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Societal Impact Statement

As urbanisation accelerates globally, access to nature is increasingly recognised as

vital for public health and wellbeing. We captured and analysed plant-emitted air-

borne ‘scent signatures’ across Oxford's urban greenspaces to assess their potential

health relevance. We found that sites differ in levels of health-promoting volatiles

and harmful pollutants and that these compounds vary with environmental condi-

tions such as temperature and humidity. Our findings provide a novel framework for

evaluating urban greenspaces, informing planning, air-quality management and public

health strategies to create greener, healthier cities.

Summary

• Biogenic volatile organic compounds (bVOCs) emitted by plants can promote

stress reduction and cognitive benefits, whereas anthropogenic VOCs (aVOCs)

common in urban air, such as BTEX compounds, pose health risks. We aimed to

characterise and compare these airborne chemicals across urban greenspaces and

develop a novel, health-oriented metric for site evaluation.

• Air samples were collected across six Oxford greenspaces on a single date using

Tenax™ filters and analysed by GC-MS. Data were processed using metabolomics-

style workflows, identifying 245 biologically relevant compounds. Multivariate

analyses compared site profiles, and one site was monitored over 12 months to

assess environmental influences.

• Greenspaces exhibited significantly different volatile signatures, including varia-

tion in both health-promoting bVOCs and harmful aVOCs. Temperature, humidity,

wind speed and rainfall significantly influenced the presence and abundance of

beneficial compounds.

• These results highlight the importance of considering airborne chemistry in urban

planning and public health decision-making. Integrating VOC profiling into plan-

ning and public health strategies could support delivery of higher-quality, health-
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promoting urban environments and inform guidance on optimal timing for outdoor

activity.

K E YWORD S

biogenic volatile organic compounds, gas chromatography–mass spectrometry, greenspace
chemical ecology, health, terpenes, volatile analysis, volatile organic compounds

1 | INTRODUCTION

Biogenic volatile organic compounds (bVOCs) are a chemically

diverse group of carbon-based secondary metabolites produced

across all kingdoms of life (Wang et al., 2024). They function in stress

protection, signalling and communication within and between species

(Weisskopf et al., 2021), and many are released into the air via pas-

sive diffusion from different tissues. In plants, bVOCs such as iso-

prene, monoterpenes and sesquiterpenes account for almost all

biogenic emissions (Guenther et al., 2012). Among these, monoter-

penes such as alpha-pinene, beta-pinene and limonene are key con-

tributors to both atmospheric chemistry and human well-being.

Numerous studies link exposure to plant-emitted terpenes with low-

ered cortisol, blood pressure and heart rate, as well as improved

mood, cognition and immune function (Bratman et al., 2015;

Li, 2010; Park et al., 2010; Zeng et al., 2022). By contrast, anthropo-

genic VOCs (aVOCs) derived from transport, plastics and industrial

sources—particularly benzene, toluene, ethylbenzene and xylene (col-

lectively known as the BTEX compounds) are well-known urban pol-

lutants associated with respiratory and cardiovascular diseases and

cancer (Gao et al., 2023).

Because of their location, the ‘scentscapes’ (the total volatile pro-

file in a specific time and place) of urban greenspaces are likely to

comprise both bVOCs and aVOCs. Understanding the balance

between these ‘healthy’ and ‘unhealthy’ volatiles is therefore essen-

tial for assessing how urban greenspaces influence well-being and for

driving policy for positive changes in urban development.

Here, we present a new analytical pipeline for characterising

ambient air VOCs in situ, integrating field sampling and thermal

desorption gas chromatography mass spectrometry (TD-GC-MS) anal-

ysis. Although similar methods have been developed for headspace

sampling (de Carvalho Couto et al., 2024; Reyrolle et al., 2024; Yin

et al., 2022), none have yet been published for the analysis of ambient

air. We apply this approach to six Oxford greenspaces to test whether

site location determines the distribution of biogenic versus anthropo-

genic volatiles—and to identify those environments most likely to pro-

mote human health.

Additionally, it is well known that the release of bVOCs varies in

time. For instance, plants coordinate their volatile production with the

availability of substrates from photosynthesis, which varies consider-

ably over the course of a day. Indeed, the production of most plant

volatiles is under diurnal and/or circadian control; on a longer time-

scale, the effects of factors such as seasonality, phenology and other

environmental effects including temperature and humidity on the

emission of volatiles have been well established (Joo et al., 2018; Li

et al., 2023; Mu et al., 2022; Yang et al., 2024).

First, we analysed volatiles on a single date as a snapshot

across six outdoor greenspace sites. Second, we sampled a single

site—the Botanical Garden outdoors—over a full year, linking differ-

ences in volatile fingerprints to seasonal environmental changes

and transient weather events. Our work aimed to assess three main

hypotheses: (i) that a site's location is a significant driver of volatile

difference enabling the separation of greenspaces by their scents-

cape, (ii) that urban greenspace volatile profiles change over time

dependent on environmental variables and (iii) there is sufficient

distinction between the presence and abundance of both bVOCs

and aVOCs between urban green spaces that it is possible to

determine which may be more healthy/unhealthy for human

recreation.

