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ABSTRACT Current trends in ecological research emphasize interdisciplinary approaches for assessing effects of present and
predicted environmental changes. One such emerging interdisciplinary field is the discipline of ecohydrology, which studies the
feedbacks and interactions between ecological and hydrological processes. However, interdisciplinary science, which includes
ecohydrology and other fields, has not yet been effectively translated into many K-12 curricula. We adapted an ecohydrological
research project, originally conducted at the Biosphere 2 research apparatus, for use in a middle school classroom. The experiment
focuses on describing the effects of changes in landscape vegetation cover on the partitioning of evapotranspiration, the major
component of the water budget, into plant transpiration and soil evaporation. The 1-week long experiment was conducted by
Grade 6 students (7 = 82) in classrooms in Oro Valley, AZ. Students completed pre- and post-experiment tests designed to assess
their general understanding of the components of evapotranspiration as well as the scientific procedures that can be used to differ-
entiate them. Our results show significant improvement between the pre- and post-experiment evaluations on the understanding
of the water cycle concepts, particularly those associated with evapotranspiration. This improvement illustrates how the incorpo-
ration of experimental knowledge can constitute a key instrument to successful delivery of scientific information in the classroom.
We discuss how current scientific research can be effectively incorporated into the science curriculum, which in turn can be used
as an instrumental tool to produce scientifically relevant data.

Incorporating current scientific research into K-12
education curricula has been an important challenge
for both scientists and educators. In particular, there

is a recognized urgency to improve scientific literacy in
both students and the general public as a mechanism to
bring society as a whole to make informed policy deci-
sions about current and predicted changes in the environ-
ment (Hurd, 1997; National Research Council, 2006). In
education, particularly at the K-12 level, content about
the interactions between human activities and the natural
world has traditionally been delivered by the scientific

Impact Statement

Our project is a shining example of integrating K-12 science
education into ongoing scientific research. Scientists commu-
nicate their work to students, who not only interact with sci-
entists, but also participate in research, generating useful data.
This closes the loop in the interaction between science and
education. The study investigates the partitioning of evapo-
transpiration, the largest component of the water budget,
into evaporation and transpiration, with important implica-
tions for our understanding of the water budget.
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field of ecology (Jordan et al., 2009). Science educators
have recognized the importance of transitioning from
declarative to procedural knowledge with an emphasis on
teaching scientific inquiry for delivering science content
more effectively in the classroom (Orr, 1992; Torp and
Sage, 2002; Finn et al., 2002, Jordan et al., 2009). Spe-
cifically, the process of providing students the opportunity
to carry out their own project in a relatively short period
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of time can be a particularly successful strategy to deliver
ecological content (Colley, 2006).

Inquiry-based approaches to teaching the scientific
method and research processes have been implemented
and embraced by middle school curricula (Steel et al.,
2004). By actively engaging in hands-on activities and
inquiry-based experiments, students acquire a feeling
of ownership and interest in the scientific process that
enhances their overall experience and desire to continue
acquiring and sharing scientific knowledge. Along with
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classroom experimentation, communication of actual
research results and interactions with scientists have been
recognized as successful ways to promote interest in sci-
ence, particularly ecology, in K-12 students (Kats et al.,
2008). When students develop personal connections with
scientists and their research, they are more likely to see
science as more relevant to their lives, and potentially as a
viable career (Hill et al., 1990; Fusco, 2001). Thus, these
interactions not only improve the student’s perception and
understanding of science, but they also provide an opportu-
nity to incorporate current scientific content into the class-
room, making the curriculum more relevant to the social
reality outside of the school.

Current environmental changes not only affect individual
components of ecosystems, but also operate within interac-
tions and feedbacks between ecosystem processes (Pickett
et al., 2001; Peters et al., 2004). This has increased the
necessity of developing interdisciplinary research fields such
as ecohydrology, plant ecophysiology, and biogeochem-
istry. The complex nature of ecological processes, where
natural, physical and even the social sciences converge,
imparts a major challenge to teaching ecology in basic
education levels (particularly, but not limited to, K-12
education). Properly communicating causal mechanisms
(Grotzer and Basca, 2003) and feedback cycles (Carlsson,
2002) are key to engaging students in the study of ecol-
ogy and ecosystems. Finding ways to introduce students to
these processes and mechanisms using hands-on activities
is relevant to enhancing their familiarity with the subject.
Notably, the use of water-related processes, which inte-
grate a suite of biological and physical mechanisms, could
represent an important topic that constitutes a building
block for children to understand ecosystem processes
(Covitt et al., 2009). The water cycle provides a fundamen-
tal tool to teach students not only about the role of water
in the ecosystems, but also about the interactions between
humans and the environment through water and land use
practices. Educators can use these water-mediated interac-
tions between physical, natural, and social processes as the
building block to develop curricular programs that can forge
connections between students, science, and the environ-
ment (Varelas et al., 2001). In particular, the interactions
between water cycle and ecological processes provide an
important opportunity to incorporate interdisciplinary sci-
ence into science curriculum.

