

Statistical significance is based upon Wald F tests, which are indicated in superscripts next to each factor (e.g., Task, Odor set) with values (a, E1; b, E2; c, E3; d, E4) for Tables 2–5. Odor sets are identified in the coefficient level column by name
or S � number (See Table 1 for odors). Significant coefficient based upon t value given as follows: *0.05, **0.01, ***0.001. All durations are rounded to the nearest millisecond. Values in parentheses are SEs. Blank cells indicate factors or
odor sets that were not used in a given experiment. The intercept represents the expected value given the reference level for each factor. A significant intercept means that it is statistically different from zero. For example, the intercept in
E1 performance represents expected performance for a GNG rat on the training odor set and is different from zero. Values for levels other than the reference are with respect to the factor reference. To get the expected value of any specific
combination of levels, one simply adds the value for the chosen level (within a factor) to the intercept. So, for E1 we would expect that a rat engaged in a TAC task would perform 9% worse than a GNG rat, on average, across all odor sets;
or, that in E1 a GNG rat would perform, on average, the extreme odor set 32% worse than the training odor set.

Table 3. GLS model results for response delay E1 in milliseconds

Factors Levels E1

Intercept 403 (41)***
Taska Task GNG Reference

Task TAC 87 (39)*
Rewarda Reward Full Reference

Reward Half 92 (39)*
Task 
 Rewarda (� TAC, half) �172 (55)**
Odor set Train Reference

Extreme �15 (45)
S2 19 (45)
S3 34 (45)
S4 21 (45)

Interpretation follows as outlined in Table 1. There is a significant interaction in E1. The notation in the level column
for the interaction means to add this value to the model when calculating the expected value of a rat engaged in
TAC-Half task (e.g., a TAC-Half rat on odor set S3 would have an expected response delay of 403 � 87 � 92 �
172 � 34 � 444 ms).

Table 4. GLS model results for start delay in milliseconds

Factors Levels E1 E2 E3 E4

Intercept 809 (48)*** 440 (93)*** 495 (134)*** 1517 (198)***
Taskd GNG Reference Reference Reference Reference

TAC �199 (43)*** �81 (44) �40 (46) �486 (67)***
Rewarda Reward Full Reference Reference Reference Reference

Reward Half �262 (43)*** — — —
Task 


Rewarda (� TAC-Half) 229 (60)*** — — —
Odor set Train Reference Reference Reference Reference

Extreme �156 (52)** �124 (103) — —
S2 �193 (52)*** �15 (104) �156 (171) �135 (264)
S3 �187 (52)*** �6 (104) �239 (170) —
S4 �82 (52) �77 (105) �93 (170) �14 (262)
S5 — �84 (107) — —
S6 — �50 (112) — —
S8 — — �161 (171) —

Blank cells indicate factors or odor sets that were not used in a given experiment. Interpretation follows as outlined
in Table 1. There is a significant interaction in E1. The notation in the level column means to use this value when
calculating the expected value of a rat engaged in TAC-Half task.
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and E2). When the rats know both tasks (E3 and E4), rats perform
both tasks equally well. As might be expected, some odor sets are
easier to discriminate than others, as evidenced by higher perfor-
mance, and this is true for both tasks.

Sampling duration
Rats showed a large distribution of odor-sampling times (range:
10 ms to 18.9 s; Fig. 2a). Rats often engaged in very long sniffing
bouts, represented by the long and well populated tail on the right
side of the distribution. These long bouts appear unique to our
setup; we do not cap the maximum odor stimulus delivery time;
the odor stays on as long as the rat stays in the odor port and only
that long.

Sampling duration showed the most consistent difference be-
tween tasks. In all experiments, rats tested in GNG sampled lon-
ger than rats tested in TAC. Differences were in the same
direction in all four experiments and statistically significant in E1,
E3, and E4 (Fig. 2c; Table 2; E1: F(1,404) � 23.35, p 	 0.0001; E3:
F(1,86) � 72.56, p 	 0.0001; E4: F(1,28) � 26.10, p 	 0.0001), but
not in E2 (p � 0.05).

