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supported 27 tree species from 27 genera and 15 families, comprising 19 native, 6
introduced and 2 invasive species. The diversity indices indicated low dominance
(D=0.16), moderate diversity (H'=2.47), and moderately high evenness (J'=0.75). The
Fabaceae family was the most dominant, with Cassia fistula having the highest IVI.
However, invasive species (Leucaena leucocephala and Prosopis juliflora) accounted for
47.17% of the individuals. Despite the abundance, these invasive species contributed
minimally to carbon stock (0.59 and 0.23 tC/m?, respectively), underscoring that these
are neither ecologically nor sustainably beneficial. Overall, the RGS stored 0.312 tC/
m? of carbon. These also contributed to thermal comfort regulation, with on-field
measurements showing reductions in air temperature by 0.80 to 2.24 °C and land
surface temperature by 3.80 to 8.37 °C during April and May 2025. This research
highlights the multifunctional role of RGS while emphasizing the urgent need to
manage invasive species to secure their ecological and sustainability benefits. These
findings confirm the role of RGS as an effective natural cooling system for megacities
such as Delhi, which experiences intensifying heat waves and rising heat stress. For
urban policy and planning, this underscores the need to integrate invasive species
control and proactive RGS management into city-scale heat adaptation strategies.
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1 Introduction

Urban green spaces (UGS) are vegetated public spaces within urban settings that serve as
active or passive recreational places that have long-lasting impacts on the urban environ-
ment, eventually benefiting the public [7]. UGS include forests, residential yards, mead-
ows, public parks, grassy lawns, roadside green spaces, rain gardens and green roofs and
provide a variety of ecosystem services [5, 69, 72]. Roadside greenbelts, including avenue
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trees and traffic lanes dividing green areas, are examples of roadside green spaces (RGS)
[85]. RGS are an essential part of UGS that provide services such as air purification,
noise reduction and habitat for fauna and significantly contribute to biodiversity con-
servation [3, 29, 67]. Trees in the RGS are essential in mitigating climate change impacts
and sequestering carbon, serving as significant carbon sinks by storing it within their
biomass [76]. This contributes to keeping global warming below 1.5 °C, as per the Paris
Climate Agreement. These contributions to carbon sequestration occur through mecha-
nisms such as photosynthesis and by enhancing soil carbon storage through processes
such as leaf litter decomposition and root exudation [10, 68].

[]. Trees in RGS also reduce the amount of sunlight reaching the ground and there-
fore result in better thermal comfort needed for public [77]. The ecological advantages of
RGS go well beyond cooling and shading when seen through the lens of human thermal
perception (Zou and Zhang et al. 2021). Since it influences people's preferences for the
selection and long-term usage of green spaces, outdoor thermal comfort is one of the
most crucial factors of green space quality [46]. These also enhance the visual appeal
of urban landscapes, promote recreation and reduce stress among residents [25]. RGS
management has also increasingly prioritized the support of preserving culturally sig-
nificant plant species [38]. RGS can also help in attaining the goals under international
frameworks such as the Sustainable Development Goals of the United Nations and other
global policy initiatives [69].

However, all UGS are frequently linked to biotic homogenization, a process whereby
diverse native plant species are gradually replaced by a few widespread invasive plant
species, disturbing the composition of community structure, leading to loss of functional
diversity, and long-term ecosystem degradation [20]. When plants are purposefully or
inadvertently brought by people into areas outside of their natural range, they harm
biodiversity, interfere with ecosystem services, and have a detrimental effect on human
welfare and economies [44, 45]. RGS can exacerbate this issue by facilitating the spread
of non-native plant propagules into nearby natural habitats [59]. Therefore, monitoring
the health of the RGS ecosystem is essential for making informed decisions [58]. How-
ever, only a few alien invasive species can invade intact and undisturbed ecosystems [81].
These are known to decrease biodiversity, lower productivity, degrade wildlife habitats,
displace native species, and disrupt ecosystem functions [86]. One of the main causes of
biodiversity loss are thus invasive species [31]. In India, 54 invasive alien terrestrial plant
species have been reported and Prosopis juliflora and Leucaena leucocephala are two
such species [84].

