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Abstract
During a university class project related to climate change mitigation strategies, we utilized a university green space as a 
“living laboratory” for collaborative learning exercise to estimate landscape-level carbon biomass storage. The key objec-
tive of the exercise was to foster sustainability awareness with regard to the effectiveness of tree-planting initiatives to 
offset carbon emissions. Collaborative learning is a process by which students work together in small groups to accomplish 
a common goal. As experiences are active, social and student-owned, the process leads to the development of a variety of 
cognitive and transferable skills that are beneficial in academia and the workplace. Through data collection/analysis, the 
carbon biomass exercise not only allowed students to assess critically the efficacy of a tree-planting initiative as a means to 
sequester carbon, but they became aware of the difficulties in performing research on complex environmental issues. The 
intention of the research was to give students an opportunity to practice data collection, data analysis, problem solving, 
teamwork, communication and scientific literacy skills, meanwhile utilizing the campus open green space to enhance the 
knowledge discovery process. Informal assessment and discussions with students demonstrated that the activity was suc-
cessful in reaching a wide range of students with varying backgrounds and initial attitudes about climate change mitigating 
strategies, which was our objective. Our case study demonstrates how learning objectives can be integrated with university 
sustainability initiatives to improve learning and student engagement. Finally, we see green spaces as dynamic settings for 
learning about physical processes and issues related to environmental management and sustainability.

Keywords  Tree carbon biomass assessment · Allometry · Sustainability education · Environmental science · Singapore 
carbon footprint

Introduction

Sustainability teachers in higher education generally agree 
that the purpose of the topic is fostering agents of change 
(students) who will someday be capable of tackling complex 
and intertwined challenges related to sustainability (Jones 
et al. 2010). However, traditional classroom approaches 

to sustainability education that generally focus on content 
alone may not be the most effective method, as they force 
students to be passive recipients of information, rather than 
active learners in a manner more in the spirit of solving envi-
ronmental problems (Blumstein and Saylan 2007; DuPuis 
and Ball 2013). The combined application of active, par-
ticipatory and experiential learning, grounded in a specific 
environmental context allows students to examine processes 
instead of purely memorizing their characteristics and in 
turn develop meaningful relationships with the environment 
they live in (cf. Burns 2015). To accomplish these goals, the 
students need to be engaging with the outdoors on occasion.

Urban green spaces have great potential as outdoor learn-
ing spaces for some issues related to sustainable develop-
ment, which succinctly refers to utilizing our natural capital 
in a manner that fosters economic growth, preserves environ-
mental integrity, and promotes social well-being, but does 
not reduce the capacity of future generations to also flourish 
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similarly (Brundtland 1987). With respect to health, green 
spaces stimulate mental and physical health by providing 
venues for psychological relaxation and stress alleviation, 
stimulating social cohesion, and supporting physical activi-
ties that reduce morbidity (Fuller et al. 2007; Braubach et al. 
2017). From an environmental perspective, green space 
infrastructure within a built environment reduces exposure 
to air, water and noise pollutions (e.g., Jim and Chen 2008), 
decreases surface water runoff (e.g., Whitford 2001), pro-
vides habitat for flora and fauna (e.g., Gehrt and Chelsvig 
2004), mitigates urban heat (e.g., Wong and Chen 2008), 
and promotes the accumulation of vegetation biomass, and 
therefore, carbon (Trlica et al. 2020). Due to this diversity of 
services, green spaces should, therefore, be useful for sup-
porting activities related to sustainability education, which 
seeks to instil values and motivate students to actively pro-
mote sustainability (Martins et al. 2006; Wolsink 2016).

One important sustainability issue on the minds of many 
students relates to their carbon footprint, or that of his/
her city or nation. In recognition that one tree can intake 
as much as one megagram (Mg) of carbon dioxide in its 
lifetime (40–100 + years; European Environment Agency 
2012) and serve as filters for urban pollutants including fine 
particulates, a number of cities are now making concerted 
efforts to improve green spaces by boosting the number of 
trees via greening initiatives (City of New York 2011; City 
of London 2020; Frangoul 2020). Singapore is recognized 
as being on the forefront of urban greening among global 
cities (Newman 2014). The 722 km2 island nation plans 
to plant one million trees by 2030, transforming it into a 
‘City in Nature’ (National Parks Board 2020). One focus 
area for planting is the National University of Singapore 
(NUS), where the Planting 10,000 Trees initiative began in 
November 2018 with a goal to foster cognitive and emotive 
well-being, and promote social interactions (National Uni-
versity of Singapore 2018). This 3-year Campus Greenery 
Plan, which aims to plant 500 mature and 9,500 saplings 
throughout the campus, aspires to preserve Singapore’s bio-
diversity, mitigate climate change (via carbon sequestration) 
and become a recognized environmentally responsible cam-
pus (National University of Singapore 2018). With respect 
to the urban heat island effect (Arnfield 2003), the shad-
ing of heat-absorbing surfaces by the newly planted trees is 
expected to cool down surrounding temperatures by about 
one degree Celsius (National University of Singapore 2018) 
and reduce thermal discomfort (Chow et al. 2016). Further, 
the trees have the potential to sequester about 220 Mg of 
carbon annually (National University of Singapore 2018). 
Like many universities worldwide, NUS is showing a novel 
commitment to sustainability and biophilia that is evident 
in campus planning to integrate built and open spaces with 
green infrastructure (Way et al. 2012; Painter et al. 2013; 
Kellert and Calabrese 2015).

One potentially overlooked benefit of the university cam-
pus-greening initiative is the potential roles for green spaces 
as educational resources. Historically, the place where fac-
ulty and students come together for formal learning is the 
classroom (cf. Bonwell and Sutherland 1996). However, 
new methods of teaching based on an improved understand-
ing of cognition have emerged, promoting the evolution of 
what places/spaces/situations are considered a classroom: 
the classroom is no longer defined by “the class” per se, 
but by the “learning” achieved (Oblinger 2005). While 
many universities have invested in building formal learn-
ing spaces (e.g., classroom, discussion rooms, study lounge 
areas and libraries), the entire campus, including its open 
spaces (informal learning spaces) is arguably part of a holis-
tic learning space (Painter et al. 2013; Scholl and Gulwadi 
2015). Furthermore, in an attempt to informalize learning, 
universities have renovated learning spaces within buildings, 
employed flexible furniture arrangements, and increased the 
use of information technology in student learning all in an 
effort to foster an active and student-led learning experi-
ence (Monahan 2002; Oblinger 2005; Blackmore et al. 2011; 
Byers et al. 2014).

