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HIGHLIGHTS

GRAPHICAL ABSTRACT

Oil pollution reduced Phragmites
australis production in a coastal wet-
land.

Oil pollution increased greenhouse gas
emissions from the P. australis wetland.
Clonal integration in P. australis stressed
by oil pollution increased its growth.
Integration reduced greenhouse gas
emissions from the oil-polluted
wetland.
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Clonal integration, i.e., resource sharing within clones, enables clonal plants to maintain biomass production
when ramets (asexual individuals) under stress are connected to those not under stress. Oil pollution can
strongly reduce biomass production, and connected ramets within clones may experience different levels of oil
pollution. Therefore, clonal integration may help plants maintain biomass production despite oil pollution. Be-
cause biomass production is often negatively correlated with greenhouse gas emissions, we hypothesized that
oil pollution would increase greenhouse gas emissions and that clonal integration would reduce such an effect.
We tested these hypotheses in a coastal wetland dominated by the rhizomatous grass Phragmites australis near
a major site of oil production in the Yellow River Delta in China. We applied 0, 5, or 10 mm crude oil per year
for two years in plots within stands of P. australis and tested effects of severing rhizomes connecting ramets inside
and outside a plot (i.e. preventing clonal integration) on biomass production, soil chemistry and greenhouse gas
emissions. When severed, ramets inside plots with no added oil produced about 220 g aboveground biomass
m™—2 over the second growing season, and plots absorbed about 500 g total CO, equivalents m~2. Adding
10 mm oil per year reduced aboveground biomass by about 30%, and caused plots to emit about 800 g CO, equiv-
alents m—2. Leaving ramets connected to those outside plots eliminated the negative effects of oil pollution on
biomass production, and caused plots given 10 mm oil per year to emit about 50% fewer total CO, equivalents.
We conclude that oil pollution can increase greenhouse gas emissions and clonal integration can reduce the effect
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of oil pollution on biomass production and greenhouse gas emissions. Our study provides the first experimental
evidence that clonal integration in plants can reduce greenhouse gas emissions.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Connected ramets (i.e., asexual individuals) within clones often
transport and share resources between ramets through the connecting
stems or roots (de Kroon and van Groenendael, 1997; He et al., 2011,
Dong et al,, 2015). When connected ramets experience contrasting
levels of stress, resource sharing via such clonal integration can increase
their survival and growth (Song et al., 2013; Wang et al., 2017; Lin et al.,
2018). This has been shown for a wide variety of stress, including low
nutrient availability (Alpert, 1991; Hutchings and Wijesinghe, 2008;
He et al, 2010), drought (Alpert and Mooney, 1986; Zhang et al.,
2008), shade (Alpert, 1999; Xu et al., 2010), hypoxia (Li et al., 2015),
high salinity (Salzman and Parker, 1985), high concentrations of toxic
metals (Roiloa and Retuerto, 2012; Luo et al., 2017), sand burial (Yu
et al., 2004) and wind erosion (Yu et al., 2008).

Crude oil can be highly toxic to plants (Lin and Mendelssohn, 2012;
Judy et al., 2014). Plants in coastal wetlands are thus increasingly sub-
ject to stress from the deposition of crude oil from on- and off-shore
leaks and spills (Silliman et al., 2009; Mendelssohn et al., 2012). For ex-
ample, addition of oil has been experimentally shown to decrease the
photosynthetic capacity (Dowty et al.,, 2001) and aboveground primary
production (Judy et al., 2014) of Phragmites australis, which is a domi-
nant species in coastal wetlands on multiple continents (Han et al.,
2012; Eller et al., 2017). Coastal wetlands often show fine-scale, natural
patchiness in salinity and soil oxygen (Pennings et al., 2005; Wilson
et al,, 2015), and clonal integration between ramets within clones in
wetlands is known to increase the ability of plants to survive and
grow in patches of high salinity or low oxygen when these ramets are
connected to other ramets in more favorable patches (Shumway,
1995; Amsberry et al., 2000). However, the ability of clonal integration
to increase the capacity of plants to maintain growth in wetlands sub-
ject to patchy deposition of oil is untested.