2 | MATERIALS AND METHODS

2.1 | Site locations and sampling strategy

Six urban greenspace sites around Oxford were chosen as sampling

sites due to their (i) public accessibility, (ii) different ecologies and

(iii) contrasting distance from the city centre. We selected five out-

door greenspaces (Botanic Garden Outdoors, University Parks Dense,

University Parks Open, Warneford Meadow and Wytham Woods)

and one indoor site (the Rainforest Glasshouse at the Oxford Botani-

cal Gardens) (Figure 1A).

To investigate the characteristic VOC profiles of the selected

sites, we employed a collection protocol adapted from Walker et al.

(2023) with the addition of housing the pump and apparatus within

a bespoke metal box (VOKSBOX, B). Ambient air was captured

using a GilAir pump (Sensidyne, LP, St. Petersburg, FL,

United States) connected simultaneously to four replicate Markes

(Markes international Ltd. Bridgend, United Kingdom) Tenax® TA

tubes using a flow rate of 400 ml/min for 2 h (12 L of air per tube).

Samples were collected at a height of 1.5 m—based on the approxi-

mate level of the adult human nose while walking—between the

hours of 11:00 and 13:00 (±1 h) GMT. Tubes were capped immedi-

ately after collection and stored at �20�C for up to 14 days before

GC-MS analysis.

A pilot dataset was collected on 27 November 2024 and used to

assess the hypothesis that sampling sites have distinct volatile profiles

(Figure 2). As well as looking at a snapshot of the scentscapes across
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F IGURE 1 Legend on next page.
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the six urban greenspaces, we also wanted to explore how these

scentscapes change across time and in the face of environmental vari-

ation (Figure 3). Because of the known impacts of seasonality on

bVOC emissions, we focused only on biogenic volatiles. Due to the

higher numbers of biogenic volatiles present in the Botanical Out-

doors location, and as this was likely to be the site with the highest

footfall, we also sampled this site on 20 January 2025, 4 March 2025,

30 April 2025, 30 June 2025, 24 July 2025 and 4 September 2025.

This allowed us to capture a range of temperature, humidity, precipi-

tation and wind conditions (Figure 3A). All botanical outdoors' samples

during the year were taken from 11:00 to 13:00 in exactly the same

GPS location and height.

Site-specific temperature and relative humidity at the time of

sampling were recorded using a Kestrel Drop D2 data logger

(Nielsen-Kellerman Company, Boothwyn, PA, United States). Histor-

ical meteorological data were obtained from multiple sources: Air

temperature data were retrieved from the Oxford Radcliffe

Weather Station, and mean values recorded between 11:00 and

13:00 were used to coincide with the sampling window. Precipita-

tion, humidity, wind speed and wind direction data were obtained

from the Kidlington weather station via Weather Underground

(www.wunderground.com).

2.2 | Identification and analysis of VOC profiles

2.2.1 | GC-MS protocol

For identification of VOC profiles (Figure 1C–E), we employed gas

chromatography mass spectrometry (GC-MS) analysis at the Jodrell

laboratory, Royal Botanic Gardens, Kew. Samples were stored at

room temperature for at least 2 h before desorption using a

TD100-xr automated thermal desorption (TD) unit from Markes

(Markes international Ltd. Bridgend, UK). Samples were desorbed on

to a Tenax® TA packed cold trap (set to 4�C) by heating the sampling

tubes for 10 min at 230�C using a flow rate of 50 ml/min helium.

Samples were purged from the cold trap onto a J&W DB-5 ms GC

column (30 m � 0.25 mm � 0.25 μm) within an Agilent 8890 GC

System (Agilent Technologies, Santa Clara, CA, United States) by

heating from 4�C to 300�C over 5 min at a purge flow rate of

1 ml/min helium. Chromatography was achieved by heating the col-

umn at an initial temperature of 40�C at a rate of 3�C/min to 220�C

at a flow rate of 1 ml/min helium. Data were collected in electron

ionisation (EI) mode using an Agilent 5977C GC/MSD over a mass

range of 50–400 amu.

2.2.2 | Library development

The GC-MS library used for identification of compounds was a modi-

fied version of the NIST20 Wiley Registry 12th edition mass spectral

library minimised to compounds existing in the Chemical Entities of

Biological Interest (ChEBI) database (Degtyarenko et al., 2007). Only

compounds with entries for retention indexes (RI) on semi-standard

non-polar columns (to match the J&W DB-5 ms column used) were

selected. To avoid mismatches, isomers with the same RI were com-

bined (e.g., (�)-alpha-pinene/ (+)-alpha-pinene became alpha-pinene).

The final library used (W12N20MAIN_chebi_WK_edit.MSP) contained

3027 unique compounds.

2.2.3 | Pre-analysis

To aid in the correct identification of compounds, a non-isothermal

Kovats index (Kovats, 1958) was built using retention times from C8

to C20 alkane standards (Merck KGaA, Darmstadt, Germany,

04070-1ML; Figure 1F). This index uses known compounds to pro-

duce accurate estimations of where all compounds will elute from the

GC column (retention times), thus allowing precise identification. We

validated this index using 60 pure terpene standards (Restek Corpora-

tion, Bellefonte, PA, United States, 34142 and 34143).

