A Multi-Week Inquiry for an
Undergraduate Introductory
Biology Laboratory

Investigating Correlations Between Environmental
Variables and Leaf Stomata Density

Numerous authors have
noted that open-ended
inquiries give students a
sense of ownership of their
learning and that this
contributes to their
development as life-long
learners. We wish to add
that teaching using these
types of activities promotes
the same goal in teachers as

well.

Bruce W Grant and Itzick Vatnick

science education has undergone a

quiet revolution emphasizing op-
portunities for student-directed origi-
nal inquiry as the curriculum.

Opportunities to conduct open-
ended investigations in the laboratory
portion of courses are important be-
cause they teach students how science
is actually done and thereby they learn
by doing it (Woodhull-McNeal 1989;
Goodwin et al. 1991; Heady 1993;
Ortez 1994; Sundberg and Moncada
1994).

However, several authors have
commented that biology departments
secem to have lagged behind in these
visionary reform efforts of course cur-
ricula for a variety of reasons (Holt et
al. 1969; Carter et al. 1990; Sundberg
and Armstrong 1993), and our expe-
rience in teaching introductory labs
leads us to concur.

In the last decade, undergraduate

Our explanation is that many of
our freshmen students lack sufficient
confidence, organizational skills, and
content background for open-ended
student-directed investigations as fresh-
men, and we lack the resources to su-
pervise large numbers of independently
active learners that populate our intro-
ductory courses. Our solution is to be-
gin with an intermediate step that re-
tains at least some of the ownership
and empowerment components of
open-ended inquiries as well as the ef-
ficiencies of scale of the “demonstra-
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Table 1: Inquiry Framework. Summary of the relations among various modes of inquiry for introduc-
tory laboratory courses in biology. Columns refer to various components of the inquiry, and the cells
indicate who “owns” each component, i.e., was the component provided by the instructor or up to the
student to generate? (modified from Sundberg and Moncada 1994; Ohlhorst 1995; D’Avanzo 1996)

‘data

demonstration

inquiry mode research 'smdy system . data collection/ - results and
question ' _ statistical interpretation  conclusions
: , analysis . -
open-ended  student student student student student
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bounded student/  student student/given  student student
inquiry given ' . . ‘
guided given given given student student
inquiry
closed-ended given given ' g'i\)en, given given

tion lab” format. We refer to this in-
termediate as a “bounded inquiry.”

In bounded inquiries, students’ re-
search questions and study subjects are
instructor constrained but hypotheses
and study species are not a priori speci-
fied. In addition, sample acquisition,
dara collection, statistical analyses, and
other technical details are prescribed,
however, neither the students nor the
instructor know what the outcome of
the study will be. Finally, a critical
component of this activity is that at the
end, students present their research
findings to their peers during an in-
class research symposium using their
own authentic voices. A summary table
showing the relations among the vari-
ous inquiry modes appears in Table 1.

We have developed a bounded in-
quiry for the second semester labora-
tory of our two-semester first-year bi-
ology course. This inquiry involves the
study of the ecophysiology of terrestrial
plants and is titled “Environmental
Correlates with Leaf Stomata Density.”
During the inquiry, students investi-
gate correlations between various envi-
ronmental variables (light, tempera-
ture, carbon dioxide, and so forth) and
leaf stomata density. Below, we de-
scribe the salient features of the
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bounded inquiry our students con-
ducted, and we relate some of the stu-
dent results from and attitudes toward
this inquiry over the past three years.

SYNOPSIS OF LAB ACTIVITY

Lab Period #1:

(a) We perform an introductory ac-
tivity during which instructors use a
combination of lecture and group
questioning to teach the basic eco-
physiology of leaf stomarta including
stomata structure, function and role in
the regulation of leaf temperature, gas
exchange, and photosynthesis in vascu-
lar plants (our lab handout is available
on a course-specific web page linked to
the Widener University biology de-
partment web site: hrep://www.
science.widener.edu/~grant/esa/exp2/
bgiv_1.html).

(b) Students work in pairs to envi-
sion a specific environmental differ-
ence that might affect stomata density,
and formulate predictions about which
way they would expect stomata density
to vary. At this stage students are asked
to generate a graph that depicts what
their data would look like if their pre-
dictions were (or were not) true. The
environmental difference of interest to
them must be available on campus,

and before they head out they must
envision exactly where to go to obtain
leaves for their study. All of the above
must be discussed with and approved
by the instructor PRIOR to collecting
data.