Rats sampled different odor sets for different lengths of time
in E1, but not in the other experiments (Table 2; E1: F(4,404) �
3.00, p � 0.0184; E2–E4: ps � 0.05). Post hoc multiple compari-
sons show that only the extreme odor set and S2 were significantly
different with rats sampling Extreme 95 ms (�1 sniff) longer than
S2 (p � 0.0044).

Rats tested in GNG showed a sampling bias in E1–E3, with
longer sampling times for odor A in E1, longer sampling for odor
B in E2 and E3, and no bias in E4 (A � B: E1 � [8, 49 ms]; E2 �
[�94, �45 ms]; E3 � [�85, �22 ms]; E4 � [�45, 37 ms]). Rats
tested in TAC showed a bias for sampling odor A longer in E2 and
E3 but no bias in E1 and E4 (A � B: E1 � [�37, 4 ms]; E2 � [14,
55 ms]; E3 � [20, 84 ms]; E4 � [�40, 42 ms]). Therefore, we
conclude that sampling biases, where they exist, may not be
driven by a particular subsequent behavioral response (go, no-go,
go-left, go-right).

In general, rats sample odors longer in the GNG than in the
TAC context, even when they know both tasks. There is also some
evidence that the difficulty of the odor discrimination can be
associated with longer sampling times in both tasks.

Within-subjects results on sampling duration
and performance
E3 and E4 together provide a powerful assessment of task effects
within subjects who perform both tasks. In E3, the rats performed

GNG and TAC tasks in separate sessions randomly in the morn-
ing and afternoon of each day. In E4, the rats performed both
tasks randomly cued within the chamber on each trial. Each of
these rats presented a significant sampling difference such that
GNG � TAC (Fig. 2d). Performance for each rat was not different
across the two tasks. It made no difference in these measures
whether the rats performed the two tasks in the same or in
different sessions.

Performance and sampling duration association
In addition to the above planned analyses, we also examined
whether there was an association between the session sampling
duration and session performance. We used GLS statistical mod-
eling as described in Materials and Methods.

For E1, a full interaction model that included interactions
between task, reward type, odor set, and sampling duration as
well as a simplified main effects-only model (i.e., it did not have
interaction terms), did not show any significant associations be-
tween sampling duration and performance at the level of the
sessions (ps � 0.05).

For E2, a full interaction model (i.e., with interactions be-
tween task, odor set, and sampling duration) found a main effect
of sampling duration (p 	 0.05), but not of the interaction terms
(ps � 0.05). We therefore removed the interaction terms and
computed a simpler main effects-only model wherein sampling
duration remained significant (F(1,285) � 12.72; p � 0.0004; sam-
pling duration coefficient, 0.025 performance/100 ms; SE �
0.007 performance/100 ms), which means that the rats increased
performance by 2.5% with each 100 ms of sampling time.

For E3, the full interaction model (i.e., with interactions be-
tween task, odor set, and sampling duration) showed a significant
interaction between task and sampling duration (interaction
term TAC 
 Sampling Duration: F(1,72) � 4.59, p � 0.0355;
coefficient, 0.20 performance/100 ms; SE � 0.48 performance/
100 ms). This interaction term means that, everything else being
equal, rats performing TAC have a larger performance–sampling
duration association than when performing GNG. However, the
simpler main effects-only model produced a better fit than the
interaction one as determined by comparison of the Bayesian
information criterion (BIC; interaction model BIC, �46.94;
main effects model BIC, �84.89; smaller BIC is better and a
difference between BIC values �10 is often seen as very strong
evidence against the model with a larger BIC value). That the
simpler main effects-only model was a better fit than the interac-
tion model may indicate that the significant interaction term
found is a false positive. Alternatively, the interaction effect may
be real but our sample size too small to reliably detect the effect.