2.2.4 | Compound identification

Sample analysis was performed using the Automated Mass Spectral

Deconvolution and Identification System (AMDIS) Version 2.73. Com-

pound identification relied on spectral and RI matching, with a mini-

mum match factor threshold of 70 (Net), a RI window of ±10 and a

very strong match factor penalty. Deconvolution settings were com-

ponent width: 25; adjacent peak subtraction: two; shape require-

ments: medium; sensitivity: high; and resolution: medium. The analysis

was restricted to a single identification per library compound. A full

list of compounds identified can be found in Table S1.

2.2.5 | Post-processing

The relative amount (%) of each compound within a sample was used

for all analysis in this paper. This was calculated as based on the Total

Ion Count (TIC) of the sample/peak area of each compound. No abso-

lute quantification was carried out in this work due to not having

F IGURE 1 (A) Map of the sampling locations used in this study (botanic garden outdoors; botanic garden rainforest glasshouse; university
parks dense; university parks open; Warneford meadow; Wytham woods). Numbers on roads indicate annual average daily traffic (AADF) for
2023 as representative data for each site (GOV.UK, 2023). (B) Sampling box (VOKSBOX) developed for this work on a tripod at 1.5-m height. Air
from the GilAir® sample pump is split up to six ways using brass splitters with silicone tubing. (C–E) A flow chart of the methods used in this
paper for acquisition, identification and processing of compounds. Red text shows number of compounds identified after each processing step.
(F) Example chromatogram resulting from sample collection in botanical gardens outdoors sampling site and GC-MS (gas chromatography–mass
spectrometry) protocol—annotated with positions of alkanes used to build Kovats retention index.
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concentration curves for all compounds identified. Best-match com-

pounds for each retention time and replicate tube were then chosen

based on net match score. Peak areas of any compounds identified in

blank control tubes were removed from the peak areas of all samples

within a GC-MS run. Missing values for compounds (i.e., those com-

pounds found only in some technical replicate tubes) were zero-filled.

F IGURE 2 (A) PCA (partial least squares discriminant analysis), which used all 245 identified compounds as predictor variables revealed
significant variation between sites, each showing distinctive site-specific clustering (PERMANOVA, F5, 16 = 6.557, p = 0.001). (B) HCA
(hierarchical cluster analysis) conducted using Ward's linkage and Euclidean distances using all technical replicate samples over six urban
greenspaces. (C) Relative abundance (means) of detected volatile compounds split by classes across sites, expressed as a percentage of the total
sample. (D) Total number of detected volatile compounds per site, categorised by compound class. Results show that the number of all
compounds groups differed between sites. (E) Terpene: BTEX ratio of sampling sites (

P
terpenes/

P
BTEX). Relative amounts of all terpenes/

terpenoids as a ratio to the anthropogenic BTEX compound. (F)
P

BTEX as % of all identified compounds between sampling sites. Error bars
represent standard error (SE). (G) terpenes/terpenoid compounds identified across sampling locations. Heatmap showing the scaled relative
amount (light green > dark green) or absence (grey) of any terpenes/terpenoid VOCs detected across six sampling locations. Scaling was carried
out within single locations. (C, D, F) Bars represent the mean (n = 4 technical replicate sampling tubes per site). Letters indicate statistically
distinct sampling locations within chemical classes based on one-way ANOVA followed by Tukey's HSD post hoc test (p < 0.05).
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F IGURE 3 Seasonal dynamics and environmental drivers of biogenic volatile organic compounds (bVOCs) at the botanical garden outdoor
site. (A) Daily temperature (orange) and relative humidity (green) and daily precipitation (bars) with wind speed (line), derived from local and
regional meteorological datasets. Vertical dashed lines indicate sampling dates; values above denote site-specific temperature and relative
humidity measured during sampling. (B–G) Monthly mean relative abundances (±SE) of compound classes (aliphatics, aromatics, monoterpenes,
sesquiterpenes, terpenoids, and ‘others’ including esters and N-, S- and halogen-containing compounds) from November 2024 to September
2025. Numbers beside points indicate the number of detected compounds contributing to each class per sampling event. (H) Mixed-effects model
coefficients linking standardised environmental predictors (temperature, precipitation, humidity, and wind speed) to log-transformed relative
abundances of each compound class. Tile colour represents effect size (positive = green; negative = brown), and symbols denote statistical
significance (*p < 0.05; **p < 0.01; ***p < 0.001). Models were fitted with sampling date as a random effect to account for temporal structure.
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2.3 | Statistics and data visualisation for volatile
analysis

For all VOC data (Figures 2 and 3), TIC (total ion count) data for all

compounds were converted to relative amount (%) using the formula

ion count/total ion count of sample.

For the single (November 2024) snapshot, multivariate analyses

were performed using all 245 retained compounds following post-

processing and filtering. Compound abundance data were square-root

transformed to reduce the influence of highly abundant compounds

and to mitigate zero inflation, following established ecological recom-

mendations (Chang & Lin, 2011; Legendre & Legendre, 2012).

