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ABSTRACT. Plants growing along roadways are often exposed to vehicle exhaust containing both particulate
matter (PM) and various gases that could affect gas exchange and thus plant reproduction. To investigate effects
of diesel exhaust exposure on plant ecophysiology, growth, and fecundity, individuals of soybean (Glycine
max (L.) Merr.) and chicory (Cichorium intybus L.) were exposed to either exhaust from a diesel generator or
ambient air. Exposure occurred daily over a 5-day period (beginning 18 June 2013) using open-top chambers
in an agricultural field in southwestern Ohio, United States. Plants were evaluated at 3 times (before, directly
after exposure, and following a 5.5-week post-treatment recovery period) for photosynthetic rate (A), stomatal
conductance (g), water use efficiency (WUE), stomatal clogging due to PM deposition, and number of nodes.
Aboveground biomass, fruit number, mean seed number, and seed mass were measured for soybean after the
recovery period. In soybean, A minimally decreased with exposure to diesel exhaust (compared to the control),
but an increase in g and a decrease in WUE were detected after the exhaust treatment. Chicory exhibited a
relatively low increase in A after the treatment, but there were no clear differences in g or WUE. Growth and
fecundity were similar among all soybean plants directly after treatment, but after 5.5 weeks plants exposed
to diesel exhaust had increased vegetative biomass while exhibiting no difference in fecundity. These plant
species reacted differently to short-term diesel exhaust exposure, suggesting that the impact of diesel exhaust
will depend on both the plant species and its physiology.
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INTRODUCTION
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Within their local environment, vascular plant
species can reduce ambient pollutants and improve
air quality (Manning 2008; Leonard et al. 2016), but
the effect of airborne pollutants on plants themselves
has been relatively understudied (Mulchi et al. 1992;
Ainsworth et al. 2002; Dwivedi and Tripathy 2007).
A major anthropogenic source of air pollution in
urban areas is vehicular exhaust (e.g., Rai et al.
2010; Vu et al. 2015), which is increasing as vehicle
usage escalates worldwide (Bell et al. 2011). One of
the major contributors to vehicle exhaust are diesel
trucks, which emit gases such as carbon dioxide
(CO2), carbon monoxide (CO), sulfur dioxide
(SO2), nitrogen oxides (NOX), and ozone (O3)
(Rai and Kulshreshtha 2006). Furthermore, diesel

trucks produce 50 to 200 times more particulate
matter (PM) than the average catalyst gasoline
engine (Lunn 2011: p. 153). Both gaseous and
particulate pollutants can have a variety of effects
on plants (Ashenden et al. 2003; Caporn 2013;
Zafar et al. 2016) as these pollutants can affect plant
gas exchange processes and growth (González et al.
2014; Li et al. 2019). For example, photosynthesis
is highly dependent on CO2 and moisture in the air,
and any interruption to gas exchange could interfere
with basic photosynthetic reactions. Increased levels
of gases like CO2 can also stimulate vegetative plant
growth, but this may occur at the expense of fruit
production due to differential resource allocation
(Reekie and Bazzaz 2005).
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The PM component of diesel exhaust can also
negatively impact plant performance, including
stunted growth, reduced photosynthetic capabilities,
stomatal clogging, and stigma clogging (Thompson
et al. 1984; Honour et al. 2009; González et al.
2014; Zeb et al. 2017; Li et al. 2019). The latter
could act as a physical block to pollination and
therefore hinder fertilization in flowers, leading
to reduced seed and fruit production. Stomatal
clogging can lead to elevated water loss or impaired
water regulation because stomata are unable to open
and close properly (Wagner 1939; Zia-Khan et al.
2015; Li et al. 2019). PM and other components
of motor vehicle emissions such as NOX can have
additional effects on plants such as epistomatal wax
degradation (Sauter et al. 1987) and epicuticular
wax erosion, thus increasing their susceptibility to
other gaseous airborne pollutants (Durrani et al.
2004). These gases can also damage stomata, which
impairs stomatal regulation and allows further entry
of the harmful gases (Kammerbauer and Dick 2000;
Durrani et al. 2004).
While the presence of gaseous pollutants may
be ephemeral, diesel PM deposition on plants
(especially on leaf surfaces) can last for longer periods
of time because it is not easily removed by wind and
rain (Kulshreshtha et al. 1994). Furthermore, leaf
characteristics can play a role in accumulation of
PM (González et al. 2014; Leonard et al. 2016; Li
et al. 2019). For example, viscid leaves are likely to
collect PM more easily and rough leaves can affect
the solubility of pollutants (Kumar et al. 2013).
Of the few studies investigating effects of PM on
a local scale, PM negatively impacts twig growth,
transpiration, and photosynthesis; such damage
was associated with traffic exposure along roadsides
(Kammerbauer and Dick 2000). Rai et al. (2010)
and Rai and Kulshreshtha (2006) also demonstrated
that leaves of plants grown in polluted locations have
an elevated incidence of small stomata among the
epidermal cells.
The goal of this study was to quantify the impact
of diesel exhaust on plant ecophysiology, growth, and
fecundity under relatively controlled conditions. It
was hypothesized that these plant measures would
be negatively impacted by elevated exposure to
diesel exhaust compared to ambient air. Plants in
outdoor open-top chambers were subjected to a
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low dose of diesel exhaust from a generator over 5
days and measured for photosynthetic rate, stomatal
conductance, water use efficiency (WUE), plant
height, number of leaf nodes, aboveground biomass,
and fruit and seed production. To determine if any
observed effects were due to potential stomatal
clogging by PM, physical adherence of PM to leaf
stomata was also quantified.