For E4, there were no significant interactions with sampling
duration. There was a main effect of sampling duration in the
interaction model. A simple main effects-only model retained the
significant effect (F(1,27) � 16.65; p � 0.0004; coefficient, 0.065
performance/100 ms; SE � 0.016 performance/100 ms).

In summary, there were several significant associations be-
tween session-level sampling duration and performance, where
increased sampling durations were associated with increased ses-
sion performance. This effect ranged from 2.5 to 6.5% increase in
correct performance for each 100 ms of odor sampling (�1 sniff
at 10 Hz sampling frequency). The effect is variable across exper-
iments, suggesting that there is either too much noise due to
sample size or that the effect is contingent on task parameters.
Still, the results suggest that rats that sample longer tend to per-
form better.

Table 5. GLS model results for reward interval in seconds

Factor Level E1 E2 E3

Intercept 34.27 (3.57)*** 25.69 (3.08)*** 34.66 (24.62)
Taskd GNG Reference Reference Reference

TAC �6.68 (2.82)* �6.06 (1.51)*** �27.28 (10.95)*
Rewarda Reward Full Reference — —

Reward Half �0.45 (2.80) — —
Task 
 Rewarda (� TAC-Half) 23.23 (3.97)*** — —
Odor set Train Reference Reference Reference

Extreme 3.20 (3.77) 6.19 (3.45) —
S2 �3.25 (3.77) 7.44 (3.48)* 1.65 (28.91)
S3 �1.93 (3.76) 7.71 (3.47)* 2.28 (28.61)
S4 �0.82 (3.77) 7.04 (3.49)* 32.76 (28.41)
S5 — 3.35 (3.59) —
S6 — 2.98 (3.73) —
S8 — — 3.76 (28.91)

Blank cells indicate factors or odor sets that were not used in a given experiment. Interpretation follows as outlined
in Table 1. There is a significant interaction in E1. The notation in the level column means to use this value when
calculating the expected value of a rat engaged in TAC-Half task.
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Response delay
Response time becomes part of the decision time in some exper-
iments, particularly when the response does not require the sub-
ject to exit the odor port (Abraham et al., 2004, 2012; Doucette
and Restrepo, 2008). With our design, we at least partially sepa-
rated the odor sampling and the motor portion of response times
(it is likely that a portion of the odor-sampling period contains
motor preparation; Frederick et al., 2016). Response delay is the
time from the end of sampling until a response was made into one
of the response ports. The median values did not vary much
within an experiment, but across experiments there are some
differences. Only E1 showed significant effects of any of the fac-
tors. E2–E4 effects were not significant (ps � 0.05; E2: GNG �
[389, 609 ms]; TAC � [255, 459 ms]; E3: GNG � [270, 314 ms];
TAC � [268, 312 ms]; E4: GNG � [271, 430 ms]; TAC � [280,
439 ms]). The single significant effect was a task–reward-type
interaction in E1 [F(1,402) � 9.85; p � 0.0018; GNG-Full � [361,
469 ms]; GNG-Half � [454, 561 ms]; TAC-Full � [448, 556 ms];
TAC-Half � [369, 476 ms]) with main effects of task, reward, and
odor set not significant (ps � 0.05). In the full-reward condition,
GNG rats appear to respond more quickly than TAC rats, and in
the half-reward condition, the opposite relationship appears.
However, Bonferroni-corrected post hoc comparisons resulted in
none of the comparisons being below the corrected significance
level (� � 0.0083, ps � 0.017). We do not address biases in
response time, because the GNG task does not have two equal
types of responses to compare to the TAC task.

In summary, we found a significant interaction of task and
reward type in E1. However, Bonferroni-corrected post hoc com-
parisons were not significant, which may indicate that the effect is
a false positive or that we lacked sufficient power to adequately
detect differences in the comparisons. We did not find any sig-
nificant effects on response delay in the other experiments.