For principal component analysis (PCA, Figure 2A), transformed

data were mean-centred and scaled to unit variance to ensure compara-

bility among compounds with differing absolute abundances. PCA was

conducted using the FactoMineR package with visualisation provided

by factoextra in R (Kassambara & Mundt, 2017; Lê et al., 2008). To

assess compositional differences in VOC profiles among sampling loca-

tions, a permutational multivariate analysis of variance (PERMANOVA)

was performed using the adonis2 function from the vegan R package,

based on Euclidean distances and 9999 permutations (Oksanen, 2015).

Hierarchical cluster analysis (HCA, Figure 2B) was conducted

using Ward's minimum variance linkage method with Euclidean dis-

tance, a combination that favours the formation of compact and inter-

nally coherent clusters. Cluster structure identified by HCA was

subsequently used to define groups for downstream exploratory ana-

lyses. Partial least squares discriminant analysis (PLS-DA) was applied

as a supervised exploratory method to characterise compounds con-

tributing most strongly to differences among the three major clusters

identified by HCA. PLS-DA was implemented using the pls and mixO-

mics R packages (Rohart et al., 2017). To minimise over-interpretation,

PLS-DA results were not used for hypothesis testing but to identify

patterns in variable contributions. The top 10 compounds with the

highest Variable Importance in Projection (VIP) scores for each cluster

are reported in Table 1.

To examine differences in VOC composition using ecologically

interpretable groupings, compounds were classified into six functional

classes: aliphatics, aromatics, monoterpenes, sesquiterpenes,

terpenoids and others (including esters and nitrogen- and sulphur-

containing compounds) (Figure 2C,D). For each class, compound rich-

ness (number of compounds) and summed relative abundance were

calculated per location. One-way ANOVAs were used to test for dif-

ferences among locations, with post hoc Tukey's HSD tests applied to

identify pairwise differences in both summed abundance (Tables S2

and S3) and compound richness (Tables S4 and S5).

Spatial variation in terpene abundance was visualised using a hier-

archical heatmap (Figure 2E) in which colour intensity represents com-

pound abundance scaled within individual locations.

To contextualise VOC profiles in relation to anthropogenic influ-

ence, the relative abundance of all terpenes and terpenoids was

expressed as a ratio to the summed relative abundance of anthropo-

genic BTEX compounds (Figure 2F, benzene, toluene, ethylbenzene

and p-xylene;
P

terpenes/
P

BTEX), following established approaches

for assessing biogenic versus anthropogenic dominance (Malik

et al., 2025).

For analysis of VOC profiles over time in the single sampling site

(Figure 3), relative amount data were used. The average relative

amounts of all identified biogenic volatiles were summed within six

compound classes and compared across the seven time-points.

All statistics were run using R version 4.4.1 (2024-06-14 ucrt)

within RStudio 2024.09.0 + 375 ‘Cranberry Hibiscus’ release for win-

dows. All graphs were generated using the ggplot2 (Wickham, 2011)

package.

2.4 | Statistical modelling of meteorological drivers
of bVOC emissions

To investigate environmental drivers of bVOC emissions within a sin-

gle greenspace (Botanical Gardens Outdoors) across the calendar year,

linear mixed-effects models were fitted to compound class-level emis-

sion data from the Oxford Botanic Garden Outdoor site (BO) using R

(v.4.x). Peak areas were averaged across technical replicates for each

sampling date prior to analysis. Compounds were grouped into five

functional classes: monoterpenes, sesquiterpenes, terpenoids, aro-

matics, aliphatics and others (esters, nitrogen-, sulphur- and halogen-

containing compounds), and summed abundances were calculated for

each class per sampling date. Response variables were log-

transformed using log(1 + x) to stabilise variance and reduce right

skew. Predictor variables included mean daily temperature (�C), rela-

tive humidity (%), daily precipitation (mm) and wind speed (m s�1). All

predictors were centred and scaled (z-score transformation) prior to

modelling to facilitate comparison of effect sizes. For each compound

TABLE 1 Top 10 compounds from PLS-DA VIP analysis (partial
least squares discriminant analysis using variable importance in
projection) of the first three clusters of the HCA (hierarchical cluster
analysis) analysis in Figure 2B.

Cluster i

P-xylene (aromatics), ethylbenzene (aromatics), isooctane
(aliphatics), 2,3,4-trimethylpentane (aliphatics), toluene

(aromatics), 3-methylhexane (aliphatics), methylcyclohexane
(aliphatics), 2-dodecene (aliphatics), 1-ethyl-2-methylbenzene
(aromatics), 3-methylheptane (aliphatics)

Cluster ii

Beta-ocimene (monoterpenes), dihydromyrcenol (terpenoids),
sabinene (monoterpenes), beta-pinene (monoterpenes),
pinocarvone (terpenoids), hydrindane (aliphatics), alpha-pinene
(monoterpenes), copaene (sesquiterpenes), 4-terpineol

(terpenoids), beta-phellandrene (monoterpenes)

Cluster iii

2-thujene (monoterpenes), prehnitene (aromatics), farnesane
(sesquiterpenes), P-isopropenylmethylbenzene (aromatics),

bromodichloromethane (others [esters, N, S, halo]),

1,4-diethylbenzene (aromatics), tricyclene (monoterpenes),
2,2,4,6,6-pentamethylheptane (Aliphatics), bornyl acetate

(terpenoids), propylbenzene (aromatics)

Note: Bold compounds highlight terpenes/terpenoids.
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class, a linear mixed-effects model was fitted using the lme4 package,

with sampling date included as a random intercept to account for

repeated measurements over time:

log 1þyið Þ¼ β0þk
X

βkXk, iþbiþεi,

where yi is the summed abundance of a given compound class on

sampling date i, Xk is scaled meteorological predictors, bi is the ran-

dom effect of sampling date and εi is the residual error.