Prior research has focused on libraries, gathering spaces, 
and in-between spaces such as the areas within corridors 
and lobbies (Fig. 1). In addition, on-campus or nearby green 
spaces are potentially rewarding spaces for teaching a vari-
ety of cross-disciplinary topics (Wolsink 2016): e.g., those 
associated with the environment and sustainability (e.g., 
natural resource management, ecology, forestry and environ-
mental management). In contrast to a lecture hall, an open 
green space provides phenomena (e.g., plants; temperature; 
wind) that are linked to processes (e.g., carbon sequestra-
tion; evapotranspiration) that can be studied directly and 
in situ, thereby reinforcing the learning process by substi-
tuting abstraction with realism. Use of green spaces creates 
an opportunity to augment the traditional classroom-based 
lecturing approach, or teacher-centered approach (Bonwell 
and Sutherland 1996), by allowing students to learn in alter-
native, dynamic, and less sterile spaces, for example, via 
collaborative learning.

Collaborative learning is a student-centric approach 
involving groups working towards a common academic goal 
in a situation where the instructor’s role is diminished in the 
traditional sense. The learning space is, therefore, not nec-
essarily fixed or formal, and the student’s role takes center 
stage (cf. Gokhale 1995). The instructor is more so a facilita-
tor of learning than a person regurgitating information. An 
example of collaborative learning related to sustainability 
education might involve group-based fieldwork designed to 
help students increase their knowledge of a particular envi-
ronmental issue by attempting to solve one aspect of the 
problem by putting theory to practice. One such example, 
which is the focus of this paper, is investigating the role of 
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carbon biomass sequestration as a strategy for mitigating 
climate change impacts. This issue often strikes a chord with 
students because of the considerable carbon footprint of uni-
versities and the cities in which they are usually located. The 
growing pressures to reduce anthropogenic carbon emissions 
in the pursuit of living sustainably in the future is a goal 
that many environmentally minded students share. Yet, many 
students are unaware of their own carbon footprint, and few 
have a strong understanding of the science foundations of 

proposed carbon management initiatives to offset climate 
change.

Teaching about the linkage between climate and sustain-
ability is challenging when students have widely diverging 
views regarding the reality/severity of climate change, its 
underlying cause, the effectiveness of potential mitigation 
measures, and the role they as a citizen can play in mitigat-
ing its impacts. Many of these issues are complicated by the 
following: (a) poor communication, including the jargon of 

Library:  Computer banks, alcoves (these space 
have been modified or deliberately designed to 
foster collaboration and a communal learrning 
enviornment)  

Gathering spaces: Food service areas, student unions, 
student centers and outdoor spaces. These spaces are 
typically designed for academic. social and personal 
purposes such as discussing studies over food or drinks    

Transitional Spaces:  Lobbies, corridors and courtyards 
connecting classrooms and offices. These spaces may be 
furnished to accommodate informal learning activities  

Outdoor green spaces:  Forest, stream, lake, lawn 
and garden 

Fig. 1   Informal campus learning spaces at NUS (types adapted from Painter et al. 2013)
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science and academic discourse; (b) incomplete knowledge 
of physical processes, complex systems, and uncertainty, 
difficulties with interdisciplinary communication, and (c) 
poor leadership as reflected in the reluctance of governments 
to recognize the need to act now (Robinson 2011). Further, 
public skepticism and uncertainty may stem from a variety 
of sources including model-based uncertainty and probabili-
ties, expert disagreements, misleading sources of informa-
tion (e.g., media, politicians, campaign groups), political 
agendas, and individual differences in beliefs and values 
(Patt 2007; Kahan et al. 2011; Whitmarsh 2011). From an 
education perspective, learning may also be hindered by a 
method of teaching that fails to engage students, or fails to 
make them essential actors in the learning process.

In this paper, we describe a campus-based collaborative 
learning exercise in 2019 focused on estimating landscape-
level carbon biomass storage on a green space in the NUS 
campus, the site of the Planting 10,000 Trees initiative 
(Fig. 2). The objective was to develop self-awareness in the 
students about their carbon footprint, as well as the effective-
ness of tree planting to offset carbon emissions. The exercise 
was also designed to provide opportunities for students to 
develop transferable skills and attain knowledge relevant to 
employment in the environmental and sustainability sector. 
Inherent in the exercise is addressing uncertainty, a topic we 
recognize that many students find confusing and difficult. 
Typically, students are introduced to uncertainty in STEM 
subjects, for example during laboratory work (Duerdoth 
2009). Thus, the campus-based exercise provides an infor-
mal approach to teaching and discussing uncertainty in a 
means that is conceptually simple and attractive to general 
environmental studies’ students.

This paper introduces the exercise, describes the learning 
process (including skills acquired), and discusses the wider 
implications of using green spaces on university campuses 
for educational purposes. Our motivation for this paper is to 
share our experience and to promote out-of-classroom expe-
riential learning. Our intention is for the paper to be more 
of a discussion, but we do provide an informal hypothesis-
based test using students from two separate modules: (1) 
Control, for which students are exposed to environmental 
issues, but carbon management is not a key component; 
and (2) Test, for which the students were exposed to carbon 
management through the exercise presented in this paper. 
Our hypothesis was that the Test class would have a differ-
ent perspective regarding the viability of tree planting for 
carbon sequestration because they performed an assessment 
of carbon storage.

Carbon biomass exercise

In brief, the exercise involved using allometry to determine 
the carbon biomass in the mature trees within a 1-ha wooded 
green space that was adjacent to the building where the stu-
dents attended class (see below for additional details).