Start delay
The amount of time a rat takes to initiate a trial after the cue light
is illuminated gives us an indication of how motivated the subject
is to perform the behavior. There were significant effects of task
on start delay in E1 and E4 (Table 4; E1: F(1,402) � 8.01,
p � 0.0049; E4: F(1,28) � 52.13, p 	 0.0001). In E1 there was also
a significant task–reward interaction as well as a significant effect
of reward on start delay (Task 
 Reward: F(1,402) � 14.45, p �
0.0002; Reward: F(1,402) � 24.17, p 	 0.0001). In E1, GNG-Full
rats took the longest time to initiate a trial once the light was
illuminated (P 	 0.0001; GNG-Full � [626, 744 ms]; GNG-
Half � [363, 482 ms]; TAC-Full � [426, 545 ms]; TAC-Half �
[393, 512 ms]). These numbers suggest that TAC rats’ start-delay
values did not vary by reward condition, while GNG rats’ start
delays were decreased in the Half relative to the Full reward con-
dition. In E4, GNG start delay was nearly �0.5 s longer than TAC,
even though the standard GNG and TAC tasks are Half and Full
reward, respectively (GNG � [1239, 1695 ms]; TAC � [754, 1209
ms]). However, E4 was different from each of the other experi-
ments in that the tasks were randomly interleaved at the trial
level. Many factors other than the task context may affect a rat’s
motivation to start a trial in this condition. The odor set influ-
enced the start delay only in E1 (F(4,402) � 5.05, p � 0.0006), with
the training set producing longer delays than the extreme odor
set, S2, and S3 (ps 	 0.0026; Training � [556, 714 ms]; Ex-
treme � [415, 543 ms]; S2 � [378, 506 ms]; S3 � [384, 512 ms];
S4 � [488, 617 ms]).

There were no effects on start delay in E2 and E3 (ps � 0.05;
E2: GNG � [320, 458 ms]; TAC � [251, 365 ms]; E3: GNG �
[255, 476 ms]; TAC � [215, 436 ms]).

In summary, we found significant effects of task on start delay
in E1 and E4 with rats performing GNG taking longer to initiate
a trial than rats performing TAC. There was a significant task–
reward interaction in E1 that showed that GNG-Full rats took the
longest to start a trial.

Reward interval
We define the reward interval as the time between successive
rewards and use this measure to inform our reasoning about the
reward outcome of a behavioral strategy over a session. In gen-
eral, we expect that if rats take the same amount of time to com-
plete the same number of trials in all tasks, the reward rate should
be determined by task (e.g., GNG-Half 	 TAC-Full) and by per-
formance because of missed rewards and penalty delays. Because
rats do not perform the same number of trials in the same
amount of time, and skip some trials, the reward interval should
be affected by task, performance, and motivational factors. We
found significant task differences in reward intervals in E1–E3
(Table 5).

In E1, we found a significant task–reward interaction (Task 

Reward: F(1,402) � 34.15, p 	 0.0001). TAC-Half rats had the
longest reward interval, and TAC rats differed across reward con-
ditions but GNG rats did not (ps 	 0.0001; GNG-Full � [29.76,
37.65 s]; GNG-Half � [29.31, 37.20 s]; TAC-Full � [23.03,
31.02 s]; TAC-Half � [45.85, 53.77 s]). Also in E1, there was a
significant main effect of task; the GNG reward interval was
shorter than TAC, likely driven by better GNG performance
(F(1,402) � 6.42; p � 0.0116; GNG � [30.66, 36.31 s]; TAC �
[35.57, 41.27 s]). As expected, the time between rewards for the
half-reward tasks was longer than for the full-reward tasks
(F(1,402) � 30.99; p 	 0.0001; Full � [27.52, 33.21 s]; Half �
[38.70, 44.36 s]).

In E2 and E3, rats tested in TAC had a shorter reward interval
than those tested in GNG (E2: F(1,286) � 14.98, p � 0.0001;
GNG � [28.30, 32.99 s]; TAC � [22.61, 26.56 s]; E3: F(1,86) �
6.21, p � 0.0146; GNG � [23.60, 61.89 s]; TAC [�3.68, 34.61 s]).
This effect may be attributed in large part to the reward differ-
ences in the two tasks in E2 and E3. There were no effects of odor
set in E2 and E3 (ps � 0.05).