The interdisciplinary field of ecohydrology seeks to
understand the feedbacks and interactions between ecosys-
tems and the water cycle (Rodriguez-Iturbe, 2000; Van Dijk,
2004; Breshears, 2005). One of the fundamental challenges
in ecohydrology is to understand the dynamics of evapo-
transpiration, the dominant component of the water budget
(Wilcox et al., 2003; Huxman et al., 2005). However, the
scientific community is still lacking studies that describe
how evapotranspiration is partitioned into its major compo-
nents—soil evaporation and plant transpiration—in response
to changes in vegetation cover. This knowledge has impor-
tant implications for understanding the biological feedbacks
in the water cycle, a key element of global change science
(Williams et. al. 2004; Huxman et. al. 2005). One of the first
attempts to describe the effect of changing vegetation cover

on the partitioning of evapotranspiration was carried out

at the Biosphere 2 apparatus in Oracle, AZ, between May
and November 2008 (Wang et al., 2010). The results from
this study (Wang et al., 2010) illustrate how the partition-
ing of evapotranspiration at the landscape scale responds

to changes in tree cover in the landscape. This experi-

ment, which used the unique logistical capabilities of the
Biosphere 2, highlights the systematic and interactive effects
of vegetation cover in hydrological variables that influence
ecosystem processes and properties.

While running the study at the scale of the Biosphere 2
apparatus is critical to directly test hypotheses about the
physical and physiological mechanisms that govern the rela-
tionship between the partitioning of evapotranspiration and
the amount of vegetation cover in the landscape, there are
still other drivers of this relationship that were not included
into the study which require further experimentation. In
particular, a fundamental aspect that requires initial explor-
atory data collection to help improve current knowledge
(both hypothetical and experimental) is the sensitivity of
evapotranspiration partitioning to variations on the physical
characteristics of vegetation and climatic variables (Lawrence
et al., 2007). We identified a key opportunity to develop such
exploratory data collection while simultaneously providing a
unique educational experience. With this purpose, we devel-
oped an adaptation of the large-scale experiment developed
at Biosphere 2 to explore some of these effects associated
with variations in the type of vegetation, while making the
study amenable to a hands-on educational activity in 6th
grade classrooms in Oro Valley, AZ.

This project is particularly relevant for the 6th grade
classroom for several reasons. The space and time required,
as well as the plant species used, can be modified to the
convenience and limitations of the classroom (Villegas et al.,
2009a). Also, the experiment provides the possibility for par-
ticipation in data collection by every student in a classroom.
From a curricular point of view, the project uses mathemat-
ics, graphing, and technology for generating, processing,
and explaining experimental data. The project is well aligned
with multiple portions of the 6th grade education standards
including scientific inquiry, Earth system processes, and
science and technology (Kuhn, 2002; Michaels et al., 2008;
NRC, 2006). Further, the project provides extended opportu-
nities for follow-on scientific questioning, hypothesis genera-
tion, data exploration, and experimentation.

In the following sections we present the adaptation of the
on-going interdisciplinary research project from Biosphere 2
into a local middle school curriculum. We examine whether
the students’ understanding of the water cycle and the role
of vegetation on it responded to the execution of this activity
via the application of pre- and post-experiment tests. The
main objectives of this project were: (1) to provide students
with a hands-on approach to study the water cycle, with
specific emphasis on the process of evapotranspiration, and
(2) to quantitatively assess if the development of a hands-on
experimental activity, combined with the presence of scien-
tists in the classroom, can have an effect on the students’
knowledge and understanding of the water cycle and its
relation to other environmental processes. Finally, we dis-
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cuss how the incorporation of experimental knowledge can
constitute a key instrument to successfully deliver scientific
information in the classroom and also how data and informa-
tion generated in the classroom can be useful for scientists in
their specific field of study.