(c) Students bring their leaf
samples back to lab and estimate their
stomata densities using a clever tech-
nique of making stomata impressions
using commonly available nail polish
and clear tape as is described in Ap-
pendix 1 (Neill et al. 1990; Brewer
1992; see http://www.zoo.toronto.
edu/zooweb/able/volumes/vol-13/3-
brewer/3-brewer.htm). Stomata im-
pressions are easily visible under a light
microscope at 400x (see Figure 1).

Lab Period #2:

(a) Students finish counting their
stomata slides, if they have not yet
done so.

(b) Instructors use a combination
of lecture and group questioning to
teach basics of statistical analysis that
students will need to analyze their data
(including averages, standard devia-
tions, statistical terminology [e.g., sig-
nificance level, P value, degrees of free-
dom], and the use of a t-test).

(¢) Instructors demonstrate the use
of a simple spreadsheet and statistics
package (Microsoft’s EXCEL) and
help students to input their data, cal-
culate averages and standard devia-
tions, perform a t-test using these data,
and generate a clear graphic summa-
rizing their results.

In actuality, only half of lab period
#2 is devoted to the activities listed
above. In the first half of lab, students
perform an unrelated and more tradi-
tionally formatted lab on fruit and
flower diversity. Between lab periods
2 and 3, students generate coauthored
oral and written reports according to
specific guidelines (included with the
lab handout mentioned above).

Lab Period #3:

Each pair of students presents
their data and conclusions in class in
a 10-minute report to their peers dur-



ing the “Stomata Results Symposium.”

SUMMARY OF RESULTS

During the spring semesters of
1995, 1996, and 1997 we supervised
over 75 projects, all of which used
green plant material available in mid-
February on Widener’s campus (this
happened despite the fact that Wid-
ener is located in an urban landscape
and in 1996 a foot of snow was on the
ground).

The majority of the projects were
studies of the effects of sunny versus
shady environments on stomata den-
sity. About half of these compared dif-
ferent individuals of the same species
living in different places on Widener’s
campus, and the other half examined
leaves in the sun versus shade on the
same individual plant (e.g., within a
dense shrub or tree). The remainder of
the projects examined other effects
such as proximity to sources of carbon
dioxide (the campus is adjacent to in-
terstate 95) and the effects on grass of
trampling by pedestrians.

The vast majority of the results were
consistent with the student hypotheses
(i.e., more stomata in the sun, fewer
stomata with more CO,); however,
this was not always the case. Some
plants showed a great deal of variation
(e.g., some holly trees) that was unex-
plainable by treatment. Regardless, we
noticed that as the students were col-
lecting their data they were raising ad-
ditional issues and posing hypotheses
about characteristics of leaves, such as
color and size, that may also have been
affected by the environmental variable
of interest. Clearly, their minds were
working in unexpected directions and
attempting to construct new relation-
ships outside of the bounds of the in-
quiry. Often these insights and exten-
sions generated lively discussions
among students during the question/
answer portion of the Stomata Results
Symposium.

Student comments on this multi-
week inquiry were generally very favor-

able. Many commented
that they liked designing
their own experiment and
presenting their results to
their classmates. Negative
comments most commonly
reflected student frustration
with using the spreadsheet/
statistical package available.
During the second and
third years we used im-
proved instructional mate-
rials and tutorials, and stu-
dents had been exposed to
the software in new labs in
their fall freshman lab
course, so we received fewer
of these comments.

Our impressions of the
effects of this activity on
our teaching are also posi-
tive. Considerable effort is
required to resist giving too
much information to the
students during the project
formulation stage and to
simply “let go.” However,
this effort was returned
when we witnessed the “eu-
reka” of understanding that
students attained typically
when they saw the first graph depict-
ing the results of their data.

The transfer of ownership of the
inquiry from us to the students culmi-
nated in the Stomata Symposium dur-
ing which we acted only as moderators
of often lively student discussion. Im-
portantly, many students who other-
wise would be silent classroom occu-
pants were fully engaged with their
peers in this format. We get a great
deal of satisfaction when we witness
this kind of transformation.