Greenhouse gas emissions are negatively correlated with plant pro-
ductivity in a variety of natural systems, mainly because net productiv-
ity requires net uptake of CO, (Yavitt, 1997; Brix et al., 2001; Liu and
Greaver, 2009; Snyder et al., 2009; Merbold et al., 2014; Mo et al.,
2015). Natural and anthropogenic stress and disturbance that reduce
productivity can lead to a reduction of CO, absorption through photo-
synthesis and thus increase net emissions of greenhouse gases (Fahey
et al., 2005). Alleviation of stress can decrease net emissions, as after
major precipitation events in arid systems (Huxman et al.,, 2004). By re-
ducing plant biomass production, oil pollution might thus increase
greenhouse gas emissions in coastal wetlands. By mitigating effects of
oil pollution on plant biomass production, clonal integration might
also mitigate effects of oil pollution on emissions of greenhouse gases.
No previously published studies have tested either of these possibilities.

We therefore conducted a field experiment to test two hypotheses:
1) clonal integration in clonal plants can enable them to maintain bio-
mass production when subjected to oil pollution, and 2) clonal integra-
tion can mitigate the effect of oil pollution on greenhouse gas emissions.
We used natural stands of one of the most widespread and abundant
clonal plant species and worked at a site in a major coastal wetland sub-
ject to oil deposition. We measured emissions of the three gases that
contribute most to global warming (i.e., CO,, CH,4, and N,O; IPCC,
2014), and soil chemistry that might help elucidate mechanisms under-
lying the effects. We specifically predicted that 1) applying oil to soil
would decrease biomass production and increase greenhouse gas emis-
sions, and that 2) both the effects of oil application on biomass

production and greenhouse gas emissions would be smaller when
plants within oiled areas were left connected to plants outside areas
(i.e., allowing clonal integration) than when connections were severed
(i.e., preventing clonal integration).

2. Materials and methods
2.1. Site and species

The experiment was conducted in a seasonal wetland at the Yellow
River Delta Coastal Wetland Ecology Research Station (37°45'50"N,
118°59'24"E) of the Yantai Institute of Coastal Zone Research of the Chi-
nese Academy of Sciences. The station is located about 16 km from the
mouth of the Yellow River at an elevation of 0 to 4 m. Much of the
delta had been contaminated with crude oil from the Shengli Oil Field,
the second biggest oilfield in China; levels of contamination were in
the low to medium range of values reported from other deltas (Yang
et al,, 2008; Kuenzer et al., 2014). The Yellow River Delta is one of the
largest and most dynamic estuarine areas in the world (Xu et al.,
2004) and provides an important over-wintering and breeding area
for birds (Cui et al., 2009).

The wetland has a warm, continental, monsoon climate with a hot,
rainy summer, a cold, dry winter, and a mean annual frost-free period
of 142 days (Xie et al., 2011). The mean temperature is 12.9 °C, with
an all-time high of 41.9 °C and an all-time low of —23.3 °C. Mean annual
precipitation is 594 mm, of which nearly 70% falls from May through
September. About 55% of the wetland is covered with natural vegetation
(Wang et al., 2012), much of which is strongly dominated by Phragmites
australis. Other common plant species include Suaeda heteroptera Kitag.,
Sonchus brachyotus DC. and Cynanchum chinense R. Br. The area used for
this study is seasonally inundated, mainly after heavy rainfalls during
mid-July to mid-August and often to a depth of <5 cm (Han et al,,
2012). Temperatures during the study, in 2014 and 2015 (Fig. S1),
were close to mean values; precipitation was close to mean values in
2015 but about half of normal in 2014 (Fig. S1).

P. australis, a large helophytic grass common in freshwater to brack-
ish marshes in temperate and tropical regions worldwide, is one of the
most productive and widespread wetland plant species (Haslam,
1969; Clevering and Lissner, 1999; Amsberry et al., 2000; Minchinton
and Bertness, 2003; Lambertini et al., 2008; Saleem et al., 2019). The
species spreads vegetatively via horizontal, perennial rhizomes that
produce annual shoots. Rhizomes can grow >3 m in one growing season
(Martin and Zallinger, 1972). Clonal integration in P. australis can in-
crease its ability to grow into unfavorable habitats (Amsberry et al.,
2000).