Materials and Methods

Classroom Activity

This classroom experimental activity is designed to
explore the partitioning of evapotranspiration into its
two major components—evaporation from the soil and
plant transpiration—as a function of vegetation cover. The
experiment uses a series of arrangements of potted plants
and pots with bare soil to create different proportions of
vegetation cover. Each arrangement consists of a total of
20 pots, organized in a 5 x 4 matrix. Pots with plants are
considered sources of transpiration whereas bare soil pots
are considered sources of evaporation. The experiment is
developed in a series of four runs, corresponding to four
levels of vegetation cover, with each run taking 24 hours
to complete. The term “run” refers to a specific arrange-
ment of pots that encompasses both the proportion and
spatial arrangement of plants and soil pots. Each run starts
with the addition of water, followed by weighing both plant
and soil pots, and finishes with re-weighing the follow-
ing day (ideally 24 hours after water was added and the
initial weight recorded). Water loss from each pot (which
accounts for evaporation in soil pots and transpiration in
pots with plants) is calculated as the difference between
the final and initial weights. This procedure assumes that
there is no drainage from the bottom of the pots, and the
only possible mechanism for water loss is via evaporation
and/or transpiration. The experiment also assumes that
evaporation from the soil in pots with plants is negligible.
This assumption is reasonable when, as in this case, the
experiment is conducted with plants that offer a com-
plete cover of the soil surface in the pots (Lawrence et al.,
2007). The complete details of the procedure and materials
for this experiment have been described elsewhere and are
freely available online (Villegas et al., 2009a).

During the experiment, we used a Microsoft Excel work-
book for data entry. The spreadsheet was designed so that
the spatial arrangement of the cells for data entry corre-
sponded to the spatial arrangement of the pots in each run.
The spreadsheet cells were set up to automatically com-
pute differences in plant weights once data were entered,
and the results were displayed in a graph. Examples of
the workbook are available in Villegas et al. (2009a). The
classrooms in which we conducted the experiments were
equipped with electronic whiteboards that were used to dis-
play the spreadsheet on the projection screen, and students
entered their data using the interactive whiteboard inter-
face. As students finished weighing their pots, they entered
the weight into the appropriate cell of the workbook and the
workbook cell computations immediately updated the totals
and differences between previous and new pot weights; this
in turn updated the graph displaying the ratio of evapora-
tion to combined evapotranspiration.

Student Learning Assessment

Participants

Four 6th grade classes in an Arizona middle school were
chosen to participate as a pilot in this outreach effort due
to the natural alignment of 6th grade science standards
(Arizona Department of Education, 2005; Krajcik et al.,
1998; NRC, 2006; Roth and Lee, 2004) to the principles
explored in the experiment. There were 82 students who
completed both the pre-test and the post-test. Ten addi-
tional students were present for only the pre- or post-test;
their data were not included in the analyses. The final
sample included 42 boys, 37 girls, and 3 students whose
gender was not identified.

Procedure

Students completed the pre-test during their science
class period on the school day before the experimental
activity started, under the supervision of their science
teacher. After the pre-test, students listened to a 45-minute
detailed presentation by the lead scientist of the project,
supported by pictures and other material relevant to the
experiment, that incorporated the background, principles,
and procedures of the activity that would be conducted the
following school-week, and how it related to the larger-
scale project being conducted at the Biopshere 2 apparatus.
On the first day of the school-week, two trays of pots were
delivered to each classroom. The data collection portion of
the experiment ran for 4 days. On the last day of the study,
students completed the post-test under the supervision of
their teachers, who collected the tests and returned them
to the researchers for scoring and analysis.

Pre- and Post-Tests

Students’ learning was assessed from their responses to
a study-specific test that was applied before and after the
experiment was carried out. The test addressed concepts
of evaporation and transpiration, understanding of weight,
scales of weight and dimensions, and problem solving
strategies. The 11 question test included one definition item
(yielding up to 3 points), four true-false items (yielding 1
point each), three multiple-choice items (yielding 1 point
each), and three items that focused on concepts of weight:
one open-ended problem (yielding up to 2 points depend-
ing on the quality of the answer), one involving conversion
between units of weight (yielding 1 point), and one involv-
ing concepts of scale/dimension (yielding 1 point). Possible
scores ranged from 0 to a maximum of 14 points. The test
items are presented in Appendix A.

Statistical Analysis

Students’ responses to the questions in the pre- and
post-tests were scored and then summed to yield a total
score for each test. Results from the pre- and post-tests
were compared using matched-pairs t-tests. Results are
considered significant at an alpha-level of 0.05.

Results

Mean scores for the pre- and post-tests are presented in
Fig. 1. Overall, students showed improvement on the test
as a result of the activity. A matched-pairs t-test indicated
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that the improvement was significant [¢(81) = 9.530,
p < 0.001 Fig. 1A]. Individual question analyses indicate
that overall, student performance in the test was improved
by the activity. However, in some cases, the performance
did not improve as a result of the activity (Fig. 1B, 1C).
Definition. The first test question required students to
define “evapotranspiration” by listing the three key compo-
nents: “water,” “evaporation,” and “transpiration.” Students
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Fig. 1. (A) Overall mean results from the pre- and post-
assessment tests applied to the students before and after
the completion of the experiment; (B) mean results from
each question type for pre- and post-experiment assess-
ment; and (C) Normalized results for each question type for
pre- and post-experiment assessment. Error bars indicate
95% confidence intervals around mean values.

received 1 point for each correct term listed, yielding a score
from 0O to 3. Fill-in-the-blank questions tend to be challeng-
ing for students, and performance on this item was generally
poor. However, students did show significant improvement on
the post-test [¢£(81) = 6.138, p < 0.001; Fig. 1B, 1C].