METHODS AND MATERIALS

Location
The experiment took place during summer 2013 at
the University of Cincinnati Center for Field Studies
in Harrison, Ohio, approximately 35 km (22 miles)
northwest of the metropolitan area of Cincinnati (lat
39°17’13.91”N, long 84°44’25.62”W). The Center
is adjacent to agricultural lands and a restored prairie
within the Miami Whitewater Forest of the Great
Parks of Hamilton County. This site has limited
exposure to traffic emissions. From June to August
of 2013, the mean temperature was 27 °C (range:
6.1 to 36.5 °C) with a total of 25 cm of rainfall.
Study Species
Soybean (Glycine max (L.) Merr., Fabaceae) is
an annual herb that economically is one of the top
agricultural crops in Ohio. In this region, soybean
fields are often located near roadsides. Plants grow
rapidly during spring and summer, eventually
producing economically valuable fruits (Libault
et al. 2010). Soybean has been used in studies of
gaseous pollutants (Heagle et al. 1973; Ainsworth
et al. 2002), and O3 is known to reduce its crop
yields (Fishman et al. 2010).
Chicory (Cichorium intybus L., Asteraceae) is
a herbaceous, weedy herb native to Europe, West
Asia, and North Africa, which was introduced to
North America. The perennial species has a basal
rosette of leaves, often with multiple flowering
stalks. Each chicory “flower” is a composite head;
plants will bloom continuously during the summer
although each flower opens for only a single day.
Chicory commonly grows wild along roadsides
in the United States and globally, particularly in
industrial areas and disturbed sites (Aksoy 2008).
Chicory has been used as a phytoindicator in air
pollution studies based on its widespread abundance
along roadsides (Misik et al. 2006).
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Experimental Design
A total of 6 outdoor open-top chambers were
constructed for the following 2 treatments: (1)
exposure to diesel exhaust within a chamber
(exhaust treatment) and (2) exposure to ambient
air within a chamber (ambient treatment). Plants
in an additional control treatment were exposed to
ambient air but without chamber walls. There were
3 replicates per treatment type. The chambers were
spatially arranged for practicality based on access
to the diesel-powered generator. The plants in the
non-sided control treatments were positioned south
of the exhaust treatment chambers to prevent wind
contamination from the exhaust source.
Each open-top chamber was constructed using
vertical steel stakes and PVC conduit to create a 2 m
diameter by 1.3 m tall pentagonal frame (Fig. 1A),
which was anchored into the ground. Translucent
PVC plastic film (Plastic Film Corporation of
America, Romeoville, Illinois) was then wrapped
around the frame. The open-top design ensured that
the conditions within the interior of the chamber
stayed relatively consistent with the surrounding
meteorological conditions while still allowing
exposure to the treatment. The non-sided control
treatment plot was composed of a 2 m diameter
pentagonal area. To minimize herbivory, the
control treatment plots were placed within a fenced
deer exclosure next to the exhaust and ambient
treatment chambers. Prior to commencement of the
experiment, minimal rabbit herbivory occurred in
the control treatment plots and a mesh fence was
then installed to prevent further damage.
(A)
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To generate diesel exhaust, a portable diesel
generator (ETQ-DG4LE, 4000 Watt/3500 Watt,
5.9 HP), running under full load, was modified
with 3 aspirator pumps attached at 120 degrees
(and at the same elevation) on an extended stack.
This arrangement served to dilute and combine the
diesel exhaust with compressed ambient air from
2 air compressors (Porter-Cable® 13.25 liter (3.5
gallon) pancake electric air compressor) (Fig. 1A).
Diluted exhaust gas from the 3 dilution tubes were
tested according to EPA Method 5 (McGaughey
et al. 2002) and found to emit an average of
0.0370 g/m3 total PM. Each of 3 outlet tubes from
the aspirator pumps ran into a separate exhaust
treatment chamber to discharge the modified air
directly downward within each chamber. For each
ambient treatment chamber, ambient air ran directly
from a second air compressor, with the same air
pressure as in the exhaust treatment chambers.
To initially test the effectiveness of the chamber
design, PM deposition and temperature were
closely monitored during exposure to diesel exhaust.
Monitoring PM was accomplished using glass
microscope slides covered with petroleum gel and
positioned within the chamber. PM deposition
on each slide was then quantified using a Nikon®
ECLIPSE E200 microscope; mean deposition
ranged from 78.4 (highest position) to 145.6
(bottom position) with particulates present across
all 4 positions, indicating that PM was circulating
within the chamber. Temperatures did not differ
appreciably inside or outside the chamber (Tinside
= 27.89 °C, Toutside = 27.78 °C), indicating that diesel
(B)