Carbon balance and climate change

With increasing concern about greenhouse gas-driven cli-
mate change, attention has turned towards developing and/
or enhancing existing carbon capture and storage (CCS) 
technologies, such as injecting carbon dioxide into stable 
geological formations and tree-planting initiatives (see 

Research skills
• Application of the research process, such as planning, data 

collection, management and analysis, identifying findings 
and producing a final product

• Recognizing and articulating uncertainties/limitations
• Deeper understanding of the topic
• Critical and reflective thinking
• Problem solving
• Decision making

Communication skills
• Rapport building and listening
• Science literacy such as drawing inferences and 

communicating the findings via a newspaper article

Teamwork skills
• Group facilitation during field exercise and data analysis
• Patience with students of different levels of knowledge
• Collaboration leading to a mentor-mentee relationship and 

knowledge integration

Fig. 2   (Left) The studied forested green space on the NUS campus; 
(center) Two groups of five students working collaboratively during 
the carbon assessment exercise. Photos have been blurred to protect 

student identity; (right) Outcome of skills gained from the collabora-
tive learning exercise
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Raza et al. 2019 for a full review on CCS). While the fea-
sibility of the former is still being researched, tree-planting 
initiatives are being implemented worldwide at a variety 
of scales (Pandey 2019). Some see forest restoration as a 
“mechanism to achieve multiple goals, including climate 
mitigation, biodiversity conservation, socioeconomic ben-
efits, food security, and ecosystem services” (cf. Bastin 
et al. 2019; Chazdon and Brancalion 2019). However, a 
central critique is that tree-planting initiatives, even at 
large scales, represent a short-term solution for which esti-
mates of carbon sequestration/storage rates are uncertain 
(Popkin 2019; Holl and Brancalion 2020).

Indeed, a paper published in Nature suggested that 
while trees are supposed to slow global warming via CO2 
removal from the atmosphere, growing evidence suggests 
they might not be “climate saviours” (Popkin 2019). Skep-
ticism revolves around the uncertainty in determining how 
much carbon is “locked up” by trees, which fundamentally 
is a balance between how much they remove from the air 
for photosynthesis and wood production and that which 
they release through respiration and decay (Pan et  al. 
2011; Popkin 2019). In a recent study, Lewis et al. (2019) 
estimated a carbon storage increase of 42 billion Mg if the 
Bonn Challenge restored 3.5 million square kilometers of 
natural forest by 2100 through reforestation. Alternatively, 
only one billion Mg of carbon would be sequestered if 
the same area was exclusively used for plantations (Lewis 
et al. 2019). Such divergence in estimates in carbon stor-
age again related to inherent uncertainties associated with 
differences in tree species growth rates, spacing, mainte-
nance, climate, and the life-stage of the tree (Chen et al. 
2017). The main aspect of uncertainty that we are address-
ing in this paper is associated with carbon biomass storage 
estimates based on the use of allometric equations.

Allometry

A common method for determining the carbon biomass 
of plants is to destructively harvest the above-and below-
ground components including stems, branches, leaves, 
flowers, fruits and roots (Roxburgh et al. 2015). From 
these components, allometric relationships are developed 
using the respective masses (often total mass) and easily 
measured aspects of tree physiology such as trunk diam-
eter, tree height, wood density (Yuen et al. 2016). Allom-
etry is a fundamental biological principal that was con-
ceived as the study of how the physiology of an organism 
changes with size-related traits (Huxley 1932), for exam-
ple via power–law relationships of the following form:

(1)Y = aXb

where Y and X are the related variables, a is the normaliza-
tion constant, and b is the exponent (Sileshi 2014; Yuen et al. 
2016). Metabolic theory is found on evidence that a many 
biological properties scale with body size via a power–law 
relationship over many orders of magnitude (Brown et al. 
2004). Within forestry, the power–law is a common form 
for allometric equations used to calculate biomass (Banaticla 
et al. 2007; Chan et al. 2013).

Problematic in developing allometric equations is the 
uncertainty in the equation itself, which is based on regres-
sion performed on data often collected from a limited num-
ber of trees in a specific site (Clark and Kellner 2012). Data-
sets are often small because sampling is time consuming, 
costly, and destructive. Further, individual biomass variabil-
ity for a particular species can be great. Thus, Eq. (1) can 
be rewritten as:

where ξ represents the error or uncertainty term associated 
with the regression or measurement errors (Cunia 1987; 
Muller-Landau et al. 2014; Cushman et al. 2014). Typi-
cally, ξ is ignored in practice, but one should be aware of 
its magnitude.

These days, the establishment of an allometric relation-
ship at individual sites is usually not performed, as destruc-
tive sampling goes against conservation objectives in most 
managed systems in the world (Brown 2002). An alternative 
approach is to use published allometric equations to esti-
mate biomass. These relationships are based on destructive 
sampling performed in the past or in areas where tree felling 
is permitted (Roxburgh et al. 2015). Most carbon biomass 
assessments worldwide now rely heavily on these “proxy” 
allometric relationships (Shi and Liu 2017). A recent review 
of allometric equations for tropical land-cover biomass is 
provided by Yuen et al. (2016). Errors associated with using 
proxy allometric equations stem from the equation not rep-
resenting site-specific growing conditions (e.g., moisture 
regime, soil, and altitude) or disturbance regime (Laurance 
et al. 1999; Fisher et al. 2008; Heryati et al. 2011). In addi-
tion, the vegetation in question may not have a proxy equa-
tion. In the latter case, an equation of a species with similar 
life form must be borrowed, or a broad-based equation based 
on forest type must be used. The latter case is specific to the 
exercise we introduced to the students.

Field measurements and allometry calculations

Students were assigned the task of estimating the total tree 
carbon biomass in a 1-ha green space containing 23 estab-
lished (approximately 40-years-old) rain trees (Samanea 
saman) and 39 newly planted trees of a variety of species 
(e.g., Sterculia parviflora, Garcinia hombroniana, G. cowa 

(2)Y = aXb + �
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and Maniltoa browneoides). The site was selected because 
of its convenience of access and proximity to the classroom 
allowing the exercise to take place during normal class hours 
(Fig. 2). The is representative of other wooded green spaces 
on campus and throughout Singapore.