We could not test reward interval in E4 because of the randomly
interleaved trial structure. The mean (SD) for reward interval was
33.74 (8.50) s. We calculated this as the session duration divided by
the number of correct rewarded trials. For GNG, correct rewarded
trials are just correct odor A trials. For TAC, both odors A and B were
rewarded for correct responses.

In summary, the reward interval varied dependent on task and
reward type with significant interactions in E1. TAC rats varied in
reward interval across the Full and Half reward conditions, but
GNG rats did not. These differences are a combination of perfor-
mance differences between GNG and TAC, reward schedule, and
likely other unknown factors.

Relationship between performance and sampling duration
A basic question asked in the olfactory literature is: “If rats (or
mice) sniff longer, do they do better?” This implies at least two
possible observations. First, do rats that sniff longer, on average,
in a session perform better than rats that sniff shorter (see per-
formance and sampling duration results above)? Second, within a
session at the trial level, are rats more likely to get a given trial
correct if they sniff longer (e.g., is there a sigmoidal relationship
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between sampling duration and performance?). Although the ex-
periments were originally designed to answer the first ques-
tion, we have also attempted to offer some insight into the
second question by looking at the relationship between sam-
pling duration and performance.

Pooled empirical conditional probability plots (see Materials
and Methods for discussion of how plots were made) showed an
association between sampling duration and performance at the
trial level that appears sigmoidal (Fig. 3), as expected from our
previous research (Frederick et al., 2011). This association is con-
sistent with past work in which mice were forced to sample longer
than their normal sampling times (Rinberg et al., 2006) and sup-
ports the idea that sampling longer results in better performance
at the trial level.

Rats tested in GNG show a ceiling-level performance for odor
A (the go odor; Fig. 3b, pink curves). They achieve perfect or
near-perfect performance for very short sampling durations. This
is consistent with the bias that we reported above (see perfor-
mance results). It appears that when tested in GNG, rats have a
default go response such that when there is little or no informa-
tion (as inferred from short sampling durations) the rats go. Rats
tested in TAC do not appear to have the same level of default
response bias, which is also consistent with the bias results re-
ported above for TAC (see performance results).

We concluded that traditional logistic regression at the trial
level would not adequately capture the underlying psychometric
functions, which may be present within a session, because the
independent variable (sampling duration) was not evenly sam-
pled by each rat. This is supported by rats’ narrow interquartile
ranges in session-sampling duration [mean (SD) of 75 th quan-
tile–25 th quantile; E1: 227 (121 ms), E2: 226 (85 ms), E3: 242 (132
ms), E4: 242 (95 ms)]. We are in the process of modeling this
behavior, which is the focus of current and future work.

Discussion
Variability in past reports regarding olfactory operant decision
making in rats argued both for and against accumulation of in-

formation over time (temporal integration) and changes in sam-
pling time dependent on odor-discrimination difficulty. We
focused on possible differences between GNG and TAC behav-
iors that had previously suggested different underlying problem-
solving strategies (Uchida and Mainen, 2003; Abraham et al.,
2004; Kay et al., 2006; Rinberg et al., 2006). Drawing from past
work spanning behavior and electrophysiology, we hypothesized
at least two ways in which rodents performed these tasks. We
predicted that the low-reward, asymmetric response and reward
structure in GNG would produce deliberative decision making
and that rats would increase sampling to accumulate more infor-
mation to perform better in harder discriminations. In contrast,
due to the symmetric response and reward structure in TAC, we
predicted rats would prefer speed to accuracy and sample odors
less than in GNG, resulting in worse performance. We found that
GNG rats sniff longer and perform better than TAC rats, support-
ing a more deliberative approach for GNG. However, reward
structure is not the complete story, because manipulating reward
rates did not erase this difference in E1, and the GNG perfor-
mance advantage only occurred in the single-task condition (E1,
E2). Rats performing either task did better with longer sampling,
arguing for temporal integration in odor sampling in both tasks.