FIGURE 1. Experimental design detailing (A) the generator with exhaust manifold and air compressors
used to distribute diesel exhaust to individual chambers and (B) arrangement of soybean (Glycine
max) and chicory (Cichorium intybus) plants within an individual chamber. Fifteen potted plants of
each species were alternatingly planted in 2 circles around a central drainage point.
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exhaust did not elevate the interior chamber
temperature. Before the diesel exhaust exposure
period began, mean temperatures within chambers
were generally higher (ambient treatment: 33.8 °C,
exhaust treatment: 32.1 °C) than control treatment
plots (27.9 °C). A week after exhaust exposure,
mean temperatures were similar in both chambers
(ambient treatment: 29.5 °C, exhaust treatment:
29.2 °C) and control treatment plots (29.7 °C).
Each chamber contained 30 plants, divided evenly
between the 2 species. There were a total of 135
plants per species across all treatments (exhaust,
ambient, and control). Rapidly growing soybeans
were germinated from seed (clear hilum organic
soybean, Living Whole Foods Inc.) in the greenhouse
and transferred to 5-liter volume treepots after their
first true leaves appeared. Slower growing chicory
plants were collected from a single natural roadside
population near the experimental site in May 2013,
and immediately potted in 5-liter treepots. All plants
were of similar size, grown in soilless growing media
(PRO-MIX® HP Mycorrhizae), and kept potted
during the experiment to minimize underground
root competition. Plants were acclimated outdoors
for 2 weeks before treatments began. Potted plants
were arranged in 2 circles within each chamber (Fig.
1B), and inserted into the ground 20 cm deep.
Plants were watered daily.
All plants were initially measured 1 day prior
to beginning treatments (referred to as before).
Treatments then occurred on 5 subsequent weekdays
from 18 to 25 June 2013. The experiment was
originally planned for exposure over a month period
but, unfortunately, it had to be terminated early
due to theft of the generator. Plants of both species
were then measured immediately (after). Following
a subsequent 5.5-week recovery period, soybean
plants underwent another round of measurements
from 6 to 9 August 2013 (recovery). Soybean was
chosen instead of chicory for this last sampling period
based on their rapid growth, given time constraints.
Ecophysiology Measures
Individual plants of soybean and chicory
were measured for instantaneous photosynthetic
rate (A; µmol·m-2 s-1), stomatal conductance (g;
mmol·m-2 s-1) and water use efficiency (WUE;
µmolCO2/mmolH2O; calculated as A/E where E is
evapotranspiration) using a LI-COR® LI-6400
infrared gas analyzer (IRGA) (LI-COR Inc.,
Lincoln, Nebraska). WUE was also calculated
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as A/g, with no appreciable differences (so only
A/E is reported here). Measurements were taken
between 9:00 AM and 2:00 PM EDT before
photosynthetic processes tapered off for the day,
and all measurements were completed within 2
days. The IRGA was recalibrated daily with the
following settings: air flow, 500 µmol/s; sample
CO2 concentration, 370 µmol; leaf temperature,
26 °C; PAR, 1200 µmol photons m-2 s-1; and relative
humidity, 45 to 65%. One attached leaf per plant
was placed in the sampling chamber and allowed
to reach photosynthetic equilibrium. For soybean,
the second to distal-most fully expanded leaflet was
measured; chicory leaves were selected from the
uppermost basal rosette level. Leaves smaller than
the sampling chamber area of 6 cm2 were collected
and scanned using a LI-COR LI-3100C area meter.
Measurements were subsequently adjusted based
on this leaf size.
To estimate PM accumulation on leaves, leaf
peels were collected from both species before and
after exposure to diesel exhaust. Clear nail polish
was applied to the top and bottom surface of 1 leaf
per plant; after drying, the paint was covered with
a clear piece of tape, peeled off, and placed on a
microscope slide. Both top and bottom peels were
examined microscopically to quantify the percentage
of affected stomata. A stoma was classified as clogged
if it had at least 1 particulate attached to any portion
of the structure.
Plant Growth and Fecundity
Due to the limited time of the overall experiment,
the subsequent research focused on soybean because
of its rapid growth rate and fruit production. Before
and after the 5-day experimental exposure period,
the height of each soybean plant was measured from
the soil level to the stem apex, and the number of
vegetative nodes was also counted along the main
stem. After recovery, abundant growth made these
measurements difficult to obtain, so aboveground
biomass was used instead. Plants were harvested
and transported to the laboratory where they
were dried at 32 °C for 3 days to a constant dry
weight, and then weighed (METTLER TOLEDO®
AG204 analytical balance, METTLER TOLEDO,
Columbus, Ohio). To quantify fecundity, soybean
fruits were collected from each plant during
harvesting, and seeds were extracted from each fruit.
Seeds were weighed in groups of 25 to calculate
mean seed mass per plant.
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Data Analysis
For analysis of the ecophysiological data, effects
of the treatment on A, g, and WUE were analyzed
separately for each species within each sampling
period using a nested ANOVA (Sokal and Rohlf
2011) with chamber nested within treatment. If
the effect of treatment was found to be significant,
post hoc Tukey tests were then used to examine
effects of individual treatments. All data conformed
to assumptions of normality and heterogeneity—
except for the percentage of clogged stomata, which
was analyzed using a Wilcoxon rank sum test with
a White modification (Ambrose et al. 2007).
For soybeans only, a nested ANOVA was used to
analyze all growth and fecundity traits as described
above—with 2 exceptions. First, plant growth (plant
height and number of nodes) was compared for each
sampling period. Second, aboveground biomass and
fecundity (total number of pods, mean seed number,
and mean seed mass per plant) was analyzed after
the recovery period only. Assumptions of normality
were met for all measures, except for mean seed
mass which was natural log-transformed.