The students worked in small groups to facilitate collect-
ing the measurements, and they were required to participate 
in all measurements (observation only was discouraged). 
During measurement, students were asked to take copi-
ous notes, and pay particular attention to the “state” of the 
trees and potential sources of measurement error. Back in 
the classroom, the data were collated to produce Excel (or 
R) graphs and tables containing pertinent information on 
carbon storage at the site. Following field measurements, 
the students were assigned to compute AGCB and BGCB 
for the plot, then write a newspaper article that relays the 
implications of the tree-planting initiative to the public in 
non-technical terms.

Above-ground (AGB) and below-ground (BGB) biomass 
were determined from the following two equations from 
Chave et al. (2014) and Yuen et al. (2013), respectively, for 
tropical forests:

 where D is the diameter of tree trunks at breast height (cm), 
or 1.3 m from the ground; H is tree height (m); and p is wood 
density (g/cm−3). We used p values of 0.450 for rain trees 
and 0.534 for all other trees (IPCC 2006). Tree diameter was 
estimated with a diameter tape. Tree height was determined 
as H = L × tan (Θ), where L is distance from the operator to 
a tree; and Θ is the angle (◦) from the operator to the top of 
the tree, determined from a laser hypsometer (Fig. 2). Equa-
tions 3 and 4 are chosen for their simplicity and applicability 
to the Singapore setting where no location-specific equations 
have been established. Other equations could be substituted 
depending on the locale. Equation 3 is a pantropical model 
determined by Chave et al. (2014) for numerous tropical 
sites worldwide. Equation 4 is from the meta-analysis by 
Yuen et al. (2013) for available data in SE Asia allowing 
calculation of root:shoot ratios. Note that the error term (ξ) 
from Eq. 2 has been omitted, as is typically done in practi-
cal usage.

In the exercise, above-ground (AGCB) and below-ground 
(BGCB) carbon biomass were estimated by assuming it is 
one-half of the AGB and BGB values (Matthews 1993; 
Brown 1997). Ideally, we should have sampled the trees 
with a tree borer to determine the carbon values, but this 
was not allowed by campus facility managers for fear of 
introducing a disease vector to the trees. The mass of the 
CO2 equivalents (CO2eq) stored in a tree can be determined 

(3)AGB = 0.0673
(

pD2H
)0.976

(4)BGB = 0.18 ∗ AGB

by multiplying the carbon mass by a stoichiometric conver-
sion factor of 3.67, which is the ratio of the molecular weight 
of carbon dioxide to carbon (44/12) (IPCC 2003; Petersson 
et al. 2012). The unit of presentation of carbon mass was Mg 
(Megagram, or one metric tonne).

Motivation

Motivation for the exercise stems from the advanced level 
(4th year) of the course and the composition of both geog-
raphy and environmental science students. Lecture time is 
typically used to explain the theory of each topic and to give 
relevant examples with follow on discussions on assigned 
readings, but has limited field-based teaching to explore 
contemporary scientific approaches. In Geography/Envi-
ronmental Sciences, field exercises are central in relating 
theory to practice and placing students in settings to develop 
analytical, observational and technological skills (Fuller 
2006). Small groups were chosen specifically to facilitate 
collaboration by all students (Schellens and Valcke 2006). 
With respect to module composition, collaborative learning 
with students from different disciplines can stimulate the 
students to understand different levels of thinking (Gokhale 
1995), and to practice transdisciplinary research (Ziegler 
et al. 2016).

Our intention with the assessment was twofold: (1) to 
educate future environmental science professionals in 
developing and improving effective environmental science 
literacy and communication skills; and (2) to provide an 
alternative form of assessment that reflects the nature of an 
inquiry-oriented discipline present in Environmental Sci-
ences. This gave the students an opportunity to communicate 
more than the basic knowledge of science facts or contem-
porary definitions in carbon management, but also include 
the scientific processes and practices to encourage scientific 
inquiry within the reader (Yarnal and Neff 2007). Related, 
we wanted to encourage higher-order skill of critical think-
ing by synthesizing information and applying factual knowl-
edge and concepts to complex, real-world situations.

The learning process

Outcomes

In brief, the students learned that the measured DBHs 
were significantly different for rain trees (mean ± stdev = 
99 ± 22 cm; range = 56–154 cm) compared with the other 
trees in the plot (10 ± 4 cm; 4–19 cm). The correspond-
ing mean heights were also significantly different: 16 ± 3 m 
(10–21 m) versus 6 ± 2 m (2–12 m). Total AGCB and 
BGCB estimates for the plot were 53 and 10 Mg C, respec-
tively. Of the total carbon biomass (63 Mg C; equivalent to 
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231 Mg CO2eq), nearly all (62 Mg; 231 Mg CO2eq) was 
associated with the 23 mature rain trees (assuming they are 
40 years old). The mean carbon content of each rain tree was 
2.7 ± 1.4 Mg C (9.9 ± 0.2 Mg CO2eq), which corresponds to 
a carbon sequestration rate of 67 kg C/year (245 kg CO2eq/
year), which is on the high side for tropical trees reported in 
the literature. All differences in DBH, height, and biomass 
were significantly different at α = 0.05 (unpaired t-test on 
log-transformed values).

Given the freedom to explore the real-world implications 
of the tree-planting initiative, the students created a wide 
variety of dissemination “products” in the spirit of a news-
worthy piece written in layperson language for the public. 
Some of the most informative narratives placed the carbon 
sequestration gains in the context of student’s own carbon 
footprint, vehicle emissions in their city-nation of Singa-
pore, Singapore’s carbon footprint, and/or loss of carbon via 
tropical forest removal (so-called deforestation). Estimates 
of the carbon lost from tropical deforestation are widespread 
in a variety of online media and academic/science papers 
(e.g., Pearson et al. 2017). One student couched the article 
in terms of the carbon imprint of a family’s vacation (Carbon 
Footprint Ltd. 2020); another in terms of transportation back 
and forth from school annually.