True-False Questions. Correct responses on these
four items were summed for each student to yield a
true—false score ranging from 0 to 4. Results indicate that
students showed significant improvement on the post-test
[t(81) = 7.419, p < 0.001; Fig. 1B, 1C]. In this case, aver-
age improvement was on the order of one additional true-
false item correct on the post-test.

Multiple-Choice Questions. Correct answers were
summed for these items, yielding a score of O to 3 for
each student. Our results indicate that improvement from
pre- to post-test was significant [t(81) = 5.854, p < 0.001;
Fig. 1B, 1C].

Open-Ended Weight Problem. Students wrote out
their solution strategy in the answer space below this
question. These answers were coded as follows: Students
received a score of 0 if they left the question blank; 1 point
if they attempted to answer but the answer was incorrect,
incomplete, or irrelevant (e.g., “use a scale,” “get more
food,” “drink some water”); 2 points for a clear and accu-
rate explanation (“weigh the person after lunch and sub-
tract his initial weight to find the difference”). Our results
indicate that students significantly improved from pre- to
post-test [t(81) = 2.387, p < 0.05; Fig. 1B, 1C].

Math Problem. Students were asked to calculate the
number of grams in 1 pound, given the information that
there are 16 ounces in 1 pound and each ounce is equiva-
lent to 28.35 grams. Students received a score of O for a
blank or incorrect answer, and a score of 1 for a correct
solution. Mean scores for this question on the pre- and
post-tests were not significantly different [£(81) = 0.727,
ns; Fig. 1B, 1C].

Scale Problem. On this multiple-choice item, students
had to choose the best scale for obtaining one’s weight.
Students received a score of 0 for an incorrect choice and
a score of 1 for choosing the correct option. There was
significant improvement from pre- to post-test on this item
[t(81) = 3.965, p < 0.001; Fig. 1B, 1C].

Discussion

In this study, 6th grade students conducted an experi-
ment adapted from a current scientific project being
carried out at the University of Arizona Biosphere 2 appa-
ratus. Over the course of 1 week, students examined the
effect of increasing vegetation cover on the partitioning of
evapotranspiration into its major components (evaporation
from the soil and transpiration from plants). The students
obtained data by calculating the differential weight loss in
pots with either bare soil (sources of soil evaporation) or a
plant (sources of transpiration) for a 24-hour period. They
repeated the procedure, varying the ratio of plants to soil,
and entered their data into a spreadsheet that allowed real-
time display of data and results as the activity progressed.
By participating in this experiment, the students became
active “scientists in-training” with their results contributing
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directly to the larger evapotranspiration study performed by
University of Arizona researchers (Villegas et al., unpub-
lished data, 2010).

We conducted pre- and post-assessment tests to evalu-
ate the effect of this activity on the students’ understanding
of the water cycle and its relation to other environmental
processes. The results indicate that students performed
significantly better on the post-test for questions about
evaporation, transpiration, and concepts of measurement
(Fig. 1). Students were more likely to provide accurate
definitions for key terms, to recognize the factors and
conditions that influenced evapotranspiration, and to sug-
gest reasonable strategies for calculating weight (Fig. 1B).
Because the same test was used for both the pre- and post-
test, it is possible for students to learn from one exposure
to a test and thus perform better on a second attempt
simply because they have seen the questions before
(Schaughnessy et al., 2009). However, this did not seem to
be the case in this study, because students did not improve
uniformly across the items in the test; in fact, students
did not improve at all on the mathematical problem that
required them to convert from pounds to grams (Fig. 1B).
Thus, the improvement in their performance does not seem
to be solely due to simply retaking the test, but potentially
due to the exposure to both the dialogue with scientists and
to the exposure to the experiment.