RESULTS

Ecophysiology Measures of Soybean and
Chicory
Chamber Effects: Because the chamber enclosure
alone could potentially affect ecophysiological
performance, this research first compared plant
performance within the chamber (ambient
treatment) to without (control treatment) at each
sampling period (before, after, recovery) (Fig.
2). For chicory, plants in the chambers (ambient
treatment and exhaust treatment) exhibited similar
photosynthetic rates, stomatal conductance, and
WUE as plants in control treatment plots during
the before and after sampling periods (Figs. 2D,
2E, and 2F). The only exception was after the
treatments, in which A was significantly higher in
plants in the ambient treatment than in the exhaust
and control treatment groups. In contrast, soybean
plants in the chambers consistently exhibited a
significant reduction in photosynthetic rates (23 to
29% lower) and stomatal conductance values (21
to 55% lower) relative to the open control plots at
all 3 sampling periods (before, after, and recovery)
(Figs. 2A and 2B). The only exception being that
g, in plants in the exhaust treatment after recovery,
did not show a significant reduction compared to
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the control treatments. WUE values in soybean
were significantly higher in the ambient treatment
chambers than in the control treatment plots at the
beginning of the experiment (before) (P < 0.05);
however, plants in the ambient treatment chambers
exhibited significantly lower WUE than in control
treatment plots (21% lower; P < 0.05) after exposure.
WUE levels in plants in the ambient treatment
chamber increased following recovery (Fig. 2C).
Overall, WUE across all treatments were similar in
chicory (range: 3.17 to 4.90 mmol/mol) (Fig. 2F).
Photosynthetic Rate (A): Soybean plants in
both the exhaust and ambient treatment groups
exhibited similar levels of A before the experiment
began (mean Exhaust = 22.22 µmol m -2 s -1 and
meanAmbient = 23.09 µmol m-2 s-1), directly after
exposure (meanExhaust = 21.23 µmol m-2 s-1 and
meanAmbient = 20.62 µmol m-2 s-1) and following the
recovery period (meanExhaust = 18.51 µmol m-2 s-1
and meanAmbient = 15.13 µmol m-2 s-1) (Fig. 2A).
Photosynthetic rates for soybean in the control
treatment were statistically higher than in the
ambient and exhaust treatments in all sampling
periods (before: F[2, 92] = 15.69, P < 0.0001; after:
F[2, 126] = 32.94, P < 0.0001; recovery: F[2, 85] = 29.04,
P < 0.0001) (Fig. 2A).
At the start of the experiment, chicory plants in the
3 treatment groups did not differ in A (meanExhaust =
22.15 µmol m-2 s-1, meanAmbient = 23.76 µmol m-2 s-1,
and meanControl = 24.32 µmol m-2 s-1; F[2, 122] = 0.85,
P = 0.4306) (Fig. 2D). After the treatment period,
however, chicory plants in the exhaust treatment
exhibited significantly lower values of A (27.40 µmol
m-2 s-1) than plants in the ambient treatment (36.32
µmol m-2 s-1; F[2, 117] = 21.57, P < 0.0001) (Fig. 2D).
Stomatal Conductance (g ) and Potential
Clogging : Soybean plants in the exhaust and ambient
treatment groups exhibited similar values of g prior
to the start of the treatments (meanExhaust = 0.415
mmol m-2 s-1 and meanAmbient = 0.383 mmol m-2 s-1)
(Fig. 2B). By the conclusion of the treatment, exhaust
treatment plants had significantly greater values of g
(0.663 mmol m-2 s-1) than in the ambient treatment
group (0.493 mmol m-2 s-1; P < 0.05). This continued
into the recovery period (mean Exhaust = 0.739
mmol m-2 s-1 and meanAmbient = 0.356 mmol m-2 s-1;
P < 0.05). In chicory, plants within the exhaust
and ambient treatments exhibited similar levels
of g before (meanExhaust = 0.452 mmol m-2 s-1 and
meanAmbient = 0.324 mmol m-2 s-1; F[2, 120] = 2.74,
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P = 0.068) (Fig. 2E) and after the treatment
(meanExhaust = 0.705 mmol m-2 s-1 and meanAmbient =
0.853 mmol m-2 s-1; F[2, 117] = 1.39, P = 0.2525) (Fig.
2E). However, conductance approximately doubled
over time in both groups (Fig. 2E).
Stomatal clogging was minimal, as few stomata
were blocked by PM. According to the Wilcoxon test,
no significant differences in the percentage of clogged
stomata were detected before or after exposure to
diesel exhaust for the top or bottom of the leaves
(P > 0.05). For example, none of the stomata on
the bottom of soybean leaves were blocked by PM
before exposure to diesel exhaust and, following the
treatment, only 2 plants in the chambers experienced
clogged stomata (Z = 0.359, P > 0.05).
Water Use Efficiency (WUE): Prior to exposure,
soybean plants in the exhaust treatment group
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exhibited significantly lower levels of WUE
(mean = 3.48 µmolCO2/mmolH2O) compared to the
ambient treatment group (mean = 4.28; Tukey test:
P < 0.05) (Fig. 2C). This difference continued after
the experimental treatments over the 5-day period,
with soybean plants in the exhaust treatment having
reduced levels of WUE (mean = 2.30) compared
to ambient treatment plants (mean = 2.57; Tukey
test: P < 0.05). By the end of the recovery period,
however, levels of WUE in soybean had rebounded
slightly, but still with similar values between the 2
groups (meanExhaust = 2.81; meanAmbient = 3.00) (Fig.
2C). In contrast, in chicory there was no significant
difference in WUE between the ambient and exhaust
treatments before and after the treatment (P > 0.05)
(Fig. 2F). Overall, WUE values decreased during
the measuring period.