Again, students were not told how to derive their extended 
findings, forcing them to use research skills when necessary. 
However, unlike even a few years ago, there are many online 
sources to help make these estimates. For example, online 
carbon footprint calculators, such as those of The Nature 
Conservancy (2020) are easy to use and provide reasonable 
estimates. Other online tools allows one to estimate emis-
sions from buildings, car trips, and public transport (e.g., 
Google Environmental Insights Explorer 2020; International 
Civil Aviation Organization, The United Nations 2020).

The following passage, which combines findings reported 
by a few students, demonstrates the learning/contextualiza-
tion process. The global mean  carbon footprint is 5 Mg 
CO2/year per person, which is about one-half of the equiv-
alent mass in one rain tree (again 9.9 ± 0.2 Mg CO2eq). 
In developed countries, the mean footprint is higher and 
varies (World Bank 2014): e.g.,  ~ 10 Mg CO2 in Singa-
pore; 16.5 Mg CO2 in the USA. Interestingly, the Singa-
pore footprint is roughly that of one mature rain tree. Thus, 
the CO2 equivalent mass of the 23 rain trees in the green 
space (231 Mg CO2eq) accounts for the carbon footprint of 
approximately 23 years of one’s life in Singapore. However, 
most trees are much smaller than rain trees. If an equivalent 
mass of 2 Mg CO2eq is assumed for the average tree, a Sin-
gaporean student would need to plant five trees (and leave to 
maturation) each year to offset their annual carbon footprint. 
More than 420 trees would then be needed to account for 
their lifetime footprint (mean life expectancy is 84 years). 
A student traveling from Singapore to Los Angeles for a 

vacation would need to plant two trees to offset the CO2 
emissions from taking this flight (~ 3.9 Mg CO2 emissions). 
Two and a half trees are roughly equivalent to driving a car 
18,000 km in a year (Government Technology Agency of 
Singapore 2020).

Many students concluded that climate change mitigation 
by tree planting alone was, therefore, limited in terms of 
practicality and scale. The 5.6 million Singaporean resi-
dents would need to plant about 28 million “average” trees 
per year, which is about 40,000 trees per km2, to offset the 
carbon footprint of the national population. To offset the 
country’s estimated 40 million Mg of annual CO2 emissions, 
20 million new trees would need to be planted each year. In 
recognizing the impractical nature of such a massive (re)
planting, students became aware of the limitation of this 
solution as a climate change strategy—regardless of the sci-
entific issues. Many then chose to highlight “other” benefits 
of tree planting, such as increased aesthetics, biodiversity 
preservation, cooling effects to offset the urban heat island 
effect, and the potential to trap pollutants. In the end, most 
students were drawn to paying more close attention to their 
personal carbon footprints and promoting alternative energy 
solutions—a result that is inline with both our objective of 
the exercise, and the goals of sustainability teaching (see 
“Promoting sustainability education”).

Critical discussions

Here, we point out that the science regarding the true benefit 
of tree (re)planting on the removal of atmospheric CO2 is 
debated and still evolving (Green et al. 2019). Neverthe-
less, the comparisons above helped the students frame a 
complicated science issue in understandable terms given 
their various backgrounds. Further, it was the students who 
made the analogies, not us. Nevertheless, these framings 
opened the door to further discussions, for example about 
the trade-offs/feedbacks of planting in different geographical 
locations (tropics versus temperate/boreal regions); current 
availability of “deforested” lands (i.e., some are urbanized; 
others under agriculture); differences between tree-based 
landscapes and other ecosystems including grasslands; how 
much of the carbon produced during photosynthesis is trans-
ferred to other stores, especially the soil; water use and nutri-
ent demand of trees; the time frame for carbon sequestra-
tion; and the fact that tree-planting is not the same as whole 
ecosystem restoration.

With respect to fieldwork, common observations included 
reference to: (a) disturbance of rain trees by pruning that cre-
ates great biomass variation; (b) difficulty of measuring tree 
height on uneven ground and for wide canopies that obscured 
the view of the top of the tree; (c) measurement differences 
between team members; (d) vastly different canopy shapes for 
trees of similar height (related to a); and (e) a wide variety of 
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tree species of different forms within the “other tree” category 
for which a common allometric equation was used to estimate 
biomass. These are common issues flagged by researchers 
performing similar fieldwork. Thus, the major concerns of 
the students regarding their calculations revolved around two 
issues (cf. Vorster et al. 2020): (1) measurement error in the 
field; and (2) appropriateness of the carbon biomass allometric 
equations.

With regard to measurement error and uncertainty, many 
students were concerned about the estimation of H. Tree height 
measurements are fraught with error because of the difficulty 
of seeing the location of the top of the tree (Phalla et al. 2018). 
Thus, there is large uncertainty in the angle from which H is 
determined. Further, the measurement is complicated if the 
ground is not level, which was the case because some of the 
site was on sloping ground. For some tall trees, estimates from 
all group members varied by as much as 2 to 4 m. Large errors 
in H (up to 25% for example) produced uncertainties in the 
biomass estimate that were equivalent to smaller errors in the 
D term, which is squared in Eq. 1. Fortunately, the measure-
ment error for D is small, on the order of a few mm. Con-
cerned with the H term, students, therefore, considered other 
approaches such as using sophisticated technologies (e.g., 
LiDAR), triangulation from the top of a building, and using 
an allometric equation that does not rely on tree height (cf. 
Phalla et al. 2018).

Concerns were voiced regarding the appropriateness of 
the two allometric equations (Eqs. 3 and 4) for calculating 
biomass in the plot. Students questioned their applicability 
initially because they were developed for tropical trees in 
general, not for the trees in the plots, specifically (cf. Hunter 
et al. 2013). For example, one student commented that “When 
estimating for carbon biomass of urban trees, there tend[s] to 
be an overestimation–especially if we take streetscapes into 
account–due to regular pruning”. The student was questioning 
the accuracy of the estimation from a general allometric rela-
tionship that did not account for canopy changes from routine 
maintenance. However, as Singapore-specific equations do not 
exist, pantropical equations or ones from similar locales must 
be used (Yuen et al. 2013). They were also concerned because 
the determined biomass values were very high compared with 
other trees in the tropics, including Singapore (Ngo and Lum 
2018).