In the Yellow River Delta, P. australis usually initiates new shoots
during late March to early April (Han et al., 2012). Shoots can reach a
height of 1.5 m by the peak of the growing season in early July to mid-
August. Terminal inflorescences develop during late summer to early
autumn, in August and September. Seeds mature by late autumn, in Oc-
tober. Shoots die at the end of the growing season.

2.2. Experimental design

Within the study area, we selected six uniform patches of P. australis
as blocks. Six circular plots, each 60 cm in diameter, were randomly lo-
cated within each block, with the constraint that plots were at least 2 m
apart to minimize interference between treatments. One plot in each
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block was randomly assigned to each of six treatments, two severance
treatments (rhizomes severed at the edge of the plot or left connected)
crossed with three oil treatments (annual application of 0, 5, or 10 mm
of crude oil; Fig. 1). Amounts of oil were chosen to be similar to those
used in previous studies of effects of oil on P. australis (Dowty et al.,
2001; Ji et al,, 2007; Nie et al., 2010; Judy et al,, 2014).

Connected

For the severance treatment (preventing clonal integration), we dug
a narrow trench 30 cm deep around the perimeter of each plot and sev-
ered all rhizomes that crossed the trench, i.e., those connecting plants
inside and outside the plot (Fig. 1). We then inserted a plastic pipe
with a diameter and height of 60 cm into the trench, so that the pipe ex-
tended 30 cm below and 30 cm above the soil surface, filling the trench

Severed

_P. australis

PVC pipe

t 60 cm i

Fig. 1. Schematic diagram of the experimental design. The experiment consisted of six treatments, i.e., two severance treatments (rhizomes severed or left connected) crossed with three
oil treatments (application of 0, 5, or 10 mm of crude oil per year). For the severance treatment, we dug a narrow trench 30 cm deep around the perimeter of each circular plot (60 cm in
diameter) and severed all rhizomes of Phragmites australis that crossed the trench, i.e., those connecting plants inside and outside the plot. We then inserted a plastic pipe with a diameter
and height of 60 cm into the trench, so that the pipe extended 30 cm below and 30 cm above the soil surface. For the connected treatment, we dug a similar trench around the perimeter of
each circular plot, but took care not to sever rhizomes, backfilled the trench to a depth of 5 cm and inserted a pipe with a diameter of 60 cm and a height of 35 cm into the trench, so that the

pipe extended just 5 cm below but again 30 cm above the soil surface.
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and enclosing the plot. The depth of the pipe was chosen to be greater
than that of the rhizomes of P. australis, which were mostly 15-20 cm
below the soil surface (Fig. 1). The height of the pipe was chosen to pre-
vent any escape of oil. For the connected treatment (allowing clonal in-
tegration), we dug a similar trench around the perimeter of each plot,
but took care not to sever rhizomes, backfilled the trench to a depth of
5 c¢m, and inserted a pipe with a diameter of 60 cm and a height of
35 cm into the trench, so that the pipe extended just 5 cm below but
again 30 cm above the soil surface (Fig. 1). Pipes were placed on 28
June 2014 and oil applied on 29 June 2014 and on 13 May 2015. Dates
of application were planned for the start of the growing season each
year; the first application was delayed for logistical reasons. Oil was pro-
vided by Shengli Oil Field.

2.3. Growth measurements

The number of live shoots in each plot was counted approximately
monthly from June to October 2014 and May to October 2015. Shoots
were then harvested near the end of each growing season, on 25 Octo-
ber 2014 and on 24 October 2015; the timing of the harvests was
intended to provide a reasonable measurement of aboveground bio-
mass with as little effect as possible on overwinter storage in rhizomes.
Shoots were separated into leaves and stems, dried at 65 °C for at least
48 h, and weighed. In 2015, the litter in each plot was also collected,
dried, and weighed. Some plots had very small amounts of dead, stand-
ing shoots of P. australis or of aboveground biomass of other species.
Both were harvested and dried, but excluded from analyses.