FIGURE 2. Mean ecophysiological values for each sampling period for soybean (Glycine max) (left column) and chicory
(Cichorium intybus) (right column). Shown for each species are mean values of instantaneous photosynthetic rate (top
panels: A, D), stomatal conductance (middle panels: B, E), and water use efficiency (bottom panels: C, F). Significant
differences among treatments within each sampling period are indicated by different letters. Measurements were
taken during the before, after, and recovery periods for soybean and the before and after sampling periods for chicory.
Error bars indicate the standard error of each mean value.
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Plant Growth and Fecundity of Soybean
To determine whether the chamber structure
alone may affect traits in soybean, the performance
of plants within the control and ambient treatment
groups, for each sampling period, were compared
(Fig. 3).
Plants inside the chambers (ambient) typically
exhibited higher growth and fecundity compared
to the control treatment. Even before exposure to
diesel exhaust had begun (before), plants grown
in chambers for 2 weeks were already significantly
taller (mean = 10.7 cm) and contained more
nodes (mean = 2.48) than control treatment
plants growing outside of the chambers (6.1 cm
and 2.02 nodes, respectively; P < 0.0001 for both
comparisons). This trend continued after the 5-day
exposure to diesel exhaust. Plants in the chambers
were on average 55% taller than control treatment
plants (F[2, 126] = 131.0, P < 0.0001). However, these
growth differences disappeared by the end of the
recovery period, with similar mean aboveground
biomass in the control (20.3 g) and ambient (21.7 g)
treatments. Also by the end of the recovery period,
plants in chambers exhibited significantly lower
numbers of fruits containing smaller seeds (Figs. 4B
and 4C), with a non-significant decrease in the mean
number of seeds per fruit (meanControl = 2.6 seeds;
meanAmbient = 2.5 seeds) (Fig. 4A). Plants grown in
chambers produced fewer fruits (meanAmbient = 42.9)
than control treatment plants growing outside of
the chambers (meanControl = 55.8 fruits) (Fig. 4C).
Plant Height, Node Number, and Biomass
Prior to exposure to the experimental treatments,
soybean plants in the ambient and exhaust treatment
categories were of similar height (P > 0.05) (Fig.
3A) and had a similar number of nodes (P > 0.05)
(Fig. 3B). These similarities did not change after
plants had more than doubled in size after the
experimental treatments; plants exposed to diesel
exhaust over 5 days were still similar in terms of
height (24.7 cm) and number of nodes (7.04) as
plants exposed to ambient air (25.4 cm and 7.62
nodes) (Figs. 3A and 3B). Within each treatment
(control, ambient, and exhaust), plant height and
node number significantly increased over time
(for all comparisons: P < 0.0001) as plants grew
rapidly in the days before and after exposure to
the treatments. Following recovery, soybeans in
the exhaust treatment had 28% and 22% greater
biomass than plants in the control and ambient
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treatments (F[2, 81] = 7.151, P = 0.034) (Fig. 3C),
despite the fact that the initial exposure length
was only 5 days.
Fruit and Seed Production
By the end of the recovery period, soybean plants
in the ambient and exhaust treatments were similar
in terms of mean seed mass (21.2 and 21.4 mg,
respectively; F[2, 126] = 0.725, P = 0.522) (Fig. 4B)
and number of fruits (42.9 and 47.8, respectively;
F[2, 126] = 1.381, P = 0.321) (Fig. 4C). The average
number of seeds per fruit ranged from 2.52 to
2.60 in plants in ambient and exhaust treatments
(F[2, 126] = 0.764, P = 0.506) (Fig. 4A).

FIGURE 3. Mean values for plant growth for soybean
(Glycine max) in the 3 experimental treatment groups
(control, ambient, exhaust). Shown are (A) plant height
and (B) number of nodes measured at the before and
after sampling periods, based on 45 plants per treatment.
Plant growth was so substantial by the end of the recovery
period that aboveground biomass (C) was used instead as
an estimate of plant growth. Significant differences among
treatments within each sampling period are indicated by
different letters. Error bars indicate the standard error of
each mean value.
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DISCUSSION