Our results illustrate how incorporating hands-on derived
knowledge into the classroom can produce a significant
improvement of students’ knowledge of the focal subject
(Orr, 1992; Songer et al., 2002; McComas, 2004; Jordan
et al., 2009). However, when conducting the experiment,
it was less clear whether young adolescents would be able
to collect scientific data that would be of real value to
researchers. In particular, the process of weighing plants
required considerable attention to relatively fine-grained
measurements and the use of the metric scale—topics that
are known to be challenging for middle school students
in the United States (Slavin and Lake, 2008). In addition,
the activity was sensitive to the successful completion of
multiple sequential steps: students had to bring soils in
both plants and soil pots to field capacity, weigh the pots,
record the values in decimal format to the second deci-
mal place, and then enter the data into the workbook on
the smart board. Processes that involve multiple steps are
often prone to error, especially with relatively young par-
ticipants (Michaels et al., 2008; Hassard and Diaz, 2008).
Nonetheless, during the week-long experiment there was
little off-task or disruptive behavior, and, notably, a peer-
review-type culture was developed in the classroom, where
students would supervise each others’ measurements and
data transfer to the computer. This peer-interaction consti-
tutes a self-directed data quality control and validation that
is useful not only for the students’ learning of the scientific
process, but also for the accuracy and quality of the data
used by scientists.

Although students’ reactions to the activity were not
formally evaluated, their focused behavior and spontane-
ous comments suggested that they found the research
experience to be highly engaging and motivating. Through

informal classroom conversations with the students

and their teachers, we received feedback that the spa-

tial layout of the spreadsheet designed for data entry
enhanced student understanding of the relationships
between the data values. The use of the smart board tech-
nology (SMART Board by SMART Technologies) was also

a contributor to student engagement in the activity. We
observed that students were engaged in guaranteeing the
correctness of their measurements. Having the values dis-
played publicly in an easy-to-read fashion led to interest-
ing classroom discussion. This promoted an informal peer
review-like process in which the students corrected errors
immediately during the data collection and analysis phases
of the project.

Even though the mathematical concepts included in the
assessments were designed to evaluate simple arithme-
tic operations, students were exposed to the concept of
non-linear responses (which are very frequent in ecology).
When students compared their results to the linear-
response hypothesis in the discussion of results session,
many of them seemed to have understood the concept and
grasped the importance of considering non-linear responses
when analyzing environmental (ecological) processes.
Finally, students were engaged by the immediate feed-
back the spreadsheet calculations provided, expressing
their interest in analyzing the immediate graphic update as
values were entered.

It is likely that the presence of the university research-
ers in the classroom helped to support the success of the
experiment. In addition, the two participating science
teachers were experienced middle school instructors who
were skilled in classroom management. Although specific
knowledge associated with the concepts of evapotranspira-
tion can be delivered by targeted instruction, we believe
that the overall experience, including interaction with
scientists, hands-on experimentation, data generation and
analysis, and discussion with peers and scientists about
data and results together add another level of learning and
understanding that goes beyond targeted instruction alone
and improve the potential for learning, as suggested by
the results of our pre- and post-experiment assessments.
Further research is required to evaluate the degree to which
activities like the one we present here can be implemented
without the physical presence of the researchers or with
less experienced teachers.

The data generated by the four sub-groups in this
experiment, which was consistent with the hypothesized
relationship between vegetation cover and the partition-
ing of evapotranspiration, have been directly used to
increase the breadth of experimental results of the larger
scale Biosphere 2 study and have led to the development
of a new hypothetical framework that discusses a broader
range of responses of ET partitioning to vegetation cover
than presented in previous hypotheses: the predominance
of a suppression effect on soil evaporation, a suppression
effect on transpiration, or a combination of both, associ-
ated in response to vegetation and climatic characteris-
tics (Villegas et al., 2009b). Notably, our results illustrate
how educational experiences can be also used as “citizen
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science” opportunities, where non-scientists can collect
data and contribute to relevant ecological research while
gaining an enhanced relationship with their community and
with nature. Although not formally recorded or evaluated

in our instruments, the fact that students were constantly
reminded that they were participating in a larger scientific
effort seemed to have generated a lot of enthusiasm in the
groups, which is a fundamental element in citizen-science
projects (Evans et al., 2001; Cohn, 2008; Bonney et al.,
2009; Silvertown, 2009). Further, our project was success-
ful not only in translating relevant scientific research into
the classroom, providing students with hands-on experience
through active participation in an experiment, but also in
informing students how to better communicate their results
both to their peers as well as other people in the classroom
(Roth and Lee, 2004; Trumbull et al., 2000; Baumgart-

ner et al., 2006). This model may not work for all kinds of
scientific enquiry because it requires that the subject of the
scientific investigation can be successfully translated into
classroom activities.

In summary, our results illustrate that the incorporation
of experimental knowledge supported by data management
tools can constitute a key instrument in successful delivery
and understanding of scientific information in the class-
room. Our classroom activity demonstrates how current
scientific research can be effectively incorporated into the
science curriculum, which in turn can be used as an instru-
mental tool to produce scientifically-relevant data that can
benefit both educational processes as well as the advance
of natural sciences.
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Appendix A: Pre- and Post Assessment Instrument

Evapotranspiration Project

Name: Date: Time:
Teacher:

NOTE: if you don’t know the answer, just leave it blank.