2.4. Gas measurements

Net fluxes of CO, and CH4 were measured in the 0- and 10-mm oil
treatments twice a month from 15 June to 15 October 2015. Net flux
of N,O was similarly measured from 15 July to 15 October 2015. Re-
sources did not permit analysis of emissions from the 5 mm oil treat-
ment. To start each round of measurement, eight transparent
(transmission of visible light > 90%), cylindrical chambers, each 58 cm
in diameter by 1 m high, were set atop the pipes surrounding the
eight 0- and 10-mm oil plots in the first two blocks. An airtight seal be-
tween each chamber and pipe was created with a water-filled groove
around the top of each pipe. The combined height of pipe and chamber,
1.3 m, allowed enclosure of all the plants in a plot. Two electrical fans in
each chamber ensured rapid mixing of the air inside. Temperature was
monitored with a digital probe thermometer. To measure change in air
composition over time, five air samples were collected from each cham-
ber 10 min apart with a 100 mL syringe and individually stored in
sealed, airtight bags (Delin, Dalian, Liaoning Province, China) for later
analysis in the laboratory. After that, the eight chambers were moved
to the next two blocks and 40 air samples from the eight 0- and 10-
mm oil plots were collected using the same method. This procedure
was repeated again so that 40 air samples were also collected from
the eight 0- and 10-mm oil plots in the last two blocks. Measurements
were completed between 8:30 and 11:30 am.

Temperature inside the chamber varied greatly between measure-
ment dates (from 39.0 °C on 31 July to 15.4 °C on 15 October), but little
within dates (from 6.3 °C on 31 July to 0.1 °C on 15 October), and very
little between samples from the same plot on the same date (generally
<1.0 °C). Data on solar radiation collected by the research station
showed that gas sampling was mostly conducted on sunny days
(Fig. S3B).

Air samples were analyzed with a gas chromatograph (7890A,
Agilent Technologies, Inc., Santa Clara, USA) equipped with a hydrogen
flame ionization detector to measure CH4 and CO, and with an electron
capture detector to measure N,O. Fluxes were calculated with the equa-
tion (Towprayoon et al., 2005),

_ px273
T 273+T

x H x dC/dt

where Fis flux as mass per unit of area per unit of time, p is gas density
at 0 °Cand 760 mm Hg, T is mean air temperature inside the chamber, H
is the height of the enclosed airspace, and dC/dt is the slope of the linear
regression of concentration on time based on the five samples per plot
per date. Sample sets were rejected if R? for the regression was smaller
than 0.90.

Cumulative emissions of CO,, CH4, and N,O for the growing season
were calculated by linear interpolation between measurement dates
(D. Liu et al,, 2014; S.W. Liu et al.,, 2014; Mo et al.,, 2015). To calculate a
combined measure of global warming potential, we used the 100-year
CO, equivalencies suggested by IPCC (2014) and assumed that only
CO,, CHy4, and N,O contributed to warming, giving total CO, equiva-
lents = CO, + 28 CH4 + 265 N0.

2.5. Soil analysis

On 25 August 2015, three soil samples each 3 cm in diameter and
0-20 cm deep were collected at random locations within each plot in
the 0- and 10-mm oil treatments. Samples from the same plot were
mixed, sieved through a 2 mm mesh, and divided into two portions.
The first portion was immediately placed on ice, transported to the In-
stitute of Botany of the Chinese Academy of Sciences in Beijing, and
stored at —20 °C until analysis for NHZ -N and NO3 -N. The second por-
tion was air-dried, ground, re-sieved, and subsampled for analysis of
total Cand N in a CHNOS elemental analyzer (Vario EL IlI, Elementar
Analysensysteme GmbH, Hanau, Germany; Wang et al., 2015). For anal-
ysis of NHZ -N and NO3 -N, subsamples were extracted by shaking with
2 MKCI (1:5 soil: extractant) for 1 h followed by colorimetry in a contin-
uous flow analyzer (AA3, Bran Luebbe, Germany; Dongwook et al.,
2007; D. Liu et al., 2014; SW. Liu et al., 2014).