If diesel exhaust negatively impacts plant
ecophysiology, growth, and fecundity, plants
exposed to diesel exhaust should exhibit lower values
of these measures compared to those exposed to
ambient air. Furthermore, if these plant species are
able to overcome negative impacts from pollutant
exposure, there should be an eventual recovery in
which subsequent measurements (in the absence of
the pollutant) should rebound to previous values.
Even though the exposure period to diesel exhaust
was unexpectedly shortened to only 5 days, this
amount of time was still enough to result in some
significant declines in soybean and chicory traits

a

a
a

a
b

a
b

ab

ab

FIGURE 4. Mean values for fecundity of soybean (Glycine
max) after the recovery period at the conclusion of the
study in the 3 experimental treatment groups (control,
ambient, exhaust). Shown are (A) number of seeds per pod
(fruit), (B) mean seed mass per plant, and (C) mean number
of pods per plant. Significant differences among treatments
within each sampling period are indicated by different
letters. Error bars indicate the standard error of each mean
value. There were 45 plants within each treatment.
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(see also Li et al. 2019), although the direction was
not always consistent. WUE in soybean decreased
significantly with exposure to diesel exhaust before
rebounding back to near-previous levels after the
recovery period, as expected (Fig. 2C). However, a
similar pattern was not seen in A or g for the same
species. In chicory, plants exposed to diesel exhaust
exhibited significantly lower values of A but not of
g or WUE. In soybean, diesel exhaust exposure did
not affect plant height or number of nodes, but
diesel exhaust exposure did have a positive effect on
aboveground biomass (Fig. 3). After the recovery
period, there was no difference in number of seeds
per fruit, seed mass, or number of fruits in soybean
plants exposed to diesel exhaust or ambient air (Fig.
4). This created a lower fruit to biomass ratio due to
the greater biomass of the plants exposed to diesel
exhaust. In general, impacts of exposure to diesel
exhaust varied according to species and direction
of the effect, consistent with Leonard et al. (2016).
Given the preponderance of reported negative
effects of diesel exhaust and particulates on
plant health and fitness (Thompson et al. 1984;
Kammerbauer and Dick 2000; Honour et al. 2009;
González et al. 2014; Li et al. 2019), there are several
possible reasons why impacts were not consistently
seen in all measured traits in soybean and chicory.
First, an exposure longer than 5 days, or heavier
loads of diesel exhaust, may be necessary to have a
measurable impact on plant ecophysiology, growth,
and fecundity. Kammerbauer and Dick (2000)
exposed plants in the field to 5 months of urban
traffic exhaust exposure, and González et al. (2014)
examined plants that had been naturally exposed to
PM for over 1 year: both studies allowed more time
for accumulation of deleterious effects. Additionally,
Thompson et al. (1984) used controlled laboratory
and glasshouse experiments to detect reduced
photosynthetic capability in leaves exposed to 5 to
10 g/m2 of manually added car exhaust dust—much
higher than typical roadway dust loads (Pirjola et
al. 2010). However, Li et al. (2019) used indoor
chambers to expose 4 plant species to different levels
of PM2.5 over only a 10-hour period; despite this
very short exposure period, they detected declines
in photosynthetic rate and stomatal conductance
with increased PM exposure. Consequently, the
exposure time of the current study—although
certainly not ideal—does indicate that soybean and
chicory can experience negative impacts of diesel
exhaust exposure.