In megacities, university campuses RGS can serve as a site for the conservation of
biodiversity and alsoengage stakeholders in research and education [56]. These serve as
living laboratories, generating awareness through community outreach and conserva-
tion projects [35]. Additionally, university RGS contribute significantly to carbon stock
through green infrastructure [92]. By combining these efforts with policy advocacy, cam-
puses not only enhance ecosystem services but also act as models of sustainable urban
environments. Recent studies highlight that Delhi exhibits major disparities in the avail-
ability and accessibility of UGS, with lower-income neighbourhoods being particularly
underserved [69]. This uneven distribution exacerbates social and ecological vulnerabili-
ties. So, there is need for localized assessments of RGS on institutional campuses that
may function as semi protected ecological zones providing essential ecosystem services.
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Despite its importance, research on RGS and its role in India, particularly in Delhi, in
providing ecosystem services is limited. Therefore, this study aims to (1) assess RGS tree
diversity on a 56-year-old university campus in Delhi, (2) estimate the carbon stock of
the studied RGS, and (3) quantify the impact of RGS on thermal comfort.

2 Methodology

2.1 Study site

The study was carried out at Jawaharlal Nehru University (JNU) Campus (which cov-
ers around 405 ha, i.e., an area of approximately 4 km?) between 28°31'37”-28°33'12"
N and 77°09'08"-77°10’46" E. The JNU campus (established in 1969) falls within the
Delhi Ridge, which is part of the Aravalli range [23] and is classified as semiarid open
scrub [12]. The region has a semiarid environment with 728 mm of annual rainfall on
average (1984-2015), of which approximately 600 mm (82%) occurs during the summer
monsoon. The total road length of the campus is approximately 34.38 km (Fig. 1). Four
major roads of the JNU campus were selected as the sampling sites on the basis of their
different levels of mobility. These roads include Ring Road (A), North Gate Road (B),
East Gate Road (C), and Stadium Road (D), covering stretches of 2.1, 1.2, 1.5 and 0.7 km,
respectively (Fig. 1). Road A is the main road that encircles the academic blocks, and
there is more mobility during working hours on working days. Additionally, road A is
well maintained in terms of the road structure as well as the roadside green spaces. Road
B is the busiest road for almost all days and all hours because it connects all residential
and academic blocks to the main gate of the campus. Road C is the third busiest road, as
this road connects academic blocks for visitors and is mostly used by private vehicles.
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Fig. 1 Study area map of Jawaharlal Nehru University (JNU), New Delhi, showing four roadside green space (RGS)
sites (A-D). Road network data were obtained from OpenStreetMap, and land use/land cover (LULC) classes were
extracted from ESA WorldCover 2022. The campus is dominated by tree cover (301.61 ha), followed by built-up
areas (30.17 ha), shrublands (21.97 ha), barren land (3.66 ha), and grasslands (2.38 ha). The total road length across
the campus is approximately 34.38 km.
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Road D, although it is the least busy road on average in terms of vehicular mobility,
experiences increased pedestrian activity in the morning and evening, as this road leads
to the stadium.

2.2 Tree diversity and carbon stock assessment

The tree diversity assessment was carried out via the belt transect methodology (Fig. 2).
In each transect, three plots 10x5 m in size were laid from the point where the con-
crete construction ended, with 50 m distance between two subsequent plots. Another
transect was laid on the alternate side of the road, with the two transects separated by a
distance of 100 m. The width of each plot was selected to be 5 m, as it was not feasible to
go deeper due to the topography of the study site and the presence of massive quartzite
rock blocks.

A total of 59 plots were laid across these four sites. 27, 12, 12 and 8 plots were laid
at the corresponding sites, A, B, C, and D. The standard belt transect methodology
was used across the four sampling sites, resulting in a variable number of plots at each
site. However, to nullify the effect of this variation on the diversity indices, a rarefac-
tion curve was employed to validate the diversity estimated using indices. Within the
laid plot area, the total number of tree species and each individual tree were counted.
Trees were recognized at the species level via a field guide [53]. An advanced clinometer
(Suunto Opti Height Meter Clinometer PM-5) was used to measure the height of the
tree, and the diameter at breast height (DBH) was calculated by measuring the circum-
ference at breast height (CBH) with a measuring tape. A height of 1.5 m was used as the
reference point for DBH measurements. Various diversity indices were used to evaluate
tree diversity across the four sites (A, B, C, and D).