2.6. Data analysis

We used four-way, repeated-measure ANOVAS to test the effects of
oil addition, rhizome severance, year, and block on aboveground bio-
mass, live shoot density, and aboveground biomass per shoot of
P. australis. Oil and severance were treated as fixed effects and time as
a repeated variable. Three-way ANOVAs were used to test effects of
oil, severance, and block on litter mass, cumulative emissions of CO,,
CHg4, N0 and total CO, equivalents, and concentrations of total C, total
N, NH -N, and NO3 -N in soil. Measures of growth were transformed
to the natural log to meet assumptions of ANOVA. Linear contrasts
were used to compare means for severed and connected treatments
within each oil treatment when P for the effect of severance or of inter-
action between severance and oil was <0.05. Data were analyzed in SPSS
22.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Plant growth

Adding oil decreased aboveground biomass of P. australis by about
one-third when plants in oil patches were severed from plants outside
patches, but had little effect on aboveground biomass when plants
were left connected to plants outside patches (Fig. 2A, D). Effects of oil
and severance on aboveground biomass were greater in the second
year, but they were qualitatively similar in both years. Shoot density
did not show a consistent response to either oil or severance (Fig. 2B,
E; Table 1). Across treatments, shoot density and aboveground biomass
were higher in 2015 than in 2014, and shoot density generally increased
during each year from the beginning of measurements until September
(Fig. S2). Connection enabled plants inside plots to maintain about the
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Fig. 2. Effects of oil and severance on (A, D) aboveground biomass, (B, E) shoot density, and (C, F) aboveground biomass per shoot of Phragmites australis in the first (A-C, 2014) and second
(D-F, 2015) years of treatment. Error bars show SE; n = 6. Numbers above bars give probability (P, linear contrast based on ANOVA, shown only if <0.05) that means for connected and

severed treatments did not differ within an oil treatment. See Table 1 for ANOVAs.

same amount of biomass per shoot in plots without and with oil,
whereas oil addition decreased biomass per shoot in severed treatments
(Fig. 2C, F; Table 1). Treatments did not affect biomass of litter (Table 2;
data not shown).

3.2. Greenhouse gas emissions

Adding 10 mm oil per year greatly increased cumulative net emis-
sions of CO, and CH, relative to those in plots without added oil
(Fig. 3A, B; Table 2: effect of oil). Since CO, contributed >95% of total
CO,, equivalents in all treatments, adding oil also greatly increased cu-
mulative net emissions of total CO, equivalents (Fig. 3D). Plots with
no added oil were net sinks for CO, (—563 g emissions of CO, m™?
from 15 June to 15 October), whereas plots with 10 mm oil per year

were net sources for CO, (799 g m~2). Severing rhizomes connecting
plants of P. australis inside and outside plots had little effect on emis-
sions of CO-, or of total CO, equivalents in the absence of oil, but resulted
in more than doubled emissions in plots given 10 mm oil per year,
e.g., from 483 to 1116 g CO, m~2 from 15 June to 15 October (Fig. 3A,
D; Table 2: effect of oil x severance). Severance increased cumulative
emissions of CHy in plots without added oil, but did not significantly af-
fect them in plots with 10 mm oil per year (Fig. 3B). There was a strong
interactive effect of severance and oil treatments on cumulative emis-
sions of N,O (Fig. 3C, Table 2).

Effects of oil and severance treatments on net emissions of CO, were
largely consistent over the growing season (Fig. S3), though the differ-
ence between connected and severed treatments in plots given
10 mm oil per year disappeared from mid-August to mid-September.
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Table 1
Repeated-measure ANOVAs of dry aboveground biomass, shoot density, and biomass per
shoot of P. australis.

Net emission of CO, showed a negative relationship to aboveground
biomass of P. australis across severance and oil treatments as measured
ten days before harvest at the end of the growing season in 2015 (Fig. 4).

Shoot density Aboveground Mass per shoot However, aboveground biomass of P. australis explained only a small
mass proportion of variation in emission.

df F df F df F
Block (B) 5,25 1.0 5,25 2.0 5,25 15 3.3. Soil chemistry
oil (0) 2,25 3.4* 2,25 13 2,25 23
Sezlse)rance 123 06 123 62 123 200 Addition of 10 mm oil per year decreased the concentration of NO3 -
0xS 2,25 1.2 2,25 2.1 2,25 32" N in the soil at 0-20 cm below the surface by 80-90% and increased the
Time (T) 125 950" 125 603" 1,25 08 total concentration of C more than two-fold, but had little effect on
Tx0 225 05 225 0.1 225 07 NHZ-N or total N (Fig. 5, Table 2). Severance decreased NO3 -N by
TxS 1,25 3.0 1,25 0.5 1,25 13 . . . . .
TxB 595 09 525 13 525 10 about half in plots without oil, though this effect was only marginally
TxO0xS 225 3.1* 225 0.4 225 41" statistically significant (P = 0.05-0.1). In the plots without oil or sever-

Where P < 0.05, values of F are in bold. Symbols give P: (no symbol) > 0.1; #<0.1; *<0.05;
*<0.01; <0.001.