OHIO JOURNAL OF SCIENCE

S. Y. JACONIS ET AL.

It is also possible that the ecophysiological and
growth traits in soybean and chicory responded to
different components of the diesel exhaust. The
fact that there was no effect of diesel exhaust on
the percentage of obstructed stomata in chicory and
soybean suggests that substantial amounts of PM did
not accumulate on the leaves during the duration of
the project, although PM was readily detected within
the airflow. In studies of PM deposition, stomata
were not always blocked but photosynthetic rates
still declined—indicating that PM may have been
absorbed through the stomate into the leaf itself
(Li et al. 2019). In the current study, the observed
impacts on plant ecophysiology may have been
primarily due to the gaseous component of the diesel
exhaust. In particular, CO2 is known to directly
increase photosynthetic activity in plants (Tai et al.
2010). The CO2 may have offset any disadvantages
caused by other gases (SOX and NOX) that decrease
photosynthesis (Saxe and Christensen 1985; Rai
and Kulshreshtha 2006). The fast-growing soybean
may have been able to incorporate more CO2 when
exposed to diesel exhaust, thereby overcoming any
reduction in photosynthetic rate (Fig. 2A); this
same effect may not have occurred in the slowergrowing chicory (Fig. 2D). Unfortunately, gases
present in the exhaust treatment could not be
quantified because the diesel generator was stolen
before additional measurements could be made.
Soybean and chicory may have also differed in
their responses to diesel exhaust exposure simply
because of their different life history strategies and
environmental tolerances. Soybean is cultivated
in well-watered agricultural fields and produces
fruits after only a few weeks of rapid vegetative
growth. In contrast, chicory is a slow-growing,
weedy, perennial species with a basal rosette and
deep taproot—enabling it to persist for years along
the harsh environment of active roadways. These
different life history strategies are consistent with
the observation that soybean appeared to be more
sensitive to diesel exhaust than chicory. Because
soybean plants were first exposed to treatments as
seedlings (as opposed to adult individuals of chicory
transplanted from the wild), their ecophysiology
may have been more sensitive to diesel exhaust due
to their young age (such as for WUE). Additionally,
soybean produce many compound leaves, thus
having greater leaf area per plant; chicory produces
only a basal rosette of leaves with few thin, serrated
leaves. These vegetative differences may help explain
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the higher photosynthetic rates in chicory if A is
measured per unit area of the leaf. It remains to be
seen if A calculated over the entire soybean plant
may actually be higher than in chicory individuals,
given the greater total leaf area of the soybean plant
(see Medrano et al. 2015).
Moreover, the lack of ecophysiological differences
among chicory in the ambient and exhaust
treatments may reflect the possibility that chicory—
as a common roadside plant—is already adapted to
polluted conditions. Dwivedi and Tripathi (2007)
investigated the air pollution tolerance index (APTI)
of various plant species surrounding industrial sites
based on their tolerance to SOX, NOX, and PM.
They found that plants with lower APTI inhabited
less-polluted locations, with plants within the
Fabaceae having a lower average APTI than those