(1) Fill in the Blanks:

Evapotranspiration is from the sum of plus

(2) True or False (circle your answer):
Temperature affects evapotranspiration.
Humidity affects evapotranspiration.
Evapotranspiration is the same as condensation.

Plants have nothing to do with evapotranspiration.

(3) Choose the correct answer:
Evapotranspiration is an essential component of:

(a) The Water Cycle

(d) All of the Above
Evapotranspiration is found in:

(a) Outer Space

(d) Answers (b) and (c)
To study evapotranspiration I will need:

(a) Soil

(d) All of the Above

(True)
(True)
(True)
(True)

(b) the Vegetable Cycle

(e) None of the Above

(b) The Rainforest
(e) All of the Above

(b) Sun

(e) Answers (a) and (c)

(False)
(False)
(False)
(False)

(c) the Economic Cycle

(c) The Desert

(c) Water

(4) At noon, just before lunch, John weighed himself and found he was 78 pounds. After lunch, his friend Jane asked him how much the
food he ate weighed. How can John and Jane figure out how much the food he ate weighed? (Only a short answer is needed.)

(5) There are about 28.35 grams in 1 ounce. There are 16 ounces in 1 pound. How many grams are in one pound?

(6) John is a teenager. He wants to find out how much he weighs. Three scales are available: (a) measures from 0 to 1600 grams, (b)
measure 0 to 250 ounces, and (c) measures 0 to 250 kilograms. Which scale is the best one to use? (Circle one.)

(a) Scale a
(d) None of the above

(b) Scale b

(c) Scale c

Journal of Natural Resources & Life Sciences Education ¢ Volume 39 2010 155



ana Quirds-Arauz, and Daniel Espeleta for their important
contributions to the project. Finally, we thank Paul Cohen
for his support of and inspiration for the project.

References

Arizona Department of Education. 2005. Academic content stan-
dards: Science. Available at http://www.ade.state.az.us/stan-
dards/science/articulated.asp (accessed 23 Nov. 2009; verified
7 Sept. 2010).

Baumgartner, E., K.M. Duncan, and A.T. Handler. 2006. Student-sci-
entist partnerships at work in Hawaii. J. Nat. Resour. Life Sci.
Educ. 35:72-78.

Bonney, R., C.B. Cooper, J. Dickinson, S. Kelling, T. Phillips, K.V.
Rosenberg, and J. Shirk. 2009. Citizen science: A developing
tool for expanding science knowledge and scientific literacy.
Bioscience 59:977-984.[CrossRef]

Breshears, D.D. 2005. An ecologist’s perspective on ecohydrology.
Bull. Ecol. Soc. Am. 86:296-300.[CrossRef]

Carlsson, B. 2002. Ecological understanding 2: Transformation: A
key to ecological understanding. Int. J. Sci. Educ. 24(7):701-
715.[CrossRef]

Cohn, J.P. 2008. Citizen science: Can volunteers do real research?
Bioscience 58:192-197.[CrossRef]

Colley, K.E. 2006. Understanding ecology content knowledge and
acquiring science process skills through project-based science
instruction. Sci. Act. 43(1):26-33.[CrossRef]

Covitt, B.A., K.L. Gunckel, and C.W. Anderson. 2009. Students’
developing understanding of water in environmental systems.
J. Environ. Educ. 40(3):37-51.[CrossRef]

Evans, C.A., E.D. Abrams, B.N. Rock, and S.L. Spencer. 2001. Stu-
dent/scientist partnerships: A teachers’ guide to evaluating the
critical components. Am. Biol. Teach. 63:318-324.[CrossRef]

Finn, H., M. Maxwell, and M. Calver. 2002. Why does experimenta-
tion matter in teaching ecology? J. Biol. Educ. 36(4):158-162.

Fusco, D. 2001. Creating relevant science through urban planning
and gardening. J. Res. Sci. Teach. 38(8):860-877.[CrossRef]

Grotzer, T.A., and B.B. Basca. 2003. How does grasping the underly-
ing causal structures of ecosystems impact students’ under-
standing? J. Biol. Educ. 38(1):16-29.

Hassard, J., and M. Diaz. 2008. The art of teaching science: Inquiry
and innovation in middle school and high school. 2nd ed. Rout-
ledge, London.

Hill, O.W., W.C. Pettus, and B.A. Hedin. 1990. Three studies of
factors affecting the attitudes of blacks and females toward
the pursuit of science and science-related careers. J. Res. Sci.
Teach. 27(4):289-314.[CrossRef]

Hurd, P.D. 1997. Inventing science education for the new millen-
nium. Teachers College Press, New York.