CONCLUDING COMMENTS

In closing, we wish to raise three
points. First, it is important to realize
that this activity requires two-and-a-
half lab periods. We consider that af-
fording students the opportunity to
engage in all of the steps to a scientific

Figure 1: Stomata Impression. Photo showing what
students would see in their nail polish stomata im-
pression under a light microscope at 400x.

investigation, i.e., “teaching science by
doing science,” is of paramount impor-
tance to freshmen and justifies this
level of lab time allocation. These stu-
dents get few other opportunities to
develop and wield skills in experimen-
tal design, statistical analysis, and hy-
pothesis testing in any content area of
their curriculum.

In addition, plants are very distant
organisms to most freshmen, and the
intensity of this project may enhance
their comprehension of the evolution-
ary principles of plant leaf design more
so than conventional lecture formats
alone. We gladly devote this seemingly
large portion of the laboratory time
available during the semester to achieve
these objectives.

Second, dozens of recent reports
on laboratories based on open-ended
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rather thick swath of clear nazl polish.

,cloudy impression of the leaf surface

the excess.

idea.

Focus your /eaf lmpressmn und
~ mata (see Figure 1). -

Repeat the prewous two steps thre

ment group.

Appendlx 1: Detailed Procedure for Obtammg Stomata lmpressmns
' Obtam the /eaf upon which you Wlsh to oensus stomata ‘

uk'On the side you w:sh to census stomata (typlcally the leaf unders:de) palnt a'

After the nail pol/sh has dr/ed (several m; utes) obtain a square of VEFi'Y_
CLEAR tape (such as package sealing tap
- Stick your tape plece to the area that conta/ns the dr/ed nail pol}sh swath

GENTLY peel your nail pOIISh swathf om the leaf oompletely You Wl/] see a

your “Ieaf impression.” Make only one im ;
Tape your leaf /mpreSS/on z‘o a VERY CLEAN sllde and use sc:ssors to cut off

Label the slide to Indfcaz‘e the treatmen group name (e g leaf from sun) and .
other mfo (e. g leaf #3) d/reotly on the slide. Color codmg slfdes IS a very good .

'i'ast::4 Qx power‘ andbb'serve the ;smf

'Search around on your zmpressmn to fmd an area that subjectlvely appears o
_move the slide around until the field of |

have a high density of stomata. That is ,
view is away from the edge of the impression and so that there are no dirt blobs
no thumbprints, no damaged area s, and no blg leaf ve/n /mpress;ons m wew

Coum‘ all stomata you see and record the n mber

mes The hlghest number of the three‘ ,
will be your datum from this lmpressmn One datum per sllde .

L Fiepeat all steps above for at least elght d/fferent /eaf lmpressmns ln each treat— -

Students use a stage mlcromez‘er to convert thelr data from unn‘s of stomata_’
- number per field of view at 400x” to unlts of t‘omata per mm?, . ~

~ Note: Students must desrgn their own data sheets on which to record stomataﬁ
counts and they are informed that they will be specifically assessed in part on |
~ how well they accompllsh the tasks of data acqmsmon and archlvmg ' ‘

‘but do NOT use scotch tape).

attaohed to your tape piece. Thzs is
ressron per leaf. ~

student investigations in JCS7 and
other science education journals pro-
vide important and creative directions
for our collective teaching efforts. We
must all try to work with our col-
leagues to explore these directions and
make substantive changes along course
sequences within major programs of
study and not just within single
courses. Educational meta-issues such
as diversity, retention, and empower-
ment to think scientifically depend
less on a student’s experiences in a
single course as upon his or her tra-
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jectory through the curriculum.

Third, we feel that an important
goal of curricular innovation should
also address the retention issue of
teachers in pre-college settings and the
valuation issue of teaching at the un-
dergraduate level. As we mentioned
above, we like teaching this kind of ac-
tivity, and this attitude is often infec-
tious with our students—and vice
versa. At least for us, this affirmation
instills a sense of renewal in our other
academic pursuits.

Numerous authors have noted that

open-ended inquiries give students a
sense of ownership of their learning
and that this contributes to their de-
velopment as life-long learners. We
wish to add that teaching using these
types of activities promotes the same
goal in teachers as well. 0
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