Statistical significance of fixed effects was assessed using Wald

tests implemented via the lmerTest package. Model coefficients and

standard errors were extracted for visualisation as coefficient plots

and heatmaps, with colour intensity representing the direction and

magnitude of standardised effects. Model structure was defined a

priori based on hypothesised meteorological drivers, and model fit

was assessed to ensure consistency across compound classes.

3 | RESULTS

3.1 | A snapshot in time: Distinctive fingerprints of
six urban greenspaces

Our analysis pipeline resulted in 245 unique compounds being identi-

fied within our 6 Oxford sampling sites (Table S1). A PCA (Figure 2A)

using all identified compounds as predictor variables revealed signifi-

cant site-specific clustering (PERMANOVA, F5, 16 = 8.889,

p = 0.001) with pair-wise separation of all sites (p < 0.05) except

Wytham Woods (WY) in the Warneford Meadow (WA, PERMA-

NOVA, p = 0.846). Further HCA analysis revealed site-level structur-

ing of most VOC profiles (Figure 2B). Primarily, University Parks Open

(UO) and Botanical Gardens Outdoors (BO) separate from all other

sites (Figure 2B, Cluster i). PLS-DA VIP analysis (Tables 1 and S6) was

due to higher amounts of many anthropogenic emission-related com-

pounds such as 2,3,3-trimethylpentane, p-xylene, 2-ethylhexan-1-ol,

indane and ethylbenzene. Plant-related compounds (beta-ocimene,

dihydromyrcenol, sabinene, beta-pinene and pinocarvone) were

chiefly responsible for the secondary clustering (Figure 2B, Cluster ii)

due to presence (or higher proportions) in the Rainforest Glasshouse

(RH) compared with University Parks Dense (UD), Wytham Woods

(WY) and Warneford Meadow (WA). The third most significant cluster

(Figure 2B, Cluster iii) splits University Parks Open (UO) and Botanical

Gardens Outdoors (BO), again due to the higher proportion/presence

of terpenes/terpenoids such as 2-thujene, farnesane and bornyl ace-

tate found in Botanical Gardens Outdoors. Full results of PLS-DA

analysis can be found in Table S6.

3.1.1 | Urban greenspaces show distinctive mix of
compound classes

The number of identified terpenoids, monoterpenes and sesquiter-

penes was found to be highest in the Rainforest Glasshouse

(13, 15 and 10, respectively). These compound numbers were signifi-

cantly higher than the other five sites (one-way ANOVAs followed by

Tukey's HSD post hoc test p < 0.05, Figure 2D—full statistics in

Tables S4 and S5). Numerically, the Botanical Gardens Outdoors was

the outdoor location with the highest counts of terpenoids, monoter-

penes and sesquiterpenes (8, 13 and 2, respectively), closely followed

by Wytham (9, 12 and 1). In terms of relative abundance (Figure 2C—

full statistics in Tables S2 and S3), botanic garden outdoors contained

a significantly higher proportion of aromatic compounds compared to

other sites suggesting a strong influence from anthropogenic sources.

The rainforest glasshouse showed a significantly higher proportion of

monoterpenes, whereas sesquiterpenes were shared by the rainforest

glasshouse and botanical gardens outdoors (one-way ANOVAs fol-

lowed by Tukey's HSD post hoc test p < 0.05).

3.1.2 | Presence/absence of plant-based terpenes
and terpenoids

A total of 54 terpenes/terpenoids were identified in this work

(Figure 2G). Ten compounds—1-8 cineole (eucalyptol), 3-carene,

alpha-calacorene, alpha-pinene, beta-pinene, camphene, camphor, lim-

onene, menthol and p-cymene—were detected at every site, with a

further two—menthone and tricyclene—detected in five of the six

sampling sites. Again, the rainforest glasshouse exhibited the largest

number of identified terpenes/terpenoid compounds overall (38 com-

pounds), of which 16 were not detected at other sites. Of the outdoor

sites, botanical gardens outdoors contained the highest number of

identified terpenes/terpenoid (23), of which six were uniquely present

at this site. University Parks Dense (17), University Parks Open (14),

Warneford Meadow (14) and Wytham Forest (22) all showed an over-

lapping but distinctive terpene mix. A full breakdown of compounds

unique to individual sites is shown in Table S7.

3.1.3 | BTEX compounds as predictors of pollution

The ratio of biogenic terpenes/terpenoids to anthropogenic BTEX

compounds was significantly higher in the rainforest glasshouse com-

pared to the other sites (Figure 2E, one-way ANOVA followed by

Tukey's HSD post hoc test p < 0.001). This is in part due to the

increased prevalence of terpenes/terpenoids and in part to the lower

proportion of BTEX compounds (Figure 2F) in this indoor space. The

outdoor sites all had significantly lower ratios but were not signifi-

cantly different from each other.