Task effects on behavior
We found that task type does matter, as do task parameters,
contrary to our previous evidence based only on initial learning,
which suggested that GNG and TAC could be arbitrarily similar
(Frederick et al., 2011).

Sampling duration presented the most robust task difference
and was significant in three of four experiments and in the same
direction in the fourth (Fig. 2c,d; Table 2). Average sampling
durations across all experiments were 505 ms for GNG (after
subtracting the estimated 60 ms odor delay) and 410 ms for TAC,
which is �1 additional sniff for GNG. We observed longer sam-
pling and decision times than other studies (200 –375 ms; Uchida
and Mainen, 2003; Abraham et al., 2004; Rinberg et al., 2006).
One reason for this may be that our methods do not cap how long

Figure 3. Performance conditioned on sampling duration. a, Empirical conditional probability plots for E1–E4 showing the probability of a trial being correct given a sampling duration, pooled
by task (GNG, red; TAC, blue). Right, Data from E3 and E4 combined. Data are pooled within task across subjects and odor sets to show the mean space. Shaded area represents 95% binomial CIs on
each sampling duration. Bars correspond to median (25th–75th percentile) sampling durations. b, Data pooled by odor (A or B) within each task. Lighter color, Odor A; darker color, odor B. Plots of
the conditional probability were smoothed using MATLAB’s smooth function with the lowess parameter.
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rats can sample, and rats often sample much longer than the 1–2
s permitted in other studies (Fig. 2a). Our within-subjects tests
(E3, E4) show that rats trained and tested on both tasks also
sampled longer in GNG, even within the same session (E4). One
reason for the lack of statistical difference in E2 could be because
it was a between-subjects design with a smaller number per group
than E1. Rats were also tethered for recording during the task,
and this may have affected their natural movements.

It is reasonable to expect that sampling differences might be
explained by sampling bias in which GNG rats sample no-go or
go odors longer, but these effects were not consistent across ex-
periments. In E2 and E3 rats sampled odor B longer (odor A � B;
E2 � [�94, �45 ms], E3 � [�85, �22 ms]). However, in E1 they
sampled A longer ([8, 49 ms]) and E4 showed no difference
([�45, 37 ms]). Therefore, it is possible that rats use an extra sniff
to ensure a reward (CS�) or mobilize response inhibition (CS�)
in some GNG contexts, but such strategies are not consistent
across conditions. One alternative interpretation is that the back-
ground of response inhibition produces a cognitive load and
slows decisions in GNG (Chambers et al., 2009).

Performance differences across tasks depended on experi-
mental context. When rats were trained and tested on one task
(E1 and E2), GNG rats performed better than TAC rats (Fig. 2b,d;
Table 2). However, when rats learned both tasks (E3 and E4),
subjects performed both tasks well (Fig. 2b). Rats performed TAC
at GNG levels in E3 and E4 without sniffing as long as GNG
(Tables 2, 3). Therefore, longer sampling durations may not be
necessary for high performance in TAC when rats also know
GNG. The GNG context could engage extra learning, which helps
when performing TAC.

Rats altered sampling durations across odor sets in E1
(Table 2), as shown in previous studies (Abraham et al., 2004,
2012). We may have lacked power to detect differences in E2–E4
(E1 was our largest sample). Alternatively, it is possible that we
did not use a large enough spread of discrimination difficulties to
see this effect in all experiments (Extreme odor set was used only
in E1 and E2). In E1 there was a significant difference between the
shortest and longest sampling duration odor sets (S2 and Ex-
treme), suggesting that rats adjust sampling times for discrimi-
nation difficulty even in TAC. That we did not see this difference
in E2–E4 suggests that rats can do most monomolecular and
mixture discriminations with similar sampling durations and ex-
tend times only when odors are very similar (Extreme). Another
interpretation is that rats are satisfied with their performance for
a given odor set once they reach some arbitrary performance
level, what we have referred to as “good enough” performance
(Kay et al., 2006), and this level may change dependent on task
parameters and a trade-off with cognitive load.