Following these reflections, we introduced the following 
alternative allometric equations as alternatives to Eqs. 3 and 
4, respectively:

(5)AGB = exp
[

−1.803− 0.976 E + 0.976 ln(p) + 2.673 ln(D) − 0.0299
[

ln(D)
]

2
]

(6)BGB = 0.023 ∗ D2.59

 where Eq. 5 (Chave et al. 2014) does not use height as a 
variable; and Eq. 6 was determined from individual root 
systems in a primary dipterocarp forest in Pasoh Forest 
Reserve, Peninsular Malaysia (Niiyama et al. 2010). Further, 
Eq. 5 includes the term E that refers to the “health” of the 
tree stand; it represents factors such as stress from drought, 
(mis)management, disease, and land degradation.

Incorporation of the two additional equations allowed for 
other types of analysis:

1.	 Given a value of E (normally assigned a value of 0.5) in 
Eq. 5, compare the AGCB values computed by Eqs. 3 
and 5;

2.	 Compare the BGCB values determined from Eqs. 4 and 
6;

3.	 Assuming an accurate and known plot-level AGCB, 
determine a new value of E such that Eq. 5 produces a 
similar value;

4.	 Perform a sensitivity analysis for all equations to deter-
mine how much estimates vary for subtle changes of 
each input variable (D, H, p).

These advanced equations allow students to use vari-
ous packages to explore the data graphically and perform 
basic statistical tests such as the paired t-test (parametric 
assumption) or the Wilcoxon ranked sign test (nonpara-
metric assumption). The inclusion of Eq. 5, provided an 
opportunity for students to implement the advanced Excel 
Solver function, which is an add-in program that allows one 
to determine an optimal value by changing variables within 
one or more equations (e.g., changing E such that the AGB 
values from Eqs. 3 and 5 have the lowest cumulative/mean 
difference for all trees). Important in this process is allow-
ing students of all levels to experiment beyond their current 
repertoire of skills, without being penalized for not being 
strong in math or computer science.

Informal assessment

At the end of the semester, we surveyed two separate groups 
of students using a modified version of the questionnaire of 
Schroeder et al. (2006). The volunteer online survey ques-
tions were emailed to 38 students enrolled in the Test mod-
ule; 32, in the Control. We present it here as though it was a 
formal assessment, but in reality, it was an exercise for us to 

judge effectiveness to guide future teaching. Nevertheless, 
we present the outcome here because it demonstrates the 
positive outcome of the collaborative approach.
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The demographics of the students in the two modules are 
practically the same in that they were almost equally split in 
gender and all were Singaporean nationals who were pursuing 
degrees related to geography or environmental sciences. Few 
had a strong background in STEM subjects. Given the homo-
geneity and small size, other demographics were not consid-
ered to be important influencing variables in our assessment 
that was focused on exposure to content. We simply asked the 
students if “Trees are an effective means of storing carbon”. 
Students were then asked to indicate the extent to which they 
agreed or disagreed with the following statements regarding 
the ecosystem services of urban trees:

1.	 Contributes to your sense of well-being
2.	 Cools the surrounding environment
3.	 Improves aesthetics
4.	 Improves hydrological functioning of the environment
5.	 Filters aerosols/pollutants from the air
6.	 Increases wildlife habitats
7.	 Mitigates climate change by storing carbon
8.	 Provides shade
9.	 Reduces noise pollution

Their responses were recorded on a six-point scale, with 
possible responses ranging from 1 (Strongly disagree) to 6 
(Strongly agree). Our main interest was on the responses to 
statement 7 regarding the role of trees to store carbon and 
offset the impacts of greenhouse gas (namely CO2) emissions 
to the atmosphere. While the other statements do relate to eco-
system services provided by urban trees, the student views on 
their role were largely irrelevant to our assessment, but again, 
provide insight on student exposure to environmental issues. 
The responses were ranked accordingly to how strongly the 
students agreed with the statements regarding the role of trees. 
The critical difference between the two classes was that storing 
carbon ranked high (3rd) with the Test class, but low (8th) with 
the Control class who did not do the exercise. We attribute this 
major difference to the exposure of carbon accounting that 
the Test class received during the carbon exercise described 
herein. While we do not claim the results to be a rigorous 
evaluation, to a certain extent, they were useful to us in evalu-
ating the usefulness of the exercise as an effective mode of 
conveying information. The ordering of many of the other 
statements was not surprising, giving the emphasis of urban 
heat island phenomena, sense of place and natural capital in 
other modules commonly taken by the students in Singapore.

Promoting sustainability education

There is growing recognition of the significance of exposing 
students to sustainability education, which involves intro-
ducing the principles, values and practices of sustainable 

development into all aspects of learning (UNESCO 2005; 
Helicke 2014). Challenging, however, is presenting an 
abstract idea such as sustainability in a way that undergrad-
uate students can gain a concrete understanding (Helicke 
2014). One strategy in the pursuit of this goal is develop-
ing tangible exercises (pedagogical tools) that link the two, 
merging research ideas and methodologies (Helicke 2014). 
The carbon measurement exercise represents our attempt to 
do so in a way that develops a sense of awareness regarding 
sustainable practices (Sipos et al. 2008).

Conducting the fieldwork portion of the exercise was 
challenging in that substantial time, administrative support, 
funding, and planning was needed, as well as preparation of 
an acceptable risk assessment—all for a brief on-campus 
activity. However, planning an exercise off-campus, particu-
larly one abroad, is often more challenging. In the current 
educational environment where universities are re-evaluat-
ing the costs and risks of embarking on student field trips, 
campus-based field exercises offer a means of participating 
in experiential and high-impact learning activities without 
venturing beyond the controlled border of the university. 
This was true even before restrictions on travel were put in 
place in response to the COVID-19 pandemic. In the context 
of our Singaporean students, where many have limited expe-
rience in non-urban settings, even campus-based activities 
have tangible value because of the interaction with nature, 
despite the local urban setting.