Plots with no added oil remained net sinks for CO, from mid-June to the
end of September, but were net sources in mid-October. Fluxes of CH,
and N0 varied greatly over the growing season (Fig. S3).

ance, the concentration of NH was about five times greater than that of
NOs3.

4. Discussion

In treatments where the rhizomes connecting plants of P. australis
inside and outside a plot were severed, applying oil to a plot decreased
plant production as measured by accumulation of aboveground bio-

Table 2
ANOVAs of cumulative emissions of CO,, CHy, N,0, and total CO, equivalents, biomass of plant litter, and concentrations of NH", NO3, total N, and total C in soils in 2015.
CO, CH,4 N,O COy eq Litter NH{ NO3 Total N Total C
Block 1.5 0.9 14 1.0 0.4 14 19 2.0 0.6
oil (0) 279.9" 108.5™** 634" 2469 1.1 2.7 625" 50" 78.9°**
Severance (S) 84" 12 27.0"* 3.3* 0.01 16 47" 14 1.1
0xS 23.77" 5.8" 2024 21.77 0.1 0.03 4.1% 0.4 14

Values are F. Where P < 0.05, values are in bold. Symbols give P: (no symbol) > 0.1; #<0.1; *<0.05; **<0.01;

and soil — block 5,36, oil 2,36, severance 1,36, oil x severance 2,36.

Fkk

<0.001. Degrees of freedom: emissions — block 5,24, other effects 1,24; litter

1500 A <0001 0.4 B
1000 - I Connected 03¢
& (] Severed S
E 500 | E 02
8N 0 EE; 01+ 0.026
500 | 0.0 f
-1000 -0.1 :
0 10 0 10
0.15 c T — 1500 5
£ I 0.002
o0 S 1000
= S 500
2005 <0.001 S
N % 0
0.00 o 500 | q
(@)
-0.05 -1000
0 10 0 10
il (mm y™) Oil (mmy™)

Fig. 3. Effects of oil and severance on cumulative emissions of (A) CO, and (B) CH,4 from 15 June to 15 October and of (C) N;O and (D) total CO, equivalents from 15 July to 15 October 2015.
Error bars show SE; n = 6. Numbers above bars give probability (P, linear contrast based on ANOVA, shown only if <0.05) that means for connected and severed treatments did not differ
within an oil treatment. See Table 2 for ANOVAs.
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mass of P. australis at the end of the growing season in four severance and oil (0 and
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mass, and increased total emissions of greenhouse gases as measured by
cumulative total CO, equivalents. In treatments where rhizomes were
left connected, applying oil did not decrease plant aboveground produc-
tion and increased total emissions only about half as much as in severed
plots. Our results thus strongly supported both the hypothesis that
clonal integration in clonal plants can help them to maintain productiv-
ity when subjected to patchy deposition of oil and the hypothesis that
clonal integration can mitigate the increase in emissions of greenhouse
gases associated with oil pollution in vegetated habitats.

Effects of oil on plants were roughly consistent with other studies, as
far as can be judged given differences in methods (Dowty et al., 2001;
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Ding et al., 2011; Zhu et al., 2013; Judy et al., 2014). For example, Judy
et al. (2014) reported that application of 12 L light crude oil m 2, equiv-
alent to 12 mm, decreased aboveground biomass of P. australis by about
30% in a greenhouse experiment. Dowty et al. (2001) found much
greater effects, reduction of aboveground biomass by about 85% by
10 mm of similar oil in flooded mesocosms. Ding et al. (2011) applied
2 mm oil from the Shengli Oil Field to potted plants of another clonal
grass from the Yellow River Delta, Aeluropus sinensis, and saw no effect
of connection to plants without oil after two months. However, this
dose of oil was relatively low. These studies can only be compared to
the severed treatments, since they did not include plants in treatments
with oil connected to plants in areas without oil.