of the Asteraceae family. If soybean and chicory
are representative of their families, chicory should
have a greater threshold to air pollution—which is
consistent with results of the current study.
It is noteworthy that, in both species, g within
the chambers increased after the exhaust treatment
(Figs. 2B and 2E). Although g is expected to increase
with plant growth, previous air pollution studies
showed that conductance is often reduced following
exposure (Nighat et al. 2000; McAinsh et al. 2002;
Onandia et al. 2011). This was not consistent with
the current findings, which may be related to the
fact that plants were kept well-watered within the
chambers. In chicory, this may have led to greater
stomatal conductance as stomata were kept open,
which is consistent with higher A but a lower
WUE. Higher g may allow for greater intake of
CO2 in response to elevated CO2 present in the
diesel exhaust.
Finally, it is possible that the chamber structure
alone may have inadvertently influenced the
ecophysiology of soybean (Figs. 2A and 2B) but not
of chicory (Fig. 2D and 2E) during the experiment.
In soybean, A and g were generally depressed within
chambers, compared to control treatment plots. As
a rapidly growing crop that requires frequent water,
soybean may have been negatively impacted by the
higher evapotranspiration towards the end of the
day as the chamber warmed up, unless plants could
begin photosynthesizing earlier. Consequently,
soybean plants grown in chambers for 2 weeks
before exposure to diesel exhaust were already
43% taller and contained 18% more nodes than
control treatment plants growing outside of the
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chambers. Soybean plants in the control treatment
plots also produced significantly more fruits per
plant with greater seed mass, but with the same
number of seeds as plants in chambers at the end
of the recovery period. In contrast, chicory did not
appear to be negatively affected by being enclosed
in the chambers, most likely because the species is
slow-growing and, as a common roadside plant,
may already be adapted to stressful environments.
Conclusions
Despite exposure of plants to diesel exhaust over
only a 5-day period, measurable impacts of diesel
exhaust were detected in some ecophysiological and
plant growth traits—but not always in a negative
direction. These results have important implications
for agriculture, especially as farm equipment is often
diesel powered. Previous studies have suggested that
plant yields, and even nutritional content, could
be negatively impacted by air pollution (Rai and
Kulshreshtha 2006), and the current study also
demonstrated lower fruit to aboveground biomass
ratios in soybean following diesel exhaust exposure.
Although future studies must increase the exposure
period, the current results at least suggest that even
limited exposure to diesel exhaust may negatively
impact crop production of some species. Knowing
and understanding the type and extent of effects due
to gaseous and particulate air pollutant exposure will
help biologists, crop breeders, and horticulturalists
optimize plant performance. While urban plant
species can reduce airborne PM concentrations (Song
et al. 2015), further research is needed to investigate
the effects of diesel exhaust in real world urban
conditions, especially in areas where crops and other
plant species are grown near transportation corridors.
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