The Simpson index (D/) was used to evaluate species dominance.

D = 5 i
i=1""

where, p; = n/N

where "S" stands for species richness, "n" for the total number of individuals in the i"
species, and "N" for the total number of individuals found. This formula gives a value
between 0 and 1, where 0 indicates infinite diversity (theoretically, if every individual
belongs to a different species) and 1 indicates no diversity, which means that all indi-
viduals belong to the same species [57].

Shannon index (H') was employed to evaluate species diversity and community equity

using the formula:
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Fig. 2 Schematic layout of belt transects along roadside green spaces. Each plot measured 10 m x5 m and was
extended 5 m beyond the road edge. The plots were placed at 50 m intervals (d) along the same side of the road,
whereas opposite transects were separated by 100 m (D).
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S

H == (p) In(p:)
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where ‘S’ is the total number of species and ‘p;’ is the proportion of individuals belonging
to the ‘ith’ species. Here, higher values indicate greater diversity. This index can reach
zero to any positive value. Zero indicates no diversity, and higher values indicate greater
diversity [57].

Pielou's evenness index (J’) was used to assess the distributional evenness of species
within the community.
H/

In(S)

U

where "S" stands for species richness and "H" for Shannon index. The range of this index
is 0 to 1, with 1 indicating maximum evenness [57].

2.3 Importance value index (IVI)

The importance value index (IVI) was calculated via relative frequency (RF), relative
density (RD), and relative dominance (RDom), which were summed to obtain an IVI
score with a maximum score of 300 [19].

IVI =Y (RF,RD, RDom)

Relative frequency

(Number of occurences of the species)

RF = 100
(%) (T'otal number of occurences) 8
Relative density
(No.of individuals of the species)
RD = 100
(%) (No.of individuals of all species)
Relative dominance
(Basal area of the species(BA))
D = 1
RDom (%) (Total basal area of all species(TBA)) x 100
where

BA =1 x (DBH/2)?

TBA = (No of individuals of the species) X (Mean basal area of species)

2.4 Familial value index (FVI)
The FVI was calculated via the relative diversity (RDiv), relative density (RD) and rela-
tive dominance (RDom) of families, which were summed to obtain an FVI score with a
maximum value of 300 [62].

FVI =Y (RDiv(%),RD (%), RDom(%))
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Relative diversity

RDiv (%) = (Number of spec?,es m a family) 100
(Total number of species in the community)

Relative density

(No of trees in a family)
(Total number of trees of all families)

RD (%) = % 100

Relative dominance

RDom (%) = (Basal area of a family) « 100

~ (Total basal area of the community)

2.5 Thermal comfort

In situ temperature measurements were taken in the first week of May 2025 between
12:00 and 15:00. The day time was selected for capturing the typical summer day tem-
perature. The method is used under the assumption that trees regulate the cooling effect
beneath their canopy through evapotranspiration and shading. This leads to a decrease
in air and surface temperatures under its canopy. A hand-held digital air temperature
sensor (ANMOL 4201 Version: 8901-EN-00, range: 0 to 45 °C+2 °C) was used for mea-
suring the air temperature 1.5 m above the ground's surface, which was close to human
height, reflecting a vertical atmospheric zone interacting with our body [65]. A hand-
held infrared thermometer (WORKZONE IR-950, range: — 50 to 950 °C) was employed
in order to gauge the surface temperature. The surface temperature was measured by
pointing the IR sensor at an angle of 90° (perpendicular) to the ground surface until the
temperature readings stabilized. The surface temperature measurements were taken
along roads at different locations under the shade of trees and under direct sunlight.

2.6 Tree biomass and carbon stock
Destructive and non-destructive methods are generally used for tree and crop biomass
estimation. In the present study, the non-destructive method, followed by an allometric
equation, was used to determine the standing biomass [8]. Various tree variables need to
be measured to develop allometric equations and biomass tables, like wood density, total
tree height, and diameter at breast height (DBH) [8]. Tree species-specific allometric
equations and wood density were used for estimating biomass (Table 1). For tree species
lacking specific gravity data, a default value of 0.6 g/cm?, as suggested by the USDA For-
est Service, was employed to calculate carbon stocks and biomass [99].