In a field survey of effects of oilfield seepage in the Yellow River
Delta, Zhu et al. (2013) observed that aboveground dry mass of
P. australis generally decreased as total petroleum hydrocarbons in soil
increased, from as much as 1100 g mass m 2 in soil with 9 mg hydrocar-
bons kg ! to as little as 5 g mass m~2 in soil with 5650 mg hydrocar-
bons kg~ '. Although neither our study nor previous work appears to
have specifically measured effect of oil pollution on survival of
P. australis, such massive reduction in biomass must entail high mortal-
ity of shoots. Mortality in the usual sense of death of genetic individuals
is hard to determine in plants with extensive clonal growth such as
P. australis.

Observed levels of emissions of CO, and aboveground biomass in the
treatment without oil or severance were reasonably consistent with
two studies in another area of wetland dominated by P. australis in the
Yellow River Delta using eddy covariance (Zhou et al., 2009; Han et al.,
2012). Zhou et al. (2009) recorded a cumulative net CO, uptake of
about 200 g C m~2 from June to October (about 40% more than found
here) and a net emission of CO, in November (found here at the last
measurement in mid-October). Han et al. (2012) reported net uptake
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Fig. 5. Effects of oil and severance on (A) N in ammonium, (B) N in nitrate, (C) total N, and (D) total C in soil 0-20 cm below the surface in 2015. Error bars show SE; n = 6. Numbers above
bars give probability (P, linear contrast based on ANOVA, shown only if <0.05) that means for connected and severed treatments did not differ within an oil treatment. See Table 2 for

ANOVAs.
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of about 800 g CO, m~2 over the portion of the growing season mea-
sured here (about 40% more than our value) and aboveground mass of
about 180 g m~2 in mid-October (about 20% less than our value).

These two previous studies also provide good evidence that
ecosystem-level emissions of CO, are negatively related to plant produc-
tion in the study system (Zhou et al.,, 2009; Han et al., 2012). Both studies
found a strong, positive correlation between photosynthetically active ra-
diation and net ecosystem aboveground biomass of P. australis and net in-
flux of CO, during the growing season (Zhou et al., 2009; Han et al., 2012).
Han et al. (2012) further noted that aboveground biomass of P. australis
closely predicted net uptake of CO, during the growing season, and Brix
et al. (2001) concluded that maximum standing aboveground biomass
correlated well with aboveground productivity in the species in Europe.
Results from this study likewise showed a negative relationship between
aboveground biomass of P. australis and net emission of CO,.

However, results also suggest that aboveground production was not
the sole factor in CO, emissions. Even in plots with similar aboveground
biomass of P. australis, such as in the plots where rhizomes were left
connected, there was a net cumulative uptake of CO, in the absence of
oil but a net emission of CO; if oil was added. One possible explanation
is that oil affected belowground production of P. australis more strongly
than aboveground production; belowground production in the species
may roughly equal aboveground production (Brix et al., 2001). Another
possible explanation is that oil addition increased labile carbon in the
soil, which in turn stimulated microbial activity. An increase in soil mi-
crobial activity may promote soil respiration and release of CO, (So and
Young, 2001; Mbadinga et al., 2011).

Reduced availability of oxygen in the soil may explain the observed,
positive effects of oil on emission of CH,4. Deposition of oil can restrict
the movement of oxygen into the soil, directly and also indirectly via
diffusion within plant stems, and favor anaerobic, microbial decomposi-
tion of soil organic matter leading to methanogenesis (Pezeshki et al.,
2000; Armstrong et al., 2009; Liu and Greaver, 2009; Aronson and
Helliker, 2010). In addition, some hydrocarbons in oil can be abiotically
converted to CH4 under anaerobic conditions (So and Young, 2001;
Widdel and Rabus, 2001; Mbadinga et al., 2011). The relatively low con-
centration of seen in oiled soils is also consistent with a negative effect
of oil on soil oxygen. The low amount of NO3” compared to NH even
in plots without oil indicates that soils were already low in oxygen, as
might be expected in a wetland. Rhizomes and roots can aerate soil
(e.g., Armstrong et al., 2009), and the failure of severance to affect emis-
sion of CH4 may thus indicate that clonal integration did not help to al-
leviate oxygen stress in oiled soils because it did not promote
underground production. This is consistent with the observed lack of ef-
fect of connection on the concentration of NO3™ in oiled soils. Connection
did have a marginally significant positive effect on the concentration of
NO3 in soils without oil, mirrored by the nominal negative effect
(P>0.1) of connection on emission of CH,. The positive effect of oil on
total C in soil may simply be due to the C in the added oil.