3.2 | How do urban greenspace bVOC profiles
vary through time under real-world conditions?

Using the same classification system for our identified compounds,

we counted both compound numbers and summed abundances to

visualise each class over time. In terms of the relative abundances, all

8 KAY ET AL.



compound classes peaked during late spring to summer (May to

August 2025) with two notable outliers—monoterpenes had an early

peak on 27 November 2024, and terpenoids had a late peak on

29 October 2025. Interestingly, in terms of the absolute number of

compounds identified, it was early spring (4 March 2025) that

showed peaks for aliphatics (42), aromatics (14), terpenoids (10) and

others (9), with monoterpene counts being more stable over

the year.

Mixed-effects modelling revealed that different components of

the biogenic scentscape responded in contrasting ways to short-term

environmental variation (Figure 3C). Temperature emerged as the

most consistent positive driver of terpene emissions, with higher tem-

peratures associated with increased relative abundances of both

monoterpenes and sesquiterpenes. Humidity also showed compound-

class-specific effects, with terpenes exhibiting a significant positive

association with increased levels of relative humidity, whereas aro-

matic and aliphatic compounds were weaker or neutral. Increased

wind speed contributed to increases in both aromatic and aliphatic

fractions.

4 | DISCUSSION

4.1 | bVOCs and aVOCs shape urban greenspace
scentscapes

An initial PCA of our six sampling sites on a single date

(27 November 2024) revealed significant site-specific clustering.

Further HCA revealed site structuring was due to both bVOCs and

aVOCs (Table 1 and Figure 2B). We chose to interrogate the first

three clusters, which appeared. The first cluster separated two out-

door sites—botanical gardens outdoors and university parks open—

from all other sampling sites. PLS-DA VIP analysis showed that this

was due to many emission-related aVOCs (Table 1) including the

traffic-related BTEX compounds (Figure 2F). These two sites are

very close to busy city centre roads (Figure 1A), suggesting that

traffic is the likely main contributor. This is supported by BTEX

presence measurements where over 40% of identified volatiles were

BTEX compounds in the Botanical Gardens Outdoors and University

Parks Open, but just 13% in Wytham Woods and Warneford

Meadow, which are more isolated from traffic. The relationship

between proximity to traffic and BTEX prevalence has not been

assessed in this paper but has been previously reported (Hoque

et al., 2008).

Interestingly, despite its proximity to university parks open

(�80 m), university parks dense showed markedly lower BTEX levels

(43% to 29%). Localised differences in BTEX presence within urban

greenspaces have been demonstrated before; for example, Upmanis

et al. (2001) reported that concentrations of benzene and toluene

were up to one third lower just 40 m into urban parkland within two

large Scandinavian cities. A second study also showed decreases in

particulate matter (PM10 and PM2.5) of up to 50% at 200 m (Gómez-

Moreno et al., 2019). Additionally, the presence of exposed soil and

leaf litter layer around trees in university parks dense compared to

the grassy university parks open site may contribute to increased deg-

radation of BTEX compounds through microbial metabolism. A 2012

study, for example, showed that by adding a mixed bacterial consor-

tium to soil, BTEX compounds were more rapidly degraded

(Mukherjee & Bordoloi, 2012).

Biogenic volatiles, particularly terpenes (Table 1 and Figure 2G),

were chiefly responsible for the secondary clustering of samples from

rainforest house and those of Wytham Woods and Warneford

Meadow. In total across all sampling sites, we identified 54 unique ter-

penes/terpenoids. The rainforest glasshouse contained the highest

number of terpenes (38) with considerable spread across the outdoor

sampling sites (14 to 23). The presence of these compounds is highly

suggestive of multiple and specific health benefits within each loca-

tion. For example, 10 terpenes/terpenoids were ubiquitous across all

sampling sites—compounds that have also been found in air samples

elsewhere using similar methods (Bryant et al., 2022; Detournay

et al., 2011; Gu et al., 2024; Hakola et al., 2003; Hellén et al., 2024;

Jones et al., 2011; Walker et al., 2023). These compounds alone are

cited to have anti-inflammatory, anxiolytic, antimicrobial, immune-

boosting, antidepressant, anaesthetic, gastroprotective, antioxidant,

anti-cancer (in vitro), immune-modulatory, sedative, hypolipidemic,

analgesic, decongestant, bronchodilatory, mucolytic and cognitive

enhancing effects (Jo et al., 2021; Lee et al., 2022; Oliveira

et al., 2024; Salehi et al., 2019; Sun, 2007; Vallianou & Hadzopoulou-

Cladaras, 2016; Woo et al., 2019). It could be argued, therefore, that

spending time in any of these sites could impart significant health

gains. However, the relationships between these compounds and their

benefits are likely concentration dependent; therefore, further meth-

odological work is needed to quantify and make precise recommenda-

tions such as when, and for how long, to visit specific greenspaces.

Previously, it was found that just 20 min is adequate to derive physio-

logical and psychological benefits from time in woodland (Haluza

et al., 2025; Park et al., 2010).