The following formula was used to calculate the diameter at breast height (DBH) from
the circumference at breast height (CBH):

DBH = CBH/x

Some equations estimate total biomass (TB), whereas others calculate aboveground
biomass (AGB) exclusively. For equations providing only AGB, belowground biomass
(BGB) was derived via an empirical relationship, suggesting a fixed ratio of 26% between
BGB and AGB [9].
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Table 1 Species-specific allometric equations used for estimating biomass of observed tree species

S.No Scientific Wood Citation Allometric Equations Citation For
Name Density For Wood Allometric
Density Equations
1 Aegle marmelos  0.75 FAO [28] AGB={pxexp (- 0.667+1.784xIn(D)  Chaveetal.
+0.207x (In(D))? - 0.0281 x (IN(D)*)}  [13]
2 Albizia lebbeck  0.66 FAO [28] TB={0.4x (Diameter)’ x Height xWood Kumari et al.
Density} [52]
3 Alstonia 0.36 FAO [28] AGB=exp{—5.014+3.068 In(D)} Liddell et al.
scholaris [55]
4 Azadirachta 0.69 FAO [28] TB={0.4x (Diameter)? x HeightxWood Kumari et al.
indica Density} [52]
5 Bauhinia 0.67 FAO [28] AGB=0.0673 x (pxD’xH)°° Chave et al.
variegata [13]
6 Bombax ceiba 033 FAO [28] Stem biomass (AGB (q tree- Deviand Das
1)) ={10x SG x stem volume} [22]
7 Callistemon 0.6 Chaveetal. B={0.4x(Diameter)2xHeightxWood Kumariet al.
viminalis [13] Density} [52]
Cassia fistula 0.71 FAO [28] TB={0.7837(D?x H) — 0.0004} Tripathi [93]
Cordia myxa 0.53 FAO [28] TB={0.4x (Diameter)? x Height xWood  Kumar et al.
Density} [52]
10 Dalbergia 0.62 Meghwal TB={0.4x (Diameter)’ x Height xWood Kumari et al.
5iss00 and Chau-  Density} [52]
han [60]
1 Ehretia leavis 0.46 Pati et al. INAGB ={(0.608 x (In(D? x H) x p)) +0. Patietal. [71]
[71] 972}
12 Ficus virens 0.39 FAO [28] AGB={0.11 X Species Density X D% Hendrayana
et al. [40]
13 Grevillea 0.81 Hernandez ~ TB={0.4x (Diameter)? x HeightxWood Kumari et al.
robusta and Genes Density} [52]
[42]
14 Holoptelea 0.64 Zanneetal. TB={0.4x (Diameter)’x Height xWood ~Kumari et al.
integrifolia [32] Density} [52]
15 Leucaena 0.64 FAO [28] TB={0.5x (DBH)? x Hx p} Kanazawa et
leucocephala al. [49]
16 Nctanthes 0.88 FAO [28] INAGB={-53.206+1.337In(pxD?’xH)} Chave etal.
arbor-tristis [13]
17 Pithecellobium 0.5 Zanneetal. TB={0.5825x (DBH)'°"%} Navar [64]
dulce [32]
18 Polyalthia 0.86 Heckadka et TB={34.4703 — 8.0671D+0.6589D% Pragasan [75]
longifolia al. [37]
19 Pongmia 0.609 Rajputetal.  AGB=Exp.{—2.4090+0.9522 In Ahmedin et
pinnata [79] (D*xHxS)} al. [2]
20 Prosopis 0.73 Zanneetal. AGB={pxexp (-0.667+1.784In Sundarapan-
julifiora [32] (D)+0.207 (In (D))? - 0.0281(n (D))®}  dian et al. [90]
21 Syzygium 0.69 Zanneetal. AGB={pxexp (-0.667+1.784In Sundarapan-
cumini [32] (D)+0.207 (In (D))* - 0.0281(n (D))’ dian et al. [90]
22 Tamarindus 0.75 FAO [28] AGB={p xexp (—0.667+1.784 In Sundarapan-
indica (D)+0.207 (In (D))? — 0.0281(In (D))*} dian et al. [90]
23 Tecomastans 0.6 Chave et al. TB:{O.4><(Diameter)szeightx\/\/ood Kumari et al.
[13] Density} [52]
24 Tectona grandis 0.67 Adietal [1]  AGB={0.0904 x DBH?>*"} Kinyanjui et
al. [51]
25 Terminalia 0.68 FAO [28] B={0.372+1{0.246D? x H)} Srivastava et
Arjuna al. [89]
26 Acacia 0.76 FAO [28] AGB={p xexp (- 0.667+1.784 In Sundarapan-
leucophloea (D)+0.207 (In (D))? — 0.0281(In (D))*} dian et al. [90]
27 Acacia nilotica  0.77 U.S. Forest TB={O.4><(Diameter)szeightx\/\/ood Kumari et al.
Service [97]  Density} [52]
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The sum of AGB and BGB yielded TB. Total biomass values from different equations
may be expressed in varying units (e.g., kg, quintal, or ton), necessitating conversion into
a uniform unit.