The effect of soil oxygen level on N,O emissions is more complex,
since denitrifying bacteria reduce NO3™ to N,O under anaerobic condi-
tions, while nitrifying bacteria oxidize NHF to N,O under aerobic ones
(e.g., Weier et al., 1993; Dalal et al., 2003; Butterbach-Bahl et al.,
2013). The strong interactive effect of oil and severance on emission of
N,0 did not match concentrations of NHZ or of N, in soils. Application
of 10 mm oil per year more than doubled total C in soil with little effect
on total N, and addition of decomposable organic compounds low in N
when oxygen is also low tends to promote denitrification (Liu and
Greaver, 2009). This fits with the relatively low concentration of NO3
and the high emission of N,O in the severed and oiled treatment, but
does not explain the low emission of N,O in the connected, oiled
treatment.

One important question is how representative these results are. Ef-
fects of crude oil on wetland plants differ greatly between types of oil,
plant species, and timing and mode of deposition (Pezeshki et al., 2000;
Dowty et al., 2001; Pezeshki et al.,, 2001; Judy et al., 2014); the heavy,

unweathered crude oil used in this study is probably less toxic than
most light or weathered crude oils. Other factors not tested here, such
as effect of water level (Dinsmore et al., 2009; Berglund and Berglund,
2011), can also exercise major controls on emissions of greenhouse
gases from wetlands. Although CO, accounted for nearly all total CO,
equivalents and thus global warming potential in this study, emission of
CH4 can determine whether some wetlands dominated by P. australis
are a net sink or source of global warming potential (Brix et al., 2001).

A second important question is whether effects of clonal integration
on greenhouse gas emissions from oil deposition are significant at the
ecosystem level. Clonal integration can mitigate promotion of green-
house gas emissions by oil deposition only when plants subject to depo-
sition are connected to plants that are not. This is likely at the edge of a
zone or patch of deposition but probably not >10 m inside a patch. Com-
bined data on the spatial patterning of clones and oil deposition could
provide a basis for modeling effects of clonal integration on emissions
at the ecosystem level. Some indirect support for this approach in wet-
lands dominated by P. australis is provided by Zhu et al. (2013), who
suggested that remote sensing of vegetation could estimate oil contam-
ination in one such wetland. Significant effects at the ecosystem level
could potentially scale up further, since wetlands play an important
role in worldwide emissions of greenhouse gases (Brix et al., 2001; Le
Mer and Roger, 2001; Whiting and Chanton, 2011), and since severe
disturbance may increase their contribution to global warming (Hirota
et al., 2005; Page and Dalal, 2011).

5. Conclusions

Our study provides the first experimental evidence that clonal inte-
gration in plants can reduce greenhouse gas emissions. The ability of
clonal integration to both help maintain plant productivity and reduce
greenhouse gas emissions at a site polluted with oil provides new evi-
dence for the general hypothesis that traits that help plant species resist
environmental stress can mitigate the increase in greenhouse gas emis-
sions associated with the increase in stress. The trait, species, and sys-
tem studied here are of general interest in themselves because of their
widespread nature. P. australis is a very abundant species, and may be-
come more so in response to global warming (Zhong et al., 2014). More-
over, clonal plants appear to be particularly abundant in wetlands,
where single clonal species often form large, nearly pure stands (Song
and Dong, 2002; Sosnova et al., 2010; KlimeSova and Herben, 2015;
Wang et al., 2020). Testing whether the observed interaction between
clonal integration and oil deposition scales up and how it may vary be-
tween species and systems seems a worthwhile direction for further
study of the interplay between community structure and global change.
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