Huxman, T.E., B.P. Wilcox, D.D. Breshears, R.L. Scott, K.A. Snyder,
E.E. Small, K. Hultine, W.T. Pockman, and R.B. Jackson. 2005.
Ecohydrological implications of woody plant encroachment.
Ecology 86(2):308-319.[CrossRef]

Jordan, R., F. Singer, J. Vaughan, and A. Berkowitz. 2009. What
should every citizen know about ecology? Frontiers in Ecology
and the Environment 7(9):495-500.[CrossRef]

Kats, L.B., S. Rollert, T. Thurling, R. Johnson, D. Cho, S. Landis, R.
Van Dragt, and G. Van Dragt. 2008. Undergraduate research:
Communicating ecological field studies to local school children
through outreach and curriculum. Council on Undergraduate
Res. Q. 29(1):58-62.

Krajcik, J., P.C. Blumenfeld, R. Marx, K.M. Bass, J. Fredericks, and
E. Soloway. 1998. Inquiry in project-based science classrooms:
Initial attempts by middle school students. J. Learn. Sci.
7:313-350.[CrossRef]

Kuhn, D. 2002. What is scientific thinking and how does it develop?
p. 371-393. In U. Goswami (ed.) Blackwell handbook of
childhood cognitive development. Blackwell Publishing,
MA.[CrossRef]

Lawrence, D.M., P.E. Thornton, K.W. Oleson, and G.B. Bonan. 2007.
The partitioning of evapotranspiration into transpiration, soil
evaporation, and canopy evaporation in a GCM: Impacts on
land-atmosphere interaction. J. Hydrometeorol. 8(4):862-880.
[CrossRef]

McComas, W. 2004. Keys to teaching the nature of science. Sci.
Teach. 71:24-27.

Michaels, S., A.W. Shouse, and H.A. Schweingruber. 2008. Ready,
set, SCIENCE! Putting research to work in K-8 science class-
rooms. National Academies Press, Washington, DC.

National Research Council. 2006. America’s lab report: Investiga-
tions in high school science. National Academy Press, Washing-
ton, DC.

Orr, D.W. 1992. Ecological literacy: Education and transition in a
porstmodern world. SUNY Press, Albany, NY.

Peters, D.P.C., R.A. Pielke, B.T. Bestelmeyer, C.D. Allen, S. Munson-
McGee, and K.M. Havstad. 2004. Cross-scale interactions,
nonlinearities, and forecasting catastrophic events. Proc. of the
National Academy of Sciences of the United States of America
101(42):15130-15135.[CrossRef]

Pickett, S.T.A., M.L. Cadenasso, J.M. Grove, C.H. Nilon, R.V. Pouyat,
W.C. Zipperer, and R. Costanza. 2001. Urban ecological
systems: Linking terrestrial ecological, physical, and socio-
economic components of metropolitan areas. Annu. Rev. Ecol.
Syst. 32:127-157.[CrossRef]

Rodriguez-Iturbe, I. 2000. Ecohydrology: A hydrologic perspec-
tive of climate-soil-vegetation dynamics. Water Resour. Res.
36(1):3-9.[CrossRef]

Roth, W., and S. Lee. 2004. Science education as/for participation in
the community. Sci. Educ. 88:263-291.[CrossRef]

Schaughnessy, 1.]., E.B. Zechmiester, and J.S. Zechmiester. 2009.
Research methods in psychology. 8th ed. McGraw Hill, New
York.

Silvertown, J. 2009. A new dawn for citizen science. Trends Ecol.
Evol. 24(9):467-471.[CrossRef]

Slavin, R., and C. Lake. 2008. Effective programs in elementary
mathematics: A best-evidence synthesis. Rev. Educ. Res.
78:427-515.[CrossRef]

Songer, N.B., H.S. Lee, and S. McDonald. 2002. Research towards
an expanded understanding of inquiry science beyond one
idealized standard. Sci. Educ. 87:490-516.

Steel, E.A., K.A. Kelsey, and J. Morita. 2004. The truth about
science: A middle school curriculum teaching the scientific
method and data analysis in an ecology context. Environ. Ecol.
Stat. 11(1):21-29.[CrossRef]

Torp, L., and S. Sage. 2002. Problems as possibilities: Problem-
based learning for K-12 education. 2nd ed. Assoc. for Supervi-
sion and Curriculum Development, Alexandria, VA.

Trumbull, D.J., R. Bonney, D. Bascom, and A. Cabral. 2000. Thinking
scientifically during participation in a citizen-science project.
Sci. Educ. 84(2):265.[CrossRef]

Van Dijk, A. 2004. Ecohydrology: it's all in the game? Hydrol. Pro-
cesses 18:3683-3686.[CrossRef]

Varelas, M., C. Pappas, A. Barry, and A. O'Neill. 2001. Examining
language to capture scientific understandings: The case of the
water cycle. Science and Children. 38(7):26-29.