The carbon stock (CS) was determined for each species via an empirical relationship
between the TB and total carbon stock via an empirical equation [73].

Carbon stock = (Total Biomass/2)

Biomass was measured in ‘ton/m?, and the carbon stock was measured in ‘tC/m? for the
stretches of different study sites.

Using the mean diameter at breast height and mean height values as independent vari-
ables, the total biomass and carbon stock were calculated for 27 species within the study
area and scaled by their respective species populations to obtain the total biomass and
carbon stock from the study area. Familial contributions to total biomass were assessed
by aggregating and analysing the TB and CS of species belonging to the same family.

2.7 Statistical analysis
2.7.1 Rarefaction curve
To account for differences in sampling effort, rarefaction curves were generated via
individual-based rarefaction. This approach standardizes species richness by randomly
resampling individuals to a common sample size, thereby allowing comparison of diver-
sity across sites independent of sampling intensity [83]. Rarefaction analysis was used in
to evaluate and compare species richness across different sites with unequal sampling
areas.

The individual-based rarefaction method was used, where the expected number of
species E(S,) in a random subsample of people selected from a bigger pool of N indi-
viduals (containing S species) is estimated via the following formula:

N —n;
E(Sn)i 1- (<J’f]))

where, E(S,) = expected number of species in a random sample of ‘»’ individuals. S = total
number of species in the full sample. N = total number of individuals in the full sample.
n;=number of individuals of species i.

The expressions included in the innermost parentheses are combinations rather than
fractions.

Rarefaction curves were generated via the iNEXT (iNterpolation and EXTrapolation)
tool in the R programming language [78], which is specifically designed for biodiversity
estimation through rarefaction and extrapolation (Hseih and Chao, 2016).

3 Results and Discussion

3.1 Tree diversity and composition

Along the roadside RGS in the study region, a total of 27 tree species from 27 genera
and 15 families were identified (Table 2). The overall diversity of the study area across all
four sites had a D of 0.16, H' of 2.47, and ]’ of 0.75, indicating high dominance, moderate
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abundance, and high evenness, respectively. Among the 27 tree species recorded, 19
were native, 6 were introduced, and 2 were invasive.

The present study’s tree diversity (H' =2.47; ]’ = 0.75; species richness = 27) was compa-
rable to that of other academic institutions in northern India. Singh et al. [87] reported
species richness values of 21 (H'=2.897, ]’ =0.967) at Banaras Hindu University and 10
(H'=2.137, J'=0.214) at Uday Pratap Autonomous College, Varanasi, Uttar Pradesh,
whereas Sharma et al. (2024) recorded 68 species (H' =1.9, J'=0.72) at the IISER, Moh-
ali, Punjab, highlighting that university campuses can maintain significant biodiversity
and serve as effective conservation sites in urban areas.

The five species with the highest IVI scores were Leucaena leucocephala (84.02), Pro-
sopis juliflora (31.23), Cassia fistula (30.83), Acacia nilotica (30.35), and Azadirachta
indica (18.54), contributing 28.01%, 10.41%, 10.27%, 10.11%, and 6.18%, respectively, to
the total species importance value index.