Using the NUS landscape as a “classroom” allowed 
students to perform the underlying measurements and cal-
culations that would give them insight into critiquing the 
feasibility of tree planting as a viable way to mitigate cli-
mate change. It allowed them to participate in an inexact 
science. It challenged them to question “is this plausible?”. 
In general, students reflecting on the exercise likened the 
campus green space to a “living laboratory”, as is our sen-
timent. Many students were appreciative for the opportu-
nity to gain experience in fieldwork, as most encountered 
few other opportunities unless they enrolled in a dedicated 
module on field studies that is typically taught in the spe-
cial summer term. For a few students who were not pleased 
with being forced outdoors in the elements (heat, humidity, 
sun, insects), the exercise pushed them beyond their normal 
boundary/comfort zones. Furthermore, the exercise provided 
a different type of assessment method for which students 
who are not top-performers in lecture-based settings could 
potentially excel (although we did not assess this aspect 
directly).

Most students indicated the experience was positive in the 
sense that important and relevant questions about the environ-
ment could be explored “hands on” and with freedom to inter-
act with fellow students. Most students indicated that the learn-
ing experience was “fresh” and “interesting” compared with 
those from traditional lectures set in a static classroom. A few 
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excerpts from student comments give insight into the effec-
tiveness of the exercise. For example, one student commented 
that “the outdoor activity was really good as we were able to 
work in teams and share our findings and discuss the measure-
ment errors that we obtained”. Another student appreciated 
the “fieldwork portion and the data collection process” and 
suggested “similar exercises should be introduced in lower GE 
[General Education] modules”.

By participating in the exercise, it was our hope that stu-
dents not fully committed to environmental science learning 
could also see tangible personal benefits, such as a greater 
sense of environmental awareness that is in concert with 
shaping future environmental/sustainability attitudes and 
values. In general, engaging in nature-based learning activi-
ties within the campus environs can serve as a springboard 
that builds momentum towards encouraging an environ-
mental stewardship mentality. Beyond a carbon assessment 
study, other sustainability initiatives such as rain gardens 
(biofilters) target water conservation and quality goals. 
Alternatively, a campus garden/edible landscape can be used 
to teach organic farming practices and promote a sustainable 
campus landscape (cf. Krasny and Delia 2015). Contrasting 
environments involving green and clean spaces on campus 
create useful locations to measure ground-level air variables 
related to thermal comfort (related to urban heat island) or 
ground-level pollution (e.g., dust, ozone, and nitrous oxide).

Because of the potential for using green spaces for teach-
ing, research, conservation and aesthetics, we see value in 
universities making greater efforts to promote their wide-
spread use (Abdelaal 2019). By promoting positive physical, 
psychological and cognitive health effects to campus users 
and the surrounding community (Abdelaal 2019), the bio-
philic nature of green spaces align with the United Nations 
Sustainable Development Goals, specifically SDG 4, which 
aims to promote qualitative education opportunities for all; 
and it aims to ensure that students acquire the relevant skills 
and knowledge needed to promote sustainable lifestyles and 
development by 2030 (United Nations 2015a). In addition, 
SDG 15 seeks to protect forests and biodiversity; and it aims 
to ensure the sustainable use of these areas, increase affores-
tation and reforestation and combat the degradation of natu-
ral habitats (United Nations 2015b). The linkage between 
a real-world activity and sustainability goals is beneficial 
for students in seeing values in both. This process may be 
a key factor in motivating and training individuals to work 
in the areas of terrestrial conservation, climate change and 
sustainable development.

Providing transferable soft skills

Finally, an important aspect in most university classes 
is developing transferable skills. In initial communica-
tions with the students, we learned that many have limited 
knowledge of the realm of skills they acquire throughout 
their studies, particularly soft/transferable skills. Acquisi-
tion of many hard skills is obvious: e.g., map making, spa-
tial analysis, statistical inference, computer programming, 
operation of laboratory equipment, design and construc-
tion of research apparatus, measurement of environmental 
variables with instrumentation. However, when asked about 
soft skills, answers were more limited, with some indicating 
researching, problem solving, teamwork, and communica-
tion (Fig. 2). The goal of the carbon assessment exercise was 
to provide an opportunity to develop both types of skills. The 
hard skills addressed should be obvious. Thus, we expand 
on the importance of soft skills below.

Research skills are generally essential to employers 
because they help the company/organization to rethink/
develop products or services, identify the needs and wants 
of their customers/stakeholders, evaluate and improve what 
they do, and keep up with the changes in their industry 
(Indeed 2020). The research process involves a sequence of 
interconnected steps: planning, data collection, data colla-
tion, data analysis, making informative graphs and tables, 
creating a data analysis plan, identifying findings, develop-
ing conceptual models explaining the results, and producing 
final written and oral products. Within this process, the abil-
ity to recognize and articulate uncertainty is vital to tackling 
the most complex environmental and sustainability issues of 
today. For most people, this process is not natural, but some-
thing that must be practiced to obtain efficiency (Simpson 
2015). Yet, research training can be limited in undergraduate 
programs, with the exception of final year projects. Thus, 
basic research experiences can be a foundation in positively 
influencing student interests in pursuing postgraduate pro-
grams or doing effective problem solving in the workforce 
(Graham et al. 2013; Linn et al. 2015).

The carbon exercise provided the opportunity for the stu-
dents to practice doing research, thereby allowing them to 
develop a deeper understanding of the topic and underly-
ing implications revealed by their findings (Seymour et al. 
2004). In this sense, research plays an important role in 
building and rethinking knowledge. We observed some stu-
dents strengthening their connections between knowledge 
gained in previous modules and the assignment–particularly 
students who had taken climate-related modules or math/
computer-based courses. All students were pushed by the 
nature of the exercise to bolster essential literacy skills, 
including finding relevant scientific papers containing 
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information needed to make calculations and contextualize 
their findings (Brownell et al. 2015).