Another useful metric to separate our sites is a ratio of biogenic

to anthropogenic compounds. An example of this can be found in a

study that assessed air over Covid lockdown in 2020 at an urban site

in India (Malik et al., 2025) in which a sharp increase in the
P

α + beta–pinene/
P

BTEX ratios during the strict lockdown phase

was hypothesised to be due to a reduction in traffic-related activity.

We mirrored this study and found that, on a particular day, the rain-

forest house had a significantly higher terpene/BTEX ratio than all

the other sites (Figure 2F). This result is likely due to the interplay of

two different factors known to affect the volatile makeup of indoor

spaces. On the one hand, this glasshouse is plant rich and enclosed

and as such likely acts as an enclosure for those bVOCs produced

within, and conversely, aVOC ingression may be limited. These

results suggest that plant-rich greenhouses may be the most benefi-

cial place to spend time; however, in a 2006–2007 study, aVOCs

were found to be significantly higher in indoor sites than outdoor

sites in the vicinity of an industrial park (Chang et al., 2019), showing

that simply being inside is little protection from external sources of

pollution.
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4.2 | The impacts of seasonality on bVOC
emissions in the botanical gardens

As well as looking at a snapshot of the scentscapes across the six

urban greenspaces, we also explored how bVOC change across time

and in the face of environmental variation in the Botanical Outdoors

location. Using the same classification system for our identified com-

pounds, we counted both compound numbers and summed abun-

dances to visualise each class over time. In terms of the relative

abundances, all compound classes peaked during late spring to sum-

mer (May to August 2025) with two notable outliers: monoterpenes

had an early peak on 27 November 2024, and terpenoids had a late

peak on 29 October 2025. Interestingly, in terms of the absolute num-

ber of compounds identified, it was early spring (4 March) which

showed peaks for aliphatics (42), aromatics (14), terpenoids (10) and

others (9), with monoterpene counts being more stable over the year.

Higher temperature and relative humidity were the most consis-

tent positive predictors of biogenic emissions, particularly for ter-

penes. For temperature, this is likely linked to the well-established

positive relationship between emission rates and leaf temperatures

via both biosynthesis through increased enzymatic activity and volati-

lisation vapour pressure (Guenther et al., 1993; Luo et al., 2025). Ali-

phatics also showed a positive temperature response, likely driven by

enhanced volatilisation at higher temperatures but also resistance to

biodegradation (Abbasian et al., 2015). In contrast, terpenoids, which

are oxygenated terpenes and much more reactive, declined with

increasing temperature. This is consistent with their greater suscepti-

bility to photochemical degradation at higher temperatures

(Atkinson & Arey, 2003; Hallquist et al., 2009). The role of humidity in

terpene/terpenoid presence may be linked to an increase in stomatal

opening and subsequent environmental release when relative humid-

ity is higher (Arve & Torre, 2015).

Precipitation effects also differed among VOC classes. Terpene

abundances showed a positive association with precipitation. Wetting

is known to give a short-term pulse release through mechanical dis-

placement from soil air spaces after rain (Pugliese et al., 2023), and

this was likely the reason for the high amount recorded on

27 November 2024, where 8.10 mm of rain was recorded. In contrast,

aromatics and aliphatics showed a negative association with precipita-

tion on the day of sampling, consistent with atmospheric dilution, wet

deposition or reduced resuspension of background hydrocarbons

rather than changes in emission strength (Casas et al., 2021). There

was a second rainfall event on 4 September 2025 (9.4 mm); however,

this followed 16.3 mm of rain on the previous day, which is likely to

have negatively affected soil-based terpene release on the day of

sampling. Notably, only two sampling events coincided with measur-

able rainfall so these patterns need further exploration in urban

greenspaces.

Wind speed effects showed significant positive associations for

aromatic and aliphatic compounds. Given their relatively long atmo-

spheric lifetimes compared to terpenes and terpenoids (Hellén

et al., 2018; Luo et al., 2025), these increases are more likely to reflect

regional background concentrations than increases in local emissions.

In contrast, terpene emissions showed little sensitivity to wind speed,

consistent with their predominantly local, vegetation-derived sources

and rapid atmospheric reactivity leading to degradation if produced

distantly.

Overall, these results indicate that temperature, precipitation,

wind speed and humidity all impact on the detection of different

bVOC chemical classes. The absence of a single dominant predictor

across all VOC classes highlights the importance of considering

scentscapes as multidimensional chemical systems, shaped by inter-

acting biological and meteorological processes. However, this class-

specific sensitivity to environmental drivers adds to understanding of

when and where urban greenspaces may be most chemically benefi-

cial for human exposure. These results are suggestive that warm,

humid and (unfortunately) rainy conditions increase the levels of

health-promoting terpene/terpenoid compounds in the air and as

such are likely the most beneficial conditions for humans to spend

time in urban greenspaces.