3.2 Dominant species and families

Fabaceae was the most dominant family, accounting for 61.82% of the FVI values, with
11 genera and 11 species (Fig. 3). This family’s ecological success is linked to adaptive
traits such as divided leaves, which reduce water loss during dry seasons [41], and nitro-
gen fixation, allowing survival in nutrient-poor soils [47]. The nutrient-poor colluvial
and aeolian soils of the campus [94] likely favour Fabaceae dominance. Other notable
families included Meliaceae (4.97%), Myrtaceae (4.88%), Boraginaceae (3.73%), and
Annonaceae (3.51%). Myrtaceae and Boraginaceae each had two genera and two species,
whereas one genus and one species represented each of the other ten families (Table 2).

3.3 Evergreen vs. Deciduous trees

Seven species were evergreen (Table 2), including Alstonia scholaris, Azadirachta
indica, Grevillea robusta, Polyalthia longifolia, Pongamia pinnata, Tamarindus indica,
and Syzygium cumini [53, 70]. Evergreen species have a long visual appeal of lush green-
ery along the roadside, whereas deciduous tree species shed their leaves in the leaf
fall season. These trees also have superior particulate matter (PM) reduction capabili-
ties compared with deciduous trees [70, 100]. Year-long CO, removal from the ambi-
ent atmosphere, where vehicular emissions magnify the load of CO, in the ambient
atmosphere, makes the choice of evergreen tree species along the roadside stand out
significantly compared with deciduous trees [33]. These functional benefits support pri-
oritizing evergreen species in RGS plantations in Delhi.

3.4 Functional and conservation values
Several species also have notable aesthetic, medicinal, and edible fruit value. Alstonia
scholaris [21], Bauhinia variegata [54], Callistemon viminalis [82], Cassia fistula [63],
Nyctanthes arbor-tristis [80], and Tecoma stans [88] are renowned for their aesthetic
qualities. Native species such as Aegle marmelos, Azadirachta indica, and Terminalia
arjuna hold traditional medicinal significance, as their fruits, seeds, leaves, and bark
offer various health benefits [24, 34].

The recorded species included two conservation concerns: Aegle marmelos (‘Near
Threatened’) and Tectona grandis (‘Endangered’) (IUCN Red List). Both are native to the
region and intentionally planted in RGS to help conserve these species of concern, which
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Fig.3 Relative contributions of different tree families to the familial value index (FVI) across roadside green spaces
(RGS) in the study area

Table 3. Comparison of Tree Density, Tree Diversity, and Thermal Comfort Metrics across Selected

Study Sites
Study site Ring Road North Gate East Gate Road Sta-
Road dium
Road
Site Code Tree Diversity Site A Site B Site C Site D
Path Length (km) 2.10 1.20 1.50 0.70
No of Plots 27 12 12 8
Tree Species Richness 18 17 15 10
Tree Abundance 83 65 66 32
Tree Density (trees per 100m?) 61 1 1 8
Tree Diversity Simpson (D) 0.21 0.10 0.09 0.28
Shannon (H') 211 2.00 1.94 1.75
Evenness (J) 0.73 0.71 0.72 041
Cooling Effect Air Temp. of open area 3763 3813 3853 36.87
0
Air Temp. under Shade 36.65 36.2 36.29 36.07
O
A Air Temp. (°C) 0.98 1.93 224 0.80
Surface Temp. of open 4897 5258 5224 4244
area (°C)
Surface Temp. under 4453 4421 44,03 38.64
shade (°C)
A Surface Temp. (°C) 444 837 8.21 3.80

aligns with SDG 15 (Life on Land)-Target 15.9, demonstrating the potential of RGS as ex
situ conservation sites for rare and threatened taxa [95].

3.5 Site-wise diversity patterns
Site A presented the maximum tree diversity (D=0.21; H' =2.11; ]’ =0.73) (Table 3.). The
total path length of Site A was 2.1 km, which was the longest among all the sites. The

longer path length of the road is also one of the major reasons why the site is highly
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diverse in tree communities because, generally, with increasing area, the diversity also
increases [17]. Among its 18 species, 14 were native, 2 were introduced, and 2 were
invasive. However, Site D, with 10 tree species, presented the lowest diversity (Table 3.)
(D=0.28; H =1.75; ]’ =0.41) and shortest path length (0.7 km), hosting 7 native, 1 intro-
duced, and 2 invasive species. Site B (1.2 km) presented moderate diversity (D=0.10;
H =2.0; J’=0.71), with 12 native, 3 introduced, and 2 invasive species. Site C (1.5 km)
also presented moderate diversity (D =0.09; H' =1.94; ]'=0.72), with 11 native, 2 intro-
duced, and 2 invasive species.