Although students are generally very good at locating 
information via the Internet in this “Google-age”, they may 
not have the base needed to evaluate the information critically, 
as is needed when solving problems (Salisbury and Karasma-
nis 2011). Increasingly, employers are looking for students 
with the ability to join established research teams. Our com-
munications with industry recruiters in Singapore revealed 
that many anticipate training students on the specific tasks 
once hired and brought into a team setting where they build 
upon their knowledge base gained in university or prior work. 
Thus, we see exercises that practice research on a variety of 
topics/issues during an undergraduate program being valuable 
to student development. Ironically, many students believe they 
need to learn industry-specific tasks in university.

The collaborative approach in the carbon exercise helped 
foster development of cognitive thinking, reasoning, and 
decision-making skills (Zittoun et al. 2007). Further, the 
nature of the exercise enabled students to recognize uncer-
tainties in “science” and re-evaluate the role of a responsible 
researcher when faced with limitations. Again, part of the 
challenge revolved around uncertainty in the data because of 
measurement errors and nature of the allometric equations 
(see above). Discussions on these issues were a catalyst for 
students to reflect on the collection and evaluation of data for 
the assignment, and for problem solving in general (Bruffee 
1993). Here, we were particularly trying to push students 
beyond conceding that a better job could have been done “if 
only we had access to better equipment”. On a positive note, 
some students did not simply question the appropriateness 
of the allometric equations, they selected alternative ones 
as mentioned above.

With regard to teamwork, the students faced some chal-
lenges when working with members with different levels 
of knowledge. Shy, introverted students tended to remain 
on the side-lines with limited participation, conscientious 
of making mistakes or having little to add of value. Some 
students simply do not like group work, especially if they are 
separated from their friends. In these cases, many students 
simply followed the consensus of the group. However, our 
exercise discouraged passiveness, as the students ultimately 
had to produce an individual final product that built on the 
group data collection component. On a positive note, stu-
dents with prior experience with the field techniques often 
helped the students without prior experience during the data 
collection. Furthermore, a mentor–mentee relationship was 
often apparent: students with advanced knowledge in statis-
tics and data analysis guided other group members. In this 
context, a collaborative transdisciplinary exercise encour-
aged cognitive knowledge integration but also expanded the 
development of social interaction among group members (cf. 
Sweet and Michaelsen 2007). In their reflection, the students 

revealed positive group interactions and indicated that they 
enjoyed the opportunities of scientific investigations and dis-
cussions within the topics of carbon sequestration, climate 
change and ecological sustainability. In depth, discussions 
among students seemed to enhance their curiosity for solv-
ing the problem at hand.

With regard to communication, improving environmental 
literacy and science communication of climate/sustainabil-
ity action can have wider positive outcomes for the entire 
university community and lead to a greater appreciation 
of the natural world. For example, the communication of 
science through traditional media (newspaper articles) pro-
vides opportunities for informal science learning (Maier 
et al. 2014). While the field exercise gave the students an 
opportunity to engage in scientific inquiry, the assignment 
provided an avenue to draw inferences, construct arguments 
based on the evidence, and communicate the findings simply 
and effectively. Collectively, these aspects are considered 
essential literacy skills (Pearson et al. 2010), in light that 
academics generally need to do “a better job of commu-
nicating directly to the public… to communicate the valu-
able role science plays in the world and to reinforce and 
enhance positive attitudes toward science and the scientific 
process”—Ralph Cicerone, President, National Academy 
of Sciences (2006).

Conclusions

In this paper, we describe a tangible example of utilizing 
a university green space as a ‘living laboratory’ for col-
laborative learning in addressing an issue of importance to 
environmental science and sustainability. The integration of 
campus green spaces as an alternative classroom enabled 
students to engage a contemporary environmental topic that 
was close to the hearts of many: the practical effectiveness 
of a tree-planting initiative in respect to off-setting carbon 
footprints. Through the data collection/analysis exercise and 
the written assignment that followed, the students gained 
an increased awareness of the importance of difficulties in 
mitigating climate change via carbon management through 
simple means such as tree planting.

The experience allowed students to develop and/or 
sharpen important hard and soft skills that are relevant to 
employment in the environmental and sustainability sector. 
Specifically, the exercise encouraged collaboration during 
data collection and analysis, then focused on developing 
individual communication skills for addressing a general 
audience. Student-led discussions regarding the efficacy and 
accuracy of field data collection techniques and equations 
used to estimate carbon biomass provided students with 
practice in handling issues related to uncertainty in mak-
ing scientific assessments. Consequently, the students were 
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able to acquire a deeper conceptual understanding regarding 
topics of carbon sequestration and climate change mitiga-
tion than they would attain simply by attending a lecture or 
through reading (based on discussions with students, but not 
rigorous assessment).

The estimation of accumulated biomass at the landscape-
level based on plot-inventories is important for many appli-
cations, from the commercial exploitation of timber to the 
global carbon cycle. More and more, these topics are becom-
ing an important curriculum development within environ-
mental sciences. While, the comparisons of the carbon 
sequestered in trees with real-life phenomena (student car-
bon footprints) were useful for putting tree-planting schemes 
into context, we do want to iterate that doing so simplifies 
complex processes. Nevertheless, these comparisons are 
made often by media, activists, and policymakers when 
contextualizing climate change issues and solutions (e.g., 
Climate Neutral Group 2020). Thus, we feel there is value 
in exploring such analogies, so long as the issues regarding 
complexity are also addressed.

Enriching the learning experience was performing the 
measurements in a green space visible from the window of 
their classroom. While outdoor field trips are not suited for 
all academic topics/lessons, where applicable, green spaces 
within the holistic landscape of a university campus can 
be commandeered as an effective outdoor learning space. 
Finally, our case study demonstrates how learning objectives 
can be amalgamated with a university greening initiative to 
improve learning. By linking such sustainability initiatives 
with academic disciplines, educators have more resources 
to enhance further student engagement and bring about pro-
gressive environmental stewardship. Understanding how to 
perform effective research on current environmental topics 
can enhance the employability of graduates looking to work 
within sectors involving sustainability, environmental man-
agement, conservation and development.
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