Sampling duration was significantly correlated with perfor-
mance at the session level in three of the four experiments, which
argues for temporal integration in odor sampling. The one exper-
iment (E1) in which we found no effect using GLS statistical
models was that in which we tested rats for only 3 d on each odor
set. We did not test these rats as long on each odor set as in E2–E4,
so that we could probe performance and other variables given the
same amount of training across tasks and odor sets. Temporal
integration may show up more strongly in GLS statistics when
rats perform more sessions and have a chance to increase perfor-
mance more. However conditional probability plots for pooled
trials in E1 do show evidence that performance increases with
sampling duration (Fig. 3a.i,b.i).

The term temporal integration assumes that some type of
information is accumulating over time. We have not proved

that this happens, although we have argued for it based on
conditional probability plots (Fig. 3). It is indeed possible that
sampling longer allows rats to make better decisions via some
other mechanism.

Role of reward schedule
Reward schedule (half or full) had, by design, a large influence on
reward frequency, but task and performance effects and other
variables often erased predicted frequency differences. Response
delays showed a possible interaction with apparently opposite
effects on reward in the two tasks, but pairwise differences were
not significant (Table 3). Reward schedule affected the time to
initiate trials for GNG but not TAC; GNG rats initiated trials
more slowly in the Full versus Half reward conditions (Table 4).
Reward intervals also varied across tasks and reward conditions.
TAC rats showed almost double the reward interval for Half rel-
ative to Full reward, as predicted from the experimental design,
but GNG rats’ reward intervals did not vary across reward
conditions.

Thus, reward schedules within commonly designed GNG and
TAC tasks can have complex effects on rats’ behavioral strategies.
That reward schedule did not influence performance or sampling
duration was surprising given strong task differences in these
measures and reward schedule effects on response and start de-
lays, but such effects may emerge with different task parameters.

Different strategies, same cognitive system?
Conditional probability plots (Fig. 3) show what appear to be
underlying psychometric functions for both tasks. Because rats
did not choose sampling times uniformly across all durations, we
cannot use these plots to show that for each subject sniffing lon-
ger results in better performance. We rely on pooled data for a
more qualitative picture, and group-level GLS statistics provide
evidence that rats do integrate olfactory information over time in
both tasks. GNG and TAC strategies may then be viewed as dif-
ferent parameter ranges of the same underlying cognitive system,
which may be supported by a unified underlying neural system
(Frederick et al., 2016).

Our data show that many features of a task can affect behav-
ioral outcomes, so we cannot claim that the results presented here
are the final word on task differences in odor-discrimination be-
havior. It is possible that more extreme manipulations of reward
probability, intertrial interval, and penalty delays could press rats
to adopt different sampling strategies depending upon what, if
anything, they are attempting to optimize. These tests are the
object of future studies.

Importance of task selection
Our results support temporal integration across olfactory tasks,
where sniffing longer gives rats a better chance of making a cor-
rect response. This shows that olfactory decisions are similar to
other sensory decisions (Gold and Shadlen, 2002). Despite many
similarities, there were important differences between GNG and
TAC tasks, sampling duration being the most robust. These re-
sults help reconcile previous studies, performed in different lab-
oratories, in which longer sampling times were seen in GNG
tasks. That previous TAC studies did not find evidence of tempo-
ral integration suggests that an aspect of training or test parame-
ters did not encourage subjects to use their entire behavioral
range. These results show that more experiments and research
should focus on the impact or interaction of the particular behav-
ioral task on cognitive interpretations in research. Indeed, if we
had only used one of the tasks, we would have come to radically
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different conclusions about rats’ behavioral strategies and abili-
ties when performing odor discriminations. Researchers must
take care to use multiple behaviors and parameters if they wish to
draw general conclusions beyond a particular task.
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