3.6 Rarefaction analysis

Rarefaction analysis was employed to standardize species richness across sites by
accounting for unequal sampling efforts. For a given number of individuals randomly
selected from each group, the curves (Fig. 4) show the predicted number of species,
allowing for objective comparisons of diversity. Site A consistently presented the high-
est richness, followed by Site B and Site C, whereas Site D presented markedly lower

richness.

3.7 RGS biomass and carbon stock—a regulating ecosystem service

Estimating biomass and carbon stocks is frequently done using basal area, which is the
total of cross-sectional areas of all trees at breast height. It serves as a strong predictor,
as it accounts for both tree size and density [6]. Across the study sites, the carbon stock
values were 0.020 tC/m? (Site A), 0.502 tC/m? (Site B), 0.606 tC/m” (Site C) and 0.021
tC/m? (Site D) with a total carbon stock of 0.312 tC/m? . Ehretia leavis presented the
highest carbon stock per unit basal area (6.2 tC/m?). Although this species was intro-
duced and not particularly abundant within the study area, the results highlight its

E] A: INU Ring Road
f==| B: INU NORTH GATE ROAD
we=| C:INU EAST GATE ROAD

[==] p: U sTADIUM ROAD

a

Species diversity

0 20 40 60
Number of individuals

Fig. 4 Rarefaction curves depicting the expected species richness in RGS tree communities at the study sites,
demonstrating site-wide variation in diversity independent of sampling bias.
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significant potential for carbon sequestration. While not currently classified as invasive
in India, continuous monitoring is advised to ensure that it does not threaten native bio-
diversity. The Fabaceae family contributed the highest total carbon stock (2.59 tC/100
m?; 77.92%). Even when the two invasive Fabaceae species were excluded, the family still
accounted for 51.8% of the total carbon stock, which aligns with the high Fabaceae diver-
sity previously reported in Delhi’s urban forests and the Aravalli range [30].

3.8 Thermal comfort

Trees play a vital role in cooling through shading and transpiration, especially along
roadside pavements, improving walking comfort during peak summer months [15]. By
releasing water vapour, trees lower their surrounding temperatures, much like humans
sweat [91]. The results highlight the contribution of RGS to microclimate regulation, as
shown by variations in air and surface temperatures across sites. The largest air tempera-
ture reduction was observed at Site C (2.24 °C), followed by Sites B (1.93 °C), A (0.98 °C),
and D (0.80 °C) (Table 3). These differences suggest that canopy density and spatial
arrangement strongly influence cooling. Site C’s moderate tree density (10.8 trees/100
m?) with optimal canopy cover likely increased shade and reduced ambient air tempera-
tures. The surface temperature reductions were also greater at Sites B (8.37 °C) and C
(8.21 °C). This finding provides evidence that dense canopies reduce surface heating by
intercepting solar radiation [96, 102]. Notably, Site A, despite having the highest den-
sity (61.4 trees/100 m?), exhibited weaker cooling, suggesting that the species composi-
tion, canopy form, or site layout might have limited shading efficiency and airflow. This
finding indicates that cooling is not a simple function of tree density alone but rather
depends on structural traits such as crown spread, leaf texture, vertical stratification,
and spacing relative to built surfaces. Sites dominated by tall narrow crowns or poorly
layered canopies can accumulate heat and restrict ventilation despite high stem density.
Conversely, species with broad crowns and staggered spatial arrangements can enhance
convective cooling and surface shading even at lower densities. Overall, these findings
demonstrated that the university RGS significantly regulates urban microclimates while
also supporting biodiversity, underscoring their value as conservation sites in rapidly
urbanizing landscapes [16, 98].