Villegas, J.C., C.T. Morrison, K.L. Gerst, C.R. Beal, and A. Quiros-
Arauz. 2009a. The partitioning of evapotranspiration into evap-
oration and transpiration: An experimental design assessing
the effects of changes in vegetation cover. EcoEd Digital Library
linked to http://www.ecoed.net (accessed 24 Nov. 2009; veri-
fied 7 Sept. 2010).

Villegas, J.C., G. Barron-Gafford, H.A. Adams, M. Guardiola-Clara-
monte, E. Sommer, A.L. Wiede, D.D. Breshears, C.B. Zou, and
T.E. Huxman. 2009b. Evapotranspiration partitioning along
gradients of tree cover: Ecohydrological insights from experi-
mental evaluation in the Biosphere 2 Glasshouse Facility. AGU
Chapman Conference on Examining Ecohydrological Feedbacks
of Landscape Change along Elevation Gradients in Semiarid
Regions. Sun Valley, ID. 5-9 Oct. 2009.

Wang, L., K.K. Caylor, ].C. Villegas, G.A. Barron-Gafford, D.D.
Breshears, and T.E. Huxman. 2010. Partitioning evapotranspi-
ration across gradients of woody plant cover: Assessment of
a stable isotope technique. Geophys. Res. Lett. 37(L09401):
10.1029/2010GL043228.

Wilcox, B.P., D.D. Breshears, and M.S. Seyfried. 2003. Rangelands,
water balance on. Encyclopedia of Water Science 791-794.

Williams, D.G., W. Cable, K. Hultine, J.C.B. Hoedjes, E.A. Yepez,

V. Simonneaux, S. Er-Raki, G. Boulet, H.A.R. de Bruin, A.
Chehbouni, O.K. Hartogensis, and F. Timouk. 2004. Evapo-
transpiration components determined by stable isotope, sap
flow and eddy covariance techniques. Agric. For. Meteorol.
125(3-4):241-258.[CrossRef]

156

Journal of Natural Resources & Life Sciences Education ¢ Volume 39 2010


http://mr.crossref.org/iPage/?doi=10.1525%2Fbio.2009.59.11.9
http://www.esajournals.org/doi/abs/10.1890/0012-9623%282005%2986%5B296%3AAEPOE%5D2.0.CO%3B2
http://www.informaworld.com/smpp/content~db=all?content=10.1080/09500690110098877
http://mr.crossref.org/iPage/?doi=10.1641%2FB580303
http://www.informaworld.com/smpp/content~db=all?content=10.3200/SATS.43.1.26-33
http://www.informaworld.com/smpp/content~db=all?content=10.3200/JOEE.40.3.37-51
http://www.bioone.org/doi/abs/10.1662/0002-7685%282001%29063%5B0318%3ASSP%5D2.0.CO%3B2
http://onlinelibrary.wiley.com/doi/10.1002/tea.1036/abstract;jsessionid=AEB9F0244FB9A3B375A98D6FC2C1C327.d03t02
http://onlinelibrary.wiley.com/doi/10.1002/tea.3660270403/abstract
http://www.esajournals.org/doi/abs/10.1890/03-0583
http://www.esajournals.org/doi/abs/10.1890/070113
http://www.informaworld.com/smpp/missing?orig=%2fopenurl%3fgenre%3darticle%26doi%3d10%2e1207%2fs15327809jls0703%264%5f3%26magic%3dcrossref%7c%7cD404A21C5BB053405B1A640AFFD44AE3&triedmissing=true
http://onlinelibrary.wiley.com/doi/10.1002/9780470996652.ch17/summary
http://journals.ametsoc.org/doi/abs/10.1175/JHM596.1
http://www.pnas.org/content/101/42/15130
https://www.annualreviews.org/doi/abs/10.1146%2Fannurev.ecolsys.32.081501.114012
http://www.agu.org/pubs/crossref/2000/1999WR900210.shtml
http://onlinelibrary.wiley.com/doi/10.1002/sce.10113/abstract
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VJ1-4WPDN38-1&_user=10&_coverDate=09%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=9c02e162034684e8afebabc1f8018fe6&searchtype=a
http://rer.sagepub.com/content/78/3/427
http://www.springerlink.com/content/p746r85720q01332/
http://onlinelibrary.wiley.com/doi/10.1002/(SICI)1098-237X(200003)84:2%3C265::AID-SCE7%3E3.0.CO;2-5/abstract
http://onlinelibrary.wiley.com/doi/10.1002/hyp.5762/abstract
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V8W-4CRY6NN-5&_user=10&_coverDate=10%2F20%2F2004&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=76911b5d646e4021b68f02f1882d4e6b&searchtype=a