4.3 | Methodological advancements, limitations
and future work

As well as providing an understanding of urban greenspace scents-

capes over time, this study aimed to develop a robust and repeatable

protocol for measuring the presence and relative amounts of a wide

range of volatiles of interest. Although similar methods have been

developed for headspace sampling (de Carvalho Couto et al., 2024;

Reyrolle et al., 2024; Yin et al., 2022), air sampling studies have histor-

ically employed targeted approaches that significantly limit the num-

ber of compounds identified. For instance, previous studies have used

between 15 and 66 VOCs across various forest and urban environ-

ments (Mula et al., 2024; Pripdeevech et al., 2025; Walker

et al., 2023). In contrast, our study adopted an untargeted

metabolomics-style approach commonly used in biological matrices to

enhance the depth and resolution of VOC profiling (Fernie

et al., 2011; Rosenthal et al., 2024; Van den Berg et al., 2006) to iden-

tify 245 unique compounds, of which 54 were unique terpenes/terpe-

noids. This is significantly higher than any studies on ambient air so

far published (Mula et al., 2024; Sanaei et al., 2023; Walker

et al., 2023). This improved identification capacity is likely attributable

to several key enhancements in our analytical pipeline: greater techni-

cal replication, the use of a Kováts retention index, a more focused

compound library, a slow GC temperature ramp and the use of decon-

volution for resolving co-eluting peaks. Furthermore, the tight cluster-

ing of technical replicates observed in the PCA (Figure 2A) confirms

that our collection methods and downstream processing are suffi-

ciently controlled to ensure analytical reproducibility and minimise

technical variability.

Despite these improvements, our analyses capture only a fraction

of the chemical complexity present. In most samples, we detect far

more chromatographic features than we can confidently identify, and

the �245 compounds reported here represent �10% (or less) of the

total compounds present. This limitation is expected in untargeted
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ambient-air GC-MS, where a large proportion of peaks correspond to

(i) compounds absent from reference libraries, (ii) compounds lacking

retention index (RI) values on comparable stationary phases, (iii) low-

abundance or highly reactive species near the detection limit and

(iv) co-eluting mixtures that remain partially unresolved even after

deconvolution. As a result, our interpretation focuses on the ‘identifi-
able fraction’ of the scentscape rather than the full atmospheric mix-

ture. One major benefit of TD work is the ability for the ‘recollection’
of the split portion of the GC-MS analysis. Future work intends to use

this feature to analyse the same samples on multiple GC column types

(polar/non-polar)—this will help to resolve significantly more atmo-

spheric compounds.

Identification confidence is a further constraint. We used a mini-

mum net match threshold of 70, which is permissive and may increase

the risk of imperfect annotations, particularly for isomeric compounds

and low-intensity peaks. Although 99 compounds had a match factor

>90, the mean match factor for retained identifications was 86.

Therefore, a subset of compounds should be regarded as putative

with future work concentrating on targeted confirmation of key

marker compounds using standards. Our identifications are strength-

ened by combining spectral matching with RI matching; however,

expanding the RI coverage of our library on DB-5-type phases and

continuing to develop an in-house ‘Oxford greenspace’ standard set

would improve annotation rates. Additionally, we did not employ chi-

ral separation in this work, meaning stereoisomers of compounds such

as Alpha-pinene (+/�) were not resolved. These may be important for

understanding biological source and ecological function and, as such,

could be included in future. Finally, to truly overcome co-elution,

two-dimensional gas chromatography (GC x GC) could be used to

separate overlapping peaks without the need for software-based

deconvolution.

Our sampling design also imposes important constraints. First,

sampling was conducted within a narrow daytime window (11:00–

13:00). As our models show, many bVOCs are affected by environ-

mental changes; therefore, abundance and composition likely differ

through the day. Second, we used a fixed sampling duration (2 h)

and flow rate (100 ml/min). This equates to just 2 min of human

breathing. Longer sampling times or higher sampled volumes would

likely increase detection of low-abundance compounds, but at the

risk of sorbent saturation, breakthrough of other volatile species and

increased influence of meteorology during the sampling window.

Third, although technical replication was employed, biological/

environmental replication was limited: The ‘snapshot’ comparison is

based on a single calendar date, and the year-long analysis focuses

on one site. In both cases, sampling was carried out at a precise

location within each site. As such, our site-level inferences should

not be interpreted as definitive rankings of whole sites across sea-

sons and years.

Quantification is another limitation. Relative measures are useful

for compositional comparisons, but absolute quantification will be

essential to translate scentscape metrics into health-relevant exposure

estimates. The quantification of compounds such as terpenes will help

to support policy-facing recommendations.

Finally, the environmental predictors included here (temperature,

humidity, precipitation and wind speed) are only a subset of the

drivers that shape ambient VOC fingerprints. A more holistic predic-

tive framework will need to incorporate additional covariates such as

(i) local vegetation composition and phenology (biodiversity and func-

tional traits), (ii) microclimate at the sampling point (solar radiation,

canopy cover, boundary-layer stability and VPD), (iii) soil moisture and

microbial activity, (iv) episodic disturbances (mowing, leaf litter pulses

and pest/pathogen outbreaks) and (v) urban pollution context (traffic

intensity, background NOx/O and atmospheric oxidation capacity).

Incorporating these variables—alongside expanded temporal coverage,

multi-year replication and partial targeted quantification—will be nec-

essary to move from descriptive classification of scentscapes to

robust prediction of when and where greenspaces maximise health-

relevant exposures.
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