3.9 Invasive species

All four sites are heavily invaded by Leucaena leucocephala and Prosopis juliflora,
although invasion levels vary with human intervention. These species thrive in dis-
turbed soils [27, 53], spreading rapidly through efficient seed dispersal and forming
dense monocultures that displace native plants [48]. Originally introduced for affores-
tation in the early twentieth century, they now dominate many degraded landscapes,
including Sanjay Van [53]. The proportions of individuals at Sites A, B, C, and D were
60.71%, 47.08%, 30.77%, and 52.94%, respectively, averaging 47.17% across the study
area. Despite its high IVI (28.02%), L. leucocephala stores only 0.59 tC/m?, while P, juli-
flora sequesters even less (0.23 tC/m?), underscoring its poor contribution to the carbon
stock. Ecologically, these invasives alter light availability, nutrient cycling, and water use
efficiency [11], suppress native regeneration, and outcompete planted species [39]. Pro-
lific self-sowing and shading further impoverish the regenerating tree community [50].
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Phytodiversity and Micro-climate Regulation in an Urban University Campus
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Fig. 5 Conceptual diagram illustrating roadside green spaces: sites for phytodiversity, carbon stock and microcli-
mate regulation

Thus, managing and gradually removing invasives is critical for sustaining RGS biodiver-
sity and carbon storage.

3.10 Policy implications

Although the studied RGS are characterized by relatively high tree density, theirbio-
mass and carbon stock are low due to the dominance of invasive species. These spe-
cies occupy extensive areas and occur in large numbers, yet their carbon contribution
and CO, sequestration potential are minimal compared with those of native taxa. This
imbalance reduces the long-term effectiveness of RGS as a carbon sink. Addressing this
challenge requires systematic removal of invasives, restoration of native vegetation, and
targeted planting of high-biomass native trees such as Cassia fistula, Pongamia pinnata,
and Ehretia laevis. Such interventions should be embedded within India’s National Bio-
diversity Action Plan (NBAP) and implemented locally under the National Urban For-
estry Programme (NUEFP), both of which emphasize biodiversity-sensitive management
and urban greening.

At the global level, the Kunming—Montreal Global Biodiversity Framework provides
additional alignment, particularly with Target 6 (reduction of invasive alien species) and
Target 12 (promotion of urban green spaces) [18]. Integrating these priorities into Del-
hi’s urban ecological planning will be critical for enhancing carbon storage, improving
ecosystem services, and building climate resilience. They also support India’s commit-
ment to the Net Zero Target by 2070 [61]. The findings also help achieve the Sustainable
Development Goals (SDGs), particularly SDG 15.8 (preventing invasive alien species),
SDG 13.1 (increasing resilience to climate-related impacts), and SDG 11.7 (ensuring
access to safe and inclusive green spaces). By positioning campuses as semiprotected
ecological zones and integrating biodiversity data into planning, Delhi can advance
toward a more resilient, inclusive, and climate-adaptive urban future (Fig. 5).
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4 Conclusion

In megacities, RGS provides crucial ecosystem services, such as the conservation of
plant diversity, climate change mitigation by reducing CO,, and thermal comfort by
cooling and shading. These services are underutilized because of the nonmanagement
of invasive plant species. The diversity was moderate, with an overall 47.17% invasion
by Leucaena leucocephala and Prosopis juliflora. Despite the high abundance of inva-
sive species, their contribution to the carbon stock was minimal (total estimated at 0.312
tC/m?) compared to native species, which was attributed to their low basal area and
poor wood density. Furthermore, the overgrowth and trunk fall of L. leucocephala dur-
ing strong winds hinder its ability to achieve a large basal area. The RGS significantly
enhanced urban thermal comfort, as evidenced by air temperature reductions ranging
from 0.80-2.24 °C and land surface temperature reductions ranging from 3.80-8.37 °C.
These results highlight the importance of tree density and canopy cover in thermal com-
fort. To fully realize the potential of RGS, invasive management should be integrated
into routine urban green space policy, followed by post intervention ecological monitor-
ing to track the recovery of native species and improvements in ecosystem service deliv-
ery. Future research should extend such assessments to public roadside greens beyond

protected campuses to generate scalable, city-wide guidance.

4.1 Limitations and future work

This study intentionally focuses on protected institutional roadside greens, which serve
as a controlled model system to understand the ecological potential of managed RGS
before comparisons are extended to heterogeneous public roadsides. By establishing
baseline conditions in a low-disturbance setting, this work provides a reference frame
against which future studies in more degraded or high-pressure sites can be meaning-
fully compared. Building on this foundation, future research will expand to unprotected
urban roadside greens and evaluate how management interventions (e.g., invasive spe-
cies control and planting schemes) translate into measurable gains in ecosystem service
delivery at broader